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ABSTRACT 

Epitaxial growth, oxidation and ohmic contacts require surfaces as free as possible of 

physical defects and chemical contaminants, especially, oxygen and hydrocarbons. Wet 

chemical cleaning typically involves a RCA clean to remove contaminants by stripping the 

native oxide and regrowing a chemical oxide with only trace levels of carbon and metallic 

impurities. Low temperature epitaxy, T < 800°C, limits the thermal budget for the 

desorption of impurities and surface oxides, and can be performed on processed structures. 

But, silicon dioxide cannot be desorbed at temperatures lower than 800°C. Recently, 

hydrogen passivation of Si(l 11) has been reported to produce stable and ordered surfaces 

at low temperatures. Hydrogen can then be desorbed between 200°C and 600''C prior to 

deposition. In this work, Si(lOO) is passivated via a solution of hydrofluoric acid in alcohol 

(methanol, ethanol, or isopropyl alcohol) with HF concentrations between 0.5 to 10%. A 

rinse in water or alcohol is performed after etching to remove excess fluorine. 

This work, investigates wet chemical cleaning of Si(lOO) to produce ordered, 

hydrogen-terminated, oxygen- and carbon-free surfaces to be used as templates for low 

temperature epitaxial growth and rapid thermal oxidation. Ion beam analysis. Tapping 

mode atomic force microscopy, Fourier transform infrared spectroscopy, Secondary ion 

mass spectroscopy. Chemical etching. Capacitance-voltage measurements and Ellipsometry 

are used to measure, at the surface and interface, impurities concentration, residual 

disorder, crystalline order, surface topography, roughness, chemical composition, defects 

density, electrical characteristics, thickness, and refractive index as a function of cleaning 

conditions for homoepitaxial silicon growth and oxidation. The wetting characteristics of 

the Si(lOO) surfaces are measured with a tilting plate technique. Different materials are 

analyzed by ion beam analysis for use as hydrogen standards in elastic recoil detection of 

hydrogen on sample surfaces. 
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The results obtained in this study provide a quantitative optimization of passivation of 

Si(lOO) surfaces and their use as templates for low temperature epitaxy and rapid thermal 

oxidation. Ion beam analysis shows that the total coverage of H increases during 

passivation of Si(lOO) via HF in alcohol, while Fourier transform infrared spectroscopy 

indicates that more complex temiination than the formation of simple silicon hydrides 

occurs. 
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CHAPTER 1 

INTRODUCTION 

1 .1  Introduct ion  

The objective of Si(lOO) wafer cleaning is the removal of particulate and chemical 

impurities from the semiconductor surface without damaging or contaminating the surface 

[1]. As the requirements for increased device performance and reliability have become more 

stringent in the technology of VLSI and ULSI silicon based circuits, techniques to avoid 

surface contamination and to generate very clean wafer surfaces have become of critical 

importance [2]. Surface trace impurities, such as sodium ions, metals and particles, are 

especially detrimental if present on semiconductor surfaces during high-temperature 

processing, such as, thermal oxidation, diffusion, epitaxial growth, because they diffiise 

into the substrate [2]. Creating and maintaining a clean, defect-free surface is critical for 

successfiil epitaxy [3]. Low temperature processing limits the thermal budget allowed for 

the thermal desorption of impurities, but is necessary to maintain shallow dopant profiles 

and abrupt hetero-interfaces [4]. Low temperature processing (T < 800°Q allows for 

minimal thermal damage during epitaxial growth on processed substrates [5]. Preparation 

and maintenance of a clean interface between the silicon substrate and the epitaxial film 

minimizes defects in the active epitaxial device layers [6]. While oxygen-free surfaces can 

be obtained at high temperatures (T > 1000°C) because of the instability of SiO, at these 

temperatures in the presence of low oxygen partial pressures, this is not the case below 

800°C. Below this temperature, the initially cleaned Si surface is very reactive and will 

quickly adsorb oxygen, even under ultra-high vacuum (LTHV) conditions [3]. It has been 

established that the etching of Si(l 11) in HF/alcohol solutions produces stable, hydrogen 

terminated surfaces [7,8]. Such hydrogen passivation prevents or reduces re-adsorption of 
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oxygen by saturating with hydrogen the Si dangling bonds on the surface at low 

temperature [9]. These surfaces are stable at low temperatures and hydrogen can be 

desorbed between 200°C and 600°C [10]. H-passivation can be obtained either by in-situ 

annealing in in inert atmosphere such as nitrogen at temperatures greater than 800°C or 

by ex-situ wet chemical cleaning in HF solutions at room temperature [11-14]. In-situ 

annealing without prior H-passivation desorbs the native oxide and hydrocarbon impurities 

from Si(lOO) but cannot be used below 800°C [15]. However, processing Si surfaces in 

HF/alcohol solutions, compared to aqueous HF solutions, has the advantage of eliminating 

formation of haze seen during aqueous HF processing and renders low temperature 

desorption possible (T < 600°Q [16,17]. This effect is the focus of this work. The most 

successful wet chemical cleaning for Si(IOO) for both organic and metallic impurity 

removal, prior to H-passivation, uses hydrogen peroxide and is referred to as the "RCA 

Clean" in the literature [2,18]. The "Modified RCA Clean", studied in the present work, 

uses a high pH alkaline solution with hydrogen peroxide for removing organics and 

metallic contaminants, followed by an oxide-stripping in an HF solution and oxide re-

growth in an acidic solution [19]. This will not only generate enormous H-passivation, but 

the use of conventional chemical processing prior to passivation, helps in removing 

contaminants and produces a surface as smooth as possible prior and during the passivation 

process. 

In this study an attempt is made to quantify the absolute surface coverage of C, and O, 

after each step of the wet chemical cleaning, including both the RCA clean and hydrogen 

passivation, by combining Nuclear Resonance Analysis (NRA) with ion channeling 

[20,21]. Elastic Recoil Detection (ERD) is used to measure H coverage [21,22]. The 

amount of disordered silicon atoms is measured by conventional Rutherford Backscattering 

Spectroscopy (RBS) combined with ion channeling at 2 MeV. The area of the surface peak 

during channeling is used to calculate the number of disordered atoms at the surface. The 
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model used to calculate the contribution of disordered Si and oxygen atoms towards SiO 

and SiOi can take into account the monolayer of SiO found between Si substrate and SiO^ 

[16]. The results of the different cleaning steps used to achieve final H-passivation of 

Si(IOO) demonstrate that NRA combined with ion channeling and ERD provide a sensitive 

measure of surface composition [16,23]. 

Tapping Mode Atomic Force Microscopy (TMAFM) is done to characterize the 

topography and roughness of the surfaces as a function of cleaning conditions [24,25]. 

Roughness is characterized via the Root Mean Square (RMS) [26]. RMS values are then 

correlated with the number of disordered Si atoms measured by Ion Beam Analysis (IBA) 

measurements. 

Fourier Transform Infrared Spectroscopy (h l'lR) is used to characterize the chemical 

composition of the silicon surfaces [27,28]. An attempt is made to correlate the FllK 

results to the amounts of the impurities obtained by EBA measurements. The RMS values 

from AFM measurements are correlated to the ratio of the total area of the FTIR signals 

from all hydride species to that of area of the FTIR signal from the dihydride species. 

When this ratio decreases, the surface is found to become rougher [29,30]. In addition, 

FTIR is used to detect the evolution of the surface chemical composition, in addition, to the 

amount of H, C, O measured by IBA. 

Secondary Ion Mass Spectroscopy (SEMS) is used to measure the interfacial impurity 

levels at the Si(lOO)/Si epitaxy and SiClOOySiOj interfaces after depostion [31]. Areal 

density of the disordered Si atoms and the crystalline nature of the Si(lOO) homoepitaxial 

films are determined by conventional ion channeling using 2 MeV incident ions. The 

oxygen density of the SiOj films is also measured by the same technique [32]. Presence of 

the stacking faults after homoepitaxial growth are characterized by chemical etching 

techniques to establish the effectiveness of H-passivation for low T epitaxy on Si(lOO) [33-
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35]. Thickness and refractive index of the SiOj films are measured by Ellipsometry [33-

35]. Electrical characterization of the Si02 films is performed by Capacitance-Voltage (C-V) 

measurement techniques [33-35]. Metal-Oxide-Semiconductor (MOS) structures are used 

with this technique. The structures are prepared by depositing aluminum metal on top of the 

oxide films. 

1 .2  Disser ta t ion  Out l ine  

The dissertation is divided into ten major chapters, including this chapter, as follows: 

1. Introduction 

2. Background and Literature Review 

3. Experimental Materials, Facilities, and Methods 

4. Ion Beam Analysis of Si( 100) Surfaces 

5. Review of TMAFM, FTIR-ATR, Surface Wetting Measurements, 

Chemical Etching, Ellipsometry, and Capacitance-Voltage 

Measurements 

6. Characterization of H-Passivated Si(lOO) Surfaces 

7. Oxidation of H-Passivated Si( 100) Surfaces 

8. Homoepitaxial Growth of H-Passivated Si(IOO) Samples 

9. Characterization of Materials for use as Hydrogen Standard 

10. Conclusions 

A brief description of what is covered in each chapter is given in the following 

paragraphs. 

A background and literature review is given in chapter 2 with a focus on the chemistry 

and physics of surface preparation of Si(lll) and Si(lOO) by wet and vapor chemical 

etching and passivation. A detailed discussion of passivation of silicon by oxygen and 
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hydrogen is also given. The effects of H-passivation on epitaxial growth and oxidation of 

silicon are discussed. 

Materials, facilities, and methods used in this study are described in chapter 3. In 

particular, the layouts of the different laboratories and major instrumentation used in this 

work are described. This chapter also highlights different analytical techniques used for 

analyzing semiconductor surfaces and interfaces in this study, and are are discussed in 

detail in Chapters 4 and 5. Large emphasis is placed on Ion Beam Analysis, Secondary Ion 

Mass Spectroscopy, Tapping Mode Atomic Force Microscopy, Fourier Transform Infrared 

Spectroscopy, Surface Wetting Measurements, Chemical Etching, Ellipsometry, and 

Capacitance-Voltage measurements due to their use in this study. The substrates and 

chemical processes used for surface preparation in this project are described. The 

conditions for epitaxial growth by Chemical Vapor Deposition and Combined Ion and 

Molecular Deposition techniques are reviewed for blanket and selective epitaxy processes. 

Rapid thermal oxidation of Si(lOO) and analysis of materials for use as hydrogen standards 

are also mentioned. 

A review of the ion beam analysis of Si(lOO) surfaces is given in Chapter 4. The 

chapter describes the IBA techniques used in this study. Basic concepts of the 

Conventional Rutherford Backscattering Spectroscopy (RBS), Nuclear Resonance 

Analysis (NRA), Forward Recoil Elastic Spectroscopy (FRES), and Secondary Ion Mass 

Spectroscopy (SIMS) are described. The application of these techniques to the analysis of 

samples generated in the present study is discused. The limitations of the techniques are 

also mentioned. 

A review of the analytical techniques, other than ion beam analysis, used in the present 

study is given in Chapter 5. The techniques are Tapping Mode Atomic Force Microscopy 

(TMAFM), Fourier Transform Infrared Spectroscopy in Attenuated Total Reflection Mode 

(FTIR-ATR), Surface Wetting Measurements, Chemical Etching, Ellipsometry, and 
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Capacitance-Voltage Measurements. Basic concepts and specific application to the present 

study are discussed for each of these techniques. 

The experimental results related to the passivation of Si(lOO) are described in Chapters 

6 through 9. The optimization of passivated Si(lOO) surfaces is discussed in Chapter 6. 

Surfaces are passivated by either liquid phase or vapor phase chemical procedures. 

Description of these chemical procedures are given. Samples etched by wet chemical 

cleaning are analyzed by IBA, TMAFM, FTIR-ATR, and surface wetting measurements. 

Three different HF/Alcohol passivation solutions are used. The solutions are HF/Methanol, 

HF/Isopropanol, and HF/Ethanol. The effect of a "Modified RCA" cleaning on the final 

passivation step, as well as, the three alcohols is compared. Si(lOO) etched in the vapor 

phase is analyzed by IBA and FTIR only. The effects of passivation on oxidation of 

Si(lOO) surfaces is described in Chapter 7. The samples are analyzed by IBA, TMAFM, 

Ellipsometry, and C-V measurements. Chapter 8 gives the summary of the experimental 

results relating to the homoepitaxial growth of H-passivated Si(lOO) samples. The details 

of the sample preparation, as well as, epitaxial film growth are discussed. The samples are 

analyzed by optical, RBS, TMAFM, and SIMS techniques. Except for SIMS, all other 

techniques are used for surface analysis. SIMS is used for characterization of contaminants 

at the interface. An attempt is also made to correlate IBA and TMAFM to the density of 

particle/defect counts observed on the epitaxial samples. The results of the characterization 

of materials for use as hydrogen calibration standard are given in Chapter 9. Bulk polymers 

and films coated on S 1(100) surfaces are evaluated for radiation damage by Ion Beam 

Analysis (IBA). A summary of the conclusions drawn from this research is given in 

Chapter 10. References and appendices for this dissertation are listed at the end. It should 

be noted that all figures and tables are sequentially arranged at the end of each chapter, in 

view of the large volume of this dissertation with large number of figures and tables. 
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CHAPTER 2 

BACKGROUND AND LITERATURE REVIEW 

A review of the importance of silicon surface cleaning and passivated silicon surfaces is 

given in this chapter. The main passivation procedures for silicon are compared for S 1(100) 

and Si(llI) surfaces. The mechanism of passivation and its effects on epitaxial growth as 

well as oxidation are also discussed. The chapter is divided into the following categories: 

1. Surface Preparation of Semiconductors. 

2. Passivation of Silicon with Oxygen. 

3. Passivation of Silicon with Hydrogen. 

4. Effect of H-Passivation on Epitaxial Growth. 

5. Effect of H-Passivation on Oxidation. 

2 .1  Surface  Preparat ion  o f  Semiconductors  

The importance of clean substrate surfaces in the fabrication of semiconductor 

microelectronic devices has been recognized since the dawn of solid-state device 

technology in the 1950's [1,2]. It is well known that the device performance, reliability, 

and product yield of silicon circuits are critically affected by the presence of chemical 

contaminants and particulate impurities on the wafer or device surface [1-4]. In silicon, 

ultra large scale integrated (ULSI) technology, it is becoming important to prepare "ultra-

clean" Si surfaces prior to thin film growth [5]. These are characterized as surfaces free of 

contaminants, native oxides, adsorbates, and microroughness [6]. Effective techniques for 

cleaning silicon wafers at the start of the process and after oxidation and patterning are now 

more important than ever before because of the extreme sensitivity of device characteristics 

to the semiconductor surface and interface properties, and the submicron sizes of the device 

features [1]. For a semiconductor surface to be ultraclean, the total surface coverage of 
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metallic impurities should be, less than 10'° atoms per cm^. Particles larger than 0.1 |im in 

size should be fewer than approximately 0.1 per cm^, which translates to fewer than 30 

particles per 200 mm wafer. The reason for these stringent specifications is the fact that the 

overall device quality, as noted, is affected by trace impurities. Each of the hundreds of 

processing steps in the fabrication of advanced silicon circuits can contribute to 

contamination [ 1,2]. 

Contaminants on semiconductor wafer surfaces exist in the form of contaminant films, 

discrete particles or particulates (groups of particles), and adsorbed gases, as summarized 

in Table 2.1 [1,7]. Contaminant films at the surface and particles can be classified as 

molecular compounds, ionic materials, and atomic species [1]. Molecular compounds are 

mostly particles or films of condensed organic vapors from lubricants, greases, 

photoresists, solvent residues, organic components from deionized water or plastic storage 

containers, and metal oxides or hydroxides. Ionic materials comprise cations and anions, 

mostly from inorganic compounds that may be physically adsorbed or chemically bonded 

(chemisorbed), such as ions of sodium, fluorine and chlorine. Atomic or elemental species 

comprise metals, such as gold and copper, that may be chemically or electrochemically 

plated out on the semiconductor surface from hydrofluoric acid containing solutions, or 

they may consist of silicon particles or metal debris from equipment. The sources of 

contaminants are listed in Table 2.2 and ai^e seen to be manifold [1]. Effects caused by 

these contaminants in a semiconductor operation are given in Table 2.3 [1]. 

For silicon processing, the surface cleanliness is defined not in terms of absolute 

cleanliness, but in the ability to control that surface so that it is atomically homogenoeus 

[4]. Typically, the surface is covered with one or more atomic layers of elements (such as 

oxygen) or compounds (such as water) [1]. So long as these layers are (1) uniform on a 

molecular or atomic basis, (2) volatile, (3) non-interfering with diffusion or oxidation 

processes, and (4) unable to affect the electrical properties of a finished device, the surface 
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can be said to be "clean" [4], The essence of the concept of cleanliness, then, lies in 

control. 

2 .1 .1  Clean ing  Techno log ie s  

The wafer surfaces can be cleaned either by a liquid-phase or gas-phase method [1,7]. 

Most of the techniques are developed for silicon because of its importance in the fabrication 

of the integrated circuits [8]. Special procedures should be used for germanium and 

compound semiconductor materials, because their chemistry is so different [1,9,10], The 

impurities and contaminants on semiconductor wafers that must be removed by any method 

can be listed as follows: 

1. Gross and trace organics, 

2. Native and chemical thin films of oxides, 

3. Physically and chemically adsorbed ions, 

4. Deposited and adsorbed metals, 

5. Particles and particulates, and 

6. Impurities adsorbed or entrapped by oxides. 

2 .1 .1 .1  Liqu id-PhaseAVet -Chemica l  C lean ing  

Liquid-phase/wet-chemical cleaning refers to processes that use immersion of die wafer 

into the cleaning reagents or mixtures in the liquid phase. They are usually, but not always, 

chemical in nature and are based on water as the liquid component, hence the more popular 

but incorrect term wet-chemical [1,11]. This approach has been used for the last twenty-

five years. Cleaning with organic solvents is neither chemical or wet. Cleaning with 

aqueous oxidizing agents, on the other hand, can be truely called wet-chemical cleaning 

[1,12]. 



50 

The mechanism of liquid phase cleaning can be purely a physical dissolution process 

and/or via a chemical reaction dissolution [13,14]. Chemical etching occurs when materials 

are removed from the process by a chemical transformation of the material into soluble 

species. Liquid cleaning methods for semiconductor wafers use inorganic acids, aqueous 

solutions including deionized water, mixtures containing hydrogen peroxide, and organic 

solvents [1,12]. Different process combinations and sequences are used for specific 

applications. Organic solvents are rarely used for cleaning silicon wafers prior to 

metallization where much more effective cleaning agents can be used [14,15]. Compound 

semiconductor wafers, however, are frequently treated with organic solvents to attain some 

degree of cleaning, since suitable and safe wet-chemical cleaning cannot always be used or 

may not be available [1]. Chlorofluorocarbon compounds, acetone, methanol, ethanol, and 

iospropyl alcohol (IPA) are solvents that are frequendy used to remove organic impurities 

[16-20]. IP A is generally the purest organic solvent available and is used extensively for 

vapor drying of water-rinsed wafers [1,2]. Chlorofluorocarbon solvents are being phased 

out rapidly because of ecological problems related to ozone destruction. 

The last steps in wet-chemical wafer cleaning are rinsing and drying. Both are 

extremely critical because clean wafers become recontaminated very easily [1]. Rinsing 

should be done with flowing high-purity and ultra-filtered high-resistivity deionized water, 

usually at room temperature [21-24]. Megasonic rinsing is advantageous and is the most 

effective technique for reducing the critical boundary layer between the wafer surface and 

the rinse water [23,24]. Megasonics is a higly effective non-contact scrubbing method with 

high-pressure waves in a cleaning solution [1]. It is achieved by ultrahigh frequency sonic 

energy at 0.85 - 0.90 Mhz, generated by array of piezoelectric transducers. Centrifugal 

spray rinsing and rinsing in a closed system have the advantage that the wafers are not 

removed between cleaning, rinsing, and drying [25,26]. 
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Wafer drying after rinsing should be done by physical removal of the water rather than 

by allowing it to evaporate [1]. Spin drying accomplishes this and has been the most 

widely used technique, although recontamination occurs frequently. Filtered hot forced air 

or nitrogen drying is a preferred technique with less chance for particle recontamination 

[27,28]. Capillary drying is based on capillary action and surface tension to remove the 

water. Individual wafers are pulled out of deionized water at 80 - 85°C, and less than 1% 

of the water is said to evaporate, leaving a particle-free surface [29]. 

In solvent vapor drying, wet wafers are moved into the hot vapor of a high-purity 

water-miscible solvent, usually IPA (Isopropyl alcohol), which condenses and displaces 

the water [1]. The wafers dry particle-free when the cassette is withdrawn above the vapor 

zone [26,29]. The purity of the solvent is extremely important, and the water content 

during processing must be closely controlled so as not to exceed a critical concentration 

to achieve an ultraclean surface [29-34]. In one smdy, IPA on silicon surfaces could not be 

detected by SIMS, but the growth rate of native oxide films was depressed, indicating the 

presence of a thin IPA film. The electrical properties of the oxide improved substantially 

[35]. 

A recently developed technique of drying is known as the "Marangoni drying" [1]. 

During removal of the wafer from the deionized rinse water, the air-water-silicon surface is 

exposed to a stream of water-miscible organic solvent vapor. Surface tension effects cause 

the water to sheet off a planar wafer surface, leaving a very dry hydrophilic silicon surface 

[36]. Finally, a novel low-pressure cleaning technique has been described recently [37]. 

Extreme care must be taken to avoid recontamination of cleaned device wafers during 

storage if immediate continuation of processing is not possible. Wafers should be placed, 

preferably, in a chemically-cleaned closed glass/plastic container or in a stainless steel 

container flushed with high purity filtered nitrogen and stored in a clean room [1]. Metal 

tweezers must never be used to handle semiconductor wafers since this will invariably 
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cause contamination by traces of metals. The final criterion of the success of all wafer 

cleaning operations is the purity of the wafer surface after the last treatment. No matter how 

effective the various cleaning steps may be, improper rinsing, drying, and storage can ruin 

the best results [12,38]. 

2 .1 .1 .2  Vapor-Phase  Clean ing  

Liquid-phase/wet-chemical processing is being replaced by gas-phase cleaning due to 

the limitations of liquid phase cleaning such as large consumption of chemicals, and 

disposal of chemical waste, and its incompatibility with advanced integrated processing 

[1,12]. Vapor-phase cleaning is often called dry cleaning in contrast to wet cleaning. These 

processes are carried out in the gas or vapor phase, which are not necessarily dry 

[1,38,39]. In most of the cases, the gases and techniques used are dry and so this cleaning 

technology is called "Dry-Cleaning". Table 2.4 summarizes the classification of gas-phase 

cleaning technologies into the major categories and specific types of processes and 

techniques [1]. Table 2.5 depicts the contaminants, and links them with gas-phase reactions 

that can be used to remove them from the surface [40]. Organic contaminants are sub-

classified as "Gross Organics" or "Fine Organics". The former are mechanically coherent 

layers of organic materials such as photoresist and plastic polymers, while the latter are 

miscellaneous organic residues and hydrocarbons. Vapor-phase cleaning processes, a 

special case of gas-phase or dry-cleaning, are carried out in gas-phase with the chemistries 

analog to those used in liquid-phase cleaning [40,41]. Water vapor is added to the chemical 

gas streams. In some cases, moisture can form as a product of the cleaning reaction and can 

control the process, although the original reactant gases may have been entirely 

anhydrous. Due to the many actual and potential advantages, its development for 

commercial application is being pursued vigorously [1,39]. 
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Vapor phase cleaning uses molecules of vapor, instead of gallons of liquids. This helps 

lowering the cost of chemicals and deionized water. It also helps lowering the cost of their 

disposal and potential environmental remediation [1,38].Vapor phase cleaning technology 

combines ultra-pure reactant gases with water vapor. These gases are drawn from 

pressurized liquids [41,42]. This process leaves behind practically all contaminants in the 

gas bottle. No metals are added that can be detected by Secondary Ion Mass Spectroscopy 

(SIMS) and Total X-ray Fluorescence (TXRP) [1]. The additions of particles amount to 

less than 0.07 particles/cm^. Since new vapors are used for every wafer, ultra-high purity 

levels are maintained for the entire batch, as well as from run to run. Such consistency 

ensures that the last wafer processed performs as well as the first [41]. 

Vapor phase cleaning breaks the feature-size barrier. Gases naturally penetrate to 

features that liquids can't reach [12,40]. This means wafers with smaller and smaller 

features can be processed without adding hard-to-rinse, contaminating wetting agents, such 

as ethylene glycol. The following are some of the main advantages of vapor phase cleaning 

[39]: 

• Reduced contamination in the actual process and also during rinsing and drying 

stages. 

• Improved process uniformity by achievement of better control for both the specific 

reaction involved and the overall process due to usage of smaller and controlled 

amounts of reactants. 

• Reduced chemical usage and disposal due to usage of smaller quantities of the 

chemicals. 

• Improved safety considerations for safer working condition and device processing 

can be carried out much more efficientiy. Vapor cleaning is more adaptable to 
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computer controlled processing and results are significantly improved because of 

this. 

• More versatile process variables when compared to wet-chemical processing. 

Relative compositions of gas mixtures can be varied over a wide range by adjusting 

the temperature and pressure, and resulting chemistries can be adjusted for 

particular applications. 

• New chemistries possible due to the availability of additional gas species when 

compared to wet-chemical processes. These chemistries can be used for improved 

chemical cleaning applications. 

• Sequential, in situ processing possible by developing integrated or cluster-type 

reactors. This helps in reducing the operator handling and in turn, contamination. 

Inspite of the above mentioned advantages, various refinements of vapor EiF etching 

techniques have so far not been able to eliminate entirely certain problems associated with 

this process. The most persistent one involves the use of a final water rinse to remove solid 

residues formed as a product of etching [1,39,40]. This defeats the purpose of being 

entirely a gas-phase operation. Also, the strong dependence on the moisture content, leads 

to nonuniformity on the etching process and difficulties in controlling the selectivity of 

etching and the rate of etching of oxides and surface hydrocarbons [39,40]. The addition of 

moisture to the anhydrous gaseous reactants introduces corrosion of stainless steel gas lines 

used in the reactors. 

2 .1 .2  Aqueous  Clean ing  Processes  For  S i l i con  

The traditional approach to wafer cleaning is based on wet-chemical processes [12]. 

Aqueous cleaning solutions are currently the most widely used due to their many 

advantages over alternative processes. Alternatives include cleaning with organic solvents. 
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and the application of vapor phase chemistries, that include both organic and inorganic, as 

well as the use of various physical and thermal methods of contaminant removal [1]. Some 

of the advantages and disadvantages of aqueous cleaning are listed in Table 2.6 [43]. 

Aqueous chemistries involve a variety of solutions which can be made by dissolving a 

gas, liquid, or solid in water [43]. Many chemical solutions have been used for cleaning 

wafers. The most prevalent have been the RCA solutions, aqueous mixtures of unstabilized 

hydrogen peroxide with ammonia and hydrochloric acid [20]. These cleans were developed 

before 1970 and have been the primary cleaning method used by the industry ever since 

[12,20,44]. 

The original RCA clean consisted of two cleaning solutions [20,43]: 

NHpH (29w/w%) + HjOj (30%) + DI H^O at 70 - 80°C (2.1) 

HCl (37w/w%) + H2O2 (30%) + DI H^O at 70 - 80°C (2.2) 

The purpose of the first step, icnown as Standard Clean 1 or SC-1, was to oxidize 

surface organic films and remove some metallic ions [20,38,43]. The second step, known 

as Standard Clean 2 or SC-2, was to remove alkali cations and other cations like Al^, Fe^^, 

and Mg^^. The solutions were mixed typically in the ratio 1:1:5 [20]. 

The chemistry of the RCA cleaning, as well as, of other cleaning solutions, is described 

in Tables 2.7 and 2.8 [12,25,43-50]. The ratios of the chemicals have been omitted since 

they can vary gready between different fabrication lines. The solutions listed in Table 2.8 

have been reported only recently. After twenty-five years, the most widely used wafer 

cleaning methods in very large scale integrated (VLSI) and ultra large scale integrated 

(ULSI) silicon circuit fabrication are still the hydrogen peroxide-based wet-chemical 

processes [1,12,38]. High-purity reagents are now available, such as aluminum-free H2O2, 
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that have led to improved performance. However, the concentration of ammonium 

hydroxide in the original RCA SC-1 solution (5:1:1 H2O/H2O2/NH4OH) has been reduced 

by at least four-fold to avoid micro-roughening of the silicon surface by nonuniform micro-

etching, resulting in improved gate oxide integrity and increased yields of MOS capacitors 

[12]. It is also advisable not to exceed 70°C for 10 minutes in the RCA SC-l/SC-2 wafer 

cleaning treatment [1,51,52]. Removal of the native or chemical oxide film before and after 

SC-1 and SC-2 by optimized etching with dilute (1:50 - 1:100) ultrapure HF solution can 

be beneficial [1,53,54]. 

Remarkable results have also been achieved by wet-chemical cleaning of silicon wafers 

with aqueous solutions of choline-H202-surfactant, HjO-HF-HCl, HiO-HjOj-HF, very 

dilute acids, as well as with ozonized water [12,52,55-66]. New techniques of wafer 

drying have been devised. Among which, isopropyl alcohol vapor drying after cold 

deionized water megasonic rinsing is one of the best [1]. 

Inspite of the current shift from liquid to gaseous reactants for die several reasons, 

mentioned above, aqueous cleaning of semiconductor wafers, like many other 

technologies, is extending its time horizon of utility for a number of reasons [1,43]. The 

chief driving forces for the preservation of aqueous cleaning technology include its superior 

ability to remove metallic impurities, its high level of selectivity between the contaminants 

and the semiconductor surface, and improvements in the efficiency of aqueous cleaning 

agents, which lower costs and lessen their environmental impact [43]. Continuous research 

and development are refining aqueous cleaning chemistries and equipment [12,43]. 

2 .1 .3  Pass iva t ion  Processes  For  S i l i con  

The chemical state in which a surface is left subsequent to a cleaning is as important as 

the cleaning itself. A surface that becomes recontaminated before the next processing step 
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will not be useful. The best cleaning techniques are therefore the ones which chemically 

passivate the semiconductor surface while cleaning it [67]. A passivation layer is one [68]: 

1. which can be easily formed on the Si surface, 

2. with limited affinity for impurity species, and 

3. that can be removed easily at low temperatures, prior to any film growth step. 

The choice of a passivation method has to be specific to the material system and the 

nature of the contaminant [69-71]. In addition, the chemical activity of the species in the 

passivant layer in subsequent processing steps can prove beneficial to the quality of the 

device being fabricated [72-74], Passivation layers need their effectiveness confirmed in a 

process-specific manner and their range of applicability needs to be examined in both 

integrated and conventional processing environments [68]. 

There are two ways to clean and passivate silicon surfaces. The first is to grow a thin 

layer of oxide during cleaning. This is best accomplished using acidic or basic solutions 

mixed with hydrogen peroxide and forms the basis of the RCA Standard Clean developed 

by W. Kem in 1965 [38]. These cleans leave 10-15 A of hydroxylated oxide on the surface 

which prevents recontamination of the silicon. Such surfaces are hydrophilic in nature and 

are easily wetted by aqueous solutions. The second way to clean and passivate the surface 

is to dissolve the surface oxide completely in hydrofluoric acid. Indeed, the early electronic 

measurements of Buck and McKim, made in 1958, demonstrated the high degree of 

passivation of HF-treated Si surfaces [75]. These surfaces are now known to be oxide-free 

and passivated with hydrogen. The H-terminated surfaces are hydrophobic in nature and 

are not wetted by aqueous solutions. A discussion of these two passivation processes for 

silicon is given in Sections 2.2 and 2.3 of this chapter. 
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2.2 Passivation Of Silicon With Oxygen 

The chemical composition of the silicon surface subsequent to a cleaning is fundamental 

to its passivation. The chemically grown oxides exhibit a more complex chemical 

composition than the high quality stoichiometric SiOj grown thermally [76]. Thermal 

oxides have been studied extensively because of their application as gate insulators in the 

MOS technology [77-79]. However, as gate oxide thicknesses decrease, the impact of the 

cleaning procedures employed increases, motivating studies of chemically grown oxides 

[76]. Chemically grown oxides are produced by various cleaning techniques that are based 

on the use of acidic and/or basic hydrogen peroxide solutions. The most widely used 

technique is, as mentioned above, the RCA Standard Clean developed by Kern and 

Puotinen [20]. It is a sequential two-step clean, described earlier by Equations 2.1 and 2.2, 

where wafers are immersed first in a 5:1:1 solution of H20:H202:NH40H at 80°C (SC-1) 

and then in a 5:1:1 solution of H20:H202:HC1 at 80°C (SC-2). The Piranha etch, developed 

earlier, consists of an immersion in 4:1 H2S04:H202 at a temperature somewhat in excess 

of 100°C. Other cleaning technique involve exposure to hot chemicals, such as nitric acid or 

other acid mixtures. The oxides left behind after these surface treatments are similar to the 

thermally grown oxides in some respects but are quite different in others [67]. 

The properties of chemically grown oxides produced by the various cleaning 

techniques, including Piranha etch, SC-1, or SC-2, etc., are quite similar and the oxides 

tend to be approximately 10 -15 A thick, depending on die process temperature as well as 

the solution chemistry used [80,81]. These films are largely stoichiometric but, because 

they are so thin, exhibit properties with many of the characteristics of the interfacial 

transition regions of thicker, thermally grown oxides. The oxides are largely composed of 

SiOj but contain a fraction of sub-stoichiometric oxides, dominated by Si^^. In other 

words, the large suboxide content characteristic of these chemically grown oxides is 

observed in the Si 2p core level spectra as shown in Figure 2.1 [82]. Besides the Si^^, 
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other suboxides are present, depending on the exact surface treatment used [81,82]. It is 

clear that there is a transition region between the bulk stoichiometric amorphous SiO, and 

the crystalline Si substrate of 3 - 7 A where suboxides are observed by atomic probe 

analysis and x-ray photoelectron spectroscopy (XPS) [83,84]. It is less clear, however, 

what the exact structure and composition are for this transition region. The various models 

proposed have recently been reviewed and fall into three classes involving [85]: 

1. An epitaxial SiO^ intervening layer, 

2. A disordered sub-stoichiometric oxide layer, and 

3. An abrupt transition directly from the crystalline Si to the continuous random 

network of amorphous Si02. 

Although the exact structure of the Si/SiOj interface is still being debated, the 

transmission electron micrographs (TEM), as shown in Figure 2.2, possibly demonstrate 

that atomically flat interfaces can be obtained from atomically flat Si(lOO) starting surfaces 

[85]. In the simplest arrangement consistent with the lattice images, each substrate Si atom 

at the interface appears to bond to one oxygen atom presented by the tridymite, and half the 

interfacial Si dangling bonds are saturated. This phenomenon is illustrated in Figure 2.3. In 

this case the remaining dangling bonds may dimerise, thus saturating all the interface bonds 

[85]. Another possibility consists of replacing some, or all the interfacial dimers by Si-O-Si 

bridges [86]. Lattice imaging cannot directly detect these bridges at the interface, and thus 

the dimer and Si-O-Si arrangements are both consistent with the TEM data [85]. 

Defect densities in the range of 10'^ cm'^ at the Si/Si02 interface have been quantified 

using minority carrier lifetime measurements [87]. These densities are typical for clean 

"native" oxides, placing these surfaces and interfaces at a level approximately 2 orders of 

magnitude higher than for the thermal oxides [67,87]. The largest inttinsic contaminant 

found on such surfaces is hydrogen-bonded OH and H^O. Minor levels of hydrogen in the 

form of Si-H are also observed [81,82,88-90]. The structure and morphology of 
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chemically and mechanically polished, as-received Czochralski (CZ) method grown, and 

epitaxial silicon wafers approaches atomic perfection with a surface roughness of about 2 A 

rms [91-94]. The SC-1 clean is found to increase levels of surface roughness, whereas the 

Piranha and SC-2 cleans tend to leave surface topographies unchanged [32]. The oxide 

interfacial stmcture is found to vary with preparation technique. It appears that chemically 

grown oxide interfaces are typically rougher than their thermal oxide counterparts [67]. 

Extrinsic contaminants, such as metals and hydrocarbons, are efficientiy removed using 

RCA cleaning, but maximum areal density (10'° cm"^) allowed for most metals today will 

have to decrease in the future [38,53,95-100]. 

The microstructural state of the surface and interface has been shown recently to affect 

subsequent device properties [101-103]. Surface roughness causes degradation of the 

breakdown field strengths of thin gate oxides and leads to decreased channel mobilities by 

factors of two to three [101-105]. Both hydrophilic and hydrophobic surface cleans can 

affect the morphology of the Si surface [67]. Chemically grown oxides have been found to 

be non-crystalline, limiting the information obtained from most techniques for structural 

analysis [106-108]. Other areas where future work is necessary include [67]: 

1. gaining an understanding of how contaminants in the solutions used affect etching 

and surface topography, 

2. elucidating the mechanism of chemical oxidation in the various solutions employed, 

and 

3. leaming how to control the surface structure and composition of oxide-terminated 

silicon surfaces. 

2.3  Passivat ion Of Si l icon With Hydrogen 

The chemical composition of HF-etched silicon surfaces has been the subject of some 

confusion. It has long been held that the hydrophobic nature of these surfaces was 
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explained by fluorine termination and that the surfaces were hydrophobic because they 

resembled Teflon™ [109]. In actuality, these surfaces are terminated with hydrogen and are 

therefore more paraffin-like due to the non-polar nature of the Si-H bond [67]. A detailed 

discussion of the evidence for H-termination is given in Section 2.3.1, and the chemical 

mechanism which explains how the silicon surfaces become hydrogen-terminated is 

described in Section 2.3.2. 

In contrast to oxide termination as mentioned above, HF etching of Si(l 11) leads to 

hydrogen termination of the bulk crystal and has been studied in great detail [67]. Huge 

differences observed between the surface strucmres of Si(lOO) and Si(l 11) wafers after HF 

etching are discussed in Section 2.3.3. In particular, the structural morphology on both 

surfaces varies with the solution pH, favoring the formation of (111) facets at high pH. 

Contamination is also an important issue for any cleaning or passivation process 

because trace amounts of impurities can drastically influence subsequent material 

properties. Contaminants can be intrinsic, such as H, OH, HjO, F, or extrinsic, such as C, 

Fe, Ni, Cr, Cu, to the solutions used [67]. The effect of contamination and the resulting 

loss of passivation of H-terminated surfaces are discussed in Section 2.3.4. 

2.3 .1  H-Termination of  Si l icon -  Historical  Overview 

The unique properties of Si surfaces treated in HF solutions were recognized over 

thirty years ago, but only recently have these hydrophobic surfaces been better understood 

[75,110]. It is now quite clear that hydrogen and not fluorine termination of the dangling 

bonds on the Si surface explains the hydrophobicity, the high resistance to chemical attack, 

and the low surface recombination velocity [67]. Fluorine is also found on these surfaces, 

but only in small quantities and should be thought of as a minor contaminant radier than a 

major constituent of the surface. The confusion and controversy about H versus F 

termination, can be attributed to the difficulty of detecting hydrogen in conventional surface 
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spectroscopic methods, such as Auger electron spectroscopy (AES), X-ray photoelectron 

spectroscopy (XPS), etc [111]. These techniques rely on core electrons emission and 

bonding, and thus cannot detect hydrogen directly, since it has no core electrons. 

Vibrational spectroscopies, such as Electron Energy Loss Spectroscopy (EELS), Infrared 

Absorption Spectroscopy (IRAS), etc., on the other hand, are extremely sensitive to 

surface species containing hydrogen but have only begun to see widespread use in surface 

science during the last ten years [67,111]. 

The first application of infrared absorption spectroscopy to investigate the chemical 

properties of "stain films" prepared electrochemically by anodic polarization in a 10 N 

aqueous solution of HF acid was reported in 1965 by Beckmann [112]. Due to the film 

thicknesses being in the range from 20 - 50 |im, transmission infrared absorption 

spectroscopy was used. A thorough investigation with deuterated solutions clearly 

identified hydrogen as the main chemical species in the films, mostly as pure silicon 

hydrides, Si-H,, and also as hydrides with silicon back-bonded to oxygen, in the form 

0-Si-H, characterized by silicon-hydrogen stretching vibrations in the 2100 cm"' and the 

2275 cm"' regions, respectively. The presence of an absorption band at 910 cm ' was also 

observed and was assigned to the Si-F stretching bond. This band, however, disappeared 

upon deuteration, casting serious doubts on the Si-F stretching bond assignment. The Si-F 

stretching bond has more recently been identified at approximately 800 cm ' instead of 910 

cm ' [113]. Although the hydrocarbon region could not be studied because of the 

spectrometer used, it is likely that these stain films had a substantial carbon concentration. 

Harrick and Beckmann reported in 1974, on an infrared absorption study of silicon 

dipped in an HF solution [114]. The spectra, recorded with an internal reflection geometry, 

using 180 reflections, are summarized in Figure 2.4. They are characterized by a spectral 

signature that is very similar to that observed in stain films, namely a strong Si-H^ stretch 

band with evidence for some oxygen present in the back-bond of the surface silicon atoms. 
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Based on a comparison with the data on stain films, Harrick and Beckmann concluded that 

the layers formed by HF solution dipping were 20 A thick on average. Presently, their 

spectra is believed to actually correspond to a monolayer coverage of an atomically rough 

surface, possibly with a 20 A scale roughness [67]. Although only the 2000 - 2200 cm"' 

spectral region was reported, it is likely that the surface contained carbon in addition to 

hydrogen and oxygen, due to relatively dirty chemicals used at the time. Regardless of the 

contamination issue, however, this was a clear indication that surfaces etched in aqueous 

HF were terminated with hydrogen. 

In 1984, Ubara, Imura, and Hiraki also clearly showed that the removal of silicon 

oxide in HF solutions results in the formation of silicon hydrides [115]. Their results 

obtained on hydrogenated microcrystalline silicon (|Xc-Si:H) are summarized in Figure 2.5 

[116,117]. The as-grown samples (a) are thermally oxidized at low temperature (b), then 

etched in aqueous HF (c), reoxidized at much higher temperature (d), and finally etched in 

aqueous HF (e). The results are summarized in curves (d) and (e). After thermal oxidation 

in air at 600°C, all traces of hydrogen have disappeared as observed in curve d, and where 

the SiH,^ bands centered at 2100 cm ' are now absent. This treatment clearly produced 

strong Si-0 and Si-O, bands centered at 1100 cm ', confirming the formation of an oxide 

layer. Subsequent etching in aqueous HF eliminated all the bands associated with silicon 

oxide and gave a spectrum with prominent silicon-hydrogen bands at 2100 cm ' (SiH^ 

stretch), 900 cm"' (SiHj scissor), and 650 cm ' (SiH,) as shown in curve e. These data 

clearly demonstrates that silicon oxide is removed by aqueous HF, and that the silicon 

surface is then terminated by hydrogen. Ubara et al. postulated a mechanism to account for 

the hydrogen termination, which was later confirmed by ab-initio calculations [115,118]. 

Despite these early pieces of work clearly pointing to hydride formation upon etching in 

aqueous HF, it was still widely believed that fluorine was in fact the passivating agent. In 

1975, Raider et al. attributed the hydrophobic nature of HF-etched surfaces to the presence 
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of Si-F bonds or adsorbed HF [119]. In 1986, Licciardello et al. indicated that the presence 

of an organic overlayer rather than a Si-F terminated surface, was responsible for the 

hydrophobicity of Si, although they still assumed that this overlayer was deposited on top 

of the F-terminated silicon surfaces [120]. In addition, Weinberger et al. in 1985, explained 

the electronic passivation of HF-treated Si wafers as being due to fluorine termination of 

the Si dangling bonds [121]. They further argued that the strength of the Si-F bond would 

make it an extremely stable surface. Indeed, indirect support for F-passivation was drawn 

from the observation that F is a stable adsorbate on the surfaces of silicon prepared in UHV 

[113]. Furthermore, fluorine was directly identified by XPS on HF-treated silicon 

surfaces, suggesting that a monolayer of fluorine is present at the surface [122]. 

The year of 1986 was perhaps the turning point in the H- vs. F-termination debate. 

Yablonovitch et al. observed that the F concentration, as measured by XPS, was highly 

variable and could not be the correct explanation for the remarkable surface passivation 

achieved subsequent to etching in HF [123]. Using infrared spectroscopy, they showed 

that a monolayer of hydrogen was adsorbed on the surface of HF-etched Si, with a 

spectrum characteristic of clean Si-H bonds, i.e., without oxygen or fluorine as a nearest 

neighbor. Another clear demonstration of the variability of the fluorine concentration on the 

surface came from the XPS data of Grunthaner and Grunthaner in 1986, showing no 

detectable oxygen, fluorine, nitrogen, or sulfur on HF/ethanol spin-etched silicon samples 

[124]. Figure 2.6, for instance, shows the Si 2p core level spectra measured after different 

chemical treatments. The spin-etched samples are characterized by an unshifted Si 2p core 

level, making it possible to set an upper limit of 0.1 % of a monolayer of Si directly bonded 

to electronegative elements, such as fluorine or oxygen, for the spin-etched samples [125]. 

Independently, Grundner and Jacob published the results of detailed EELS and XPS 

studies of oxidized and HF-etched silicon surfaces in 1986 [126]. The EELS data, shown 

in Figure 2.7, consistently showed strong hydrogen vibrations at 2100 cm ', 900 cm ', and 
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650 cm ', although hydrocarbons (2800 cm ') and OH (3400 cm ') vibrations contributed 

also to the spectra [127]. The intensity of the fluorine Is line measured in XPS data 

indicated that the fluorine concentration, after a de-ionized water rinse, was always less 

than 1 - 2% monolayer [127,128]. This work clearly confirmed the formation of silicon 

hydrides upon HF etching and suggested that fluorine was a contaminant that could be 

removed by rinsing in water. 

Both the surface-recombination velocity measurements of Yablonovitch et al. and the 

extensive XPS and EELS studies of Grundner et al. motivated a number of photoelectron 

emission and infrared absorption studies [123,126,127,129-132]. Takahagi et al. used 

XPS, UPS and IR absorption to quantify the chemical species on the silicon surface after a 

combination of UV/ozone cleaning and HF dipping [129]. UPS stands for ultraviolet 

photoelectron spectroscopy. UV/ozone cleaning involves use of ultraviolet radiation in an 

ozone ambient. Using dilute HF solutions, they achieved low levels of contamination, 

totaling less than 5% of a monolayer of O, C and F, and detected both Si-H and Si-H^ 

species on the Si(lOO) surface. A typical XPS survey scan is shown in Figure 2.8, which 

emphasizes the chemical purity of HF-cleaned surfaces. 

Burrows et al. and Chabal et al. investigated the silicon-hydrogen stretch vibrations 

(2000 - 2200 cm ' region) to quantify the surface morphology of silicon etched in dilute HF 

without rinsing and kept in a purged environment [130,131]. The spectra for both Si(lOO) 

and Si(l 11) surfaces displayed a variety of hydrides (mono-, coupled mono-, di- and tri-

hydrides) consistent with atomically rough surfaces covered with roughly one monolayer 

of hydrogen, which will be discussed in detail later in this chapter. Although no detectable 

absorption bands were observed in the 0-H stretch (3600 cm ') and CH, stretch (2800 cm" 

') region, the sensitivity of these IR absorption measurements only placed an upper limit of 

10% monolayer (ML) for these species. 
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Fenner et al. applied much more sensitive techniques (XPS and AES) for the detection 

of C, O, F and N to samples prepared by various wet-chemical techniques, cleaving in 

UHV, and ion sputtering [132]. They found that, among the various wet-chemical 

techniques, spin-etched samples with HF-alcohoI mixtures (HPLC grade) exhibited the 

lowest contamination levels (0.03 ML C, and 0.005 ML O and F), close to levels found on 

cleaved Si in UHV. By comparison, samples dipped in HF solutions or sputtered and 

annealed showed a tenfold increase in surface residue. 

Very recently, Dumas and Chabal used Energy Electron Loss Spectroscopy (EELS) to 

characterize silicon surfaces etched in buffered HF solutions [133-135]. For samples rinsed 

in de-ionized water after the etching, they found that the concentrations of impurities, such 

as Si-F, Si-C, Si-O, Si-OH and Si-CH^, were less than 1% of a monolayer, as shown in 

Figure 2.9. All losses in the EELS spectra can be assigned to hydrogen or silicon 

vibrations [133]. This is in contrast to the early EELS data, as shown in Figure 2.7, where 

relatively intense losses around 800 - 1100 cm"' (oxide) and around 2900 cm ' 

(hydrocarbons) were apparent. Possible reasons for the discrepancy are (a) variations in the 

purity of the chemicals used, (b) the exact handling and rinsing procedures, and (c) the 

method of wafer introduction and evacuation procedures used for these UHV studies. 

The main conclusion from the above studies is that hydrogen acts as the passivating 

agent and is the direct result of HF etching. The concentration of contaminants, such as 

carbon, oxygen, and fluorine, depends on the details of processing. In particular, the 

rinsing procedure after the last etching step directly affects the concentrations of fluorine 

and oxygen [67]. 

2.3 .2  Mechanism of  Hydrogen Termination 

The unique properties of Si surfaces treated in HF solutions were recognized over thirty 

years ago, but only recently have these hydrophobic surfaces begun to be understood [67]. 
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Hydrogen passivation is a chemical phenomenon by which a silicon surface is terminated 

with hydrogen [67,136]. 

Part of the confusion concerning fluorine termination of the Si following HF etching 

has arisen not only because of the stability of the Si-F bonds, but because the accepted 

explanation of the mechanism for SiOj dissolution leads automatically to fluorine 

terminated Si. The dissolution of SiO, by HF can be depicted in its simplest form in the 

following reaction [67]: 

SiO, + 4HF SiF^ + 2H^0 (2.3) 

Notice that the above reaction involves HF molecules and not F ions in the solution. 

HF is a weak acid having an equilibrium constant such that it does not dissociate readily in 

concentrated solutions [137]. In addition. Judge showed clearly that even if F ions are 

available, they have an etch rate which is negligible compared to HF and HF," species 

[137]. Thus, only HF in its associated form need be considered in the dissolution 

mechanism. HF molecules attack Si-0 bonds by inserting themselves between the Si and O 

atoms. This reaction is depicted schematically in Figure 2.10(a), for the case where the last 

Si-O bond before reaching the Si substrate is broken [67]. This insertion occurs with a low 

activation barrier because the reaction is highly exothermic and conserves the number of 

broken and reformed bonds. The reaction is also greatly facilitated by the highly polar 

nature of the Si-O bond, which the highly polar HF molecule can use to its advantage 

during attack. The Coulomb attraction naturally leads to having the positively charged H-

atom associated with the negatively charged O-atom, and the negatively charged F-atom 

associated with the positively charged Si-atom of the Si-O bond. This liberates H2O into the 

solution and leaves Si-F in its place on the surface, as shown in 2.10(b) [67]. The Si-F 
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bond is the strongest single bond known in chemistry with a bond energy of approximately 

6 eV. The bond strength of the Si-H is only approximately 3.5 eV and leads one, based on 

these thermodynamic considerations, to conclude that the F-terminated surface, once 

formed must be more stable than the H-terminated surface, independently of kinetic 

considerations [67]. 

Ubara, Imura, and Hiraki were the first to propose a reaction mechanism to get around 

this dilenmia [115]. They recognized that the Si-F bond must be highly polar because of the 

large electronegativity difference between these atoms. They suggested that the Si-F bond 

causes bond polarization of the Si-Si back-bond allowing HF attack of the back-bond, as 

illustrated in Figure 2.10(c) [67]. This kinetically favorable pathv/ay results in the release 

of stable SiF^ species into the solution leaving Si-H behind on the surface, as shown in 

Figure 2.10(d) [67]. The validity of this proposed pathway was confirmed using first 

principles molecular orbital calculations of the activation energies of these types of reactions 

on model compounds by Trucks et al. [118]. In these calculations, an activation energy of 

approximately 1.0 eV was found for reactions of the type shown in Figure 2.10(c) [67]. 

Low activation energies such as these are due to the charge transfer between the silicon and 

fluorine atoms, as originally suggested by Ubara et al. [115]. In the absence of charge 

transfer, as is the case for the nonpolar Si-H bonds, the activation energy of the Si-Si back

bond attack is 1.6 eV, which is 0.6 eV higher in energy than for that of fluorinated Si 

species. The impact of the Coulomb interaction could also be observed by inverting the HF 

molecule, making the attack occur in opposition to the Coulomb force. In that case, an 

activation energy of 1.4 eV is obtained. In summary, HF attacks polar species very 

effectively but is much less effective against nonpolar species. Also, the reactant must 

attack the bonds in a specific orientation to take advantage of the Coulomb interaction 

between the positively and negatively charged atoms. These concepts allow us to 

understand why it is hydrogen and not fluorine that terminates the Si dangling bonds after 
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HF solution etching, and why HF dissolves the oxide so readily but leaves the Si relatively 

untouched [67]. The overall process of transition from the initial silicon surface with fiee 

dangling bonds to final H-termination is simplified in a schematic illustration shown in 

Figure 2.11 [138]. 

The preceding arguments give a basic understanding of HF etching. In reality, 

however, the situation is much more complex, with HF, HFj", F", HjO^, OH", NH^F 

species together in the solution, in chemical equilibrium with one another, not to mention 

the steric constraints at the surface or the effects of solvation on the reactions [67]. A 

complete understanding of the detailed chemistry is not available at this time, but certain 

conjectures can be made with a reasonable degree of confidence. The calculations 

mentioned above were performed for molecules in free space and thus can accurately 

describe only gas phase reactions. We know, however, that water vapor is needed to 

initiate SiO, etching reactions with anhydrous HF [139]. One can argue that the main effect 

of placing the polar HF molecule into water is to surround it, on the average, with water 

molecules in the proper orientation to minimize the Coulomb energy. This, in turn, 

weakens the H-F bond, facilitating all HF reactions that must break the HF bond. One 

can, therefore, postulate that solvation simply lowers the activation barriers that exist for 

the gas phase reactions described above. Reaction rate data are not available for the Si-Si 

back-bond attack, but HF dissolution of Si02 has an activation energy of approximately 

0.35 eV [137], to be compared with the 0.55 eV calculated for the gas phase reaction 

[118]. The heat of solvation to place an HF molecule into solution is approximately 0.4 eV 

and is consistent with the observed 0.2 eV lowering of the energy barrier. This point of 

view also allows one to rationalize the HF and HF2' etching behavior observed by Judge 

[137]. One can think of HF2" simply as a more highly solvated form of HF with a weaker 

bond strength that explains the lower activation energy for SiOj dissolution, 0.31 eV, as 

well as the increased rate of dissolution, factor of 4 - 5. The question of steric hindrance at 
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the surface will be discussed in a later section in this chapter. In general terms, confidence 

should be placed on the chemical trends discussed above while remaining skeptical of the 

exact activation energies, since modifications due to steric constraints or solvation can be 

expected [67]. 

One last point needs to be clarified regarding HF solution chemistry. It is now clear 

that the OH" concentration has a drastic effect on the etching that occurs with HF solutions 

[140]. Experiments show that water rinsing alone can remove dihydride species at steps 

and leads to monohydride termination on Si(l 11) surfaces [140,141]. In this regard early 

workers observed that samples which were rendered hydrophobic in HF remained so even 

after boiling in water for extended periods of time [110]. It is equally curious that chemo-

mechanically polished silicon wafers, polished in slurries with pH <13, are hydrophobic 

and are terminated with hydrogen [142]. These observations taken together suggest that Si 

surface reactions with OH" can also lead to hydrophobic hydrogen terminated Si surfaces 

once the surface oxide is removed. This leads one to the speculation that HF and OH" 

chemistry may be similarly removing Si atoms bonded to electronegative elements by back

bond attack of the polarized Si-Si bond. It is also interesting to note that HF and OH" in 

solution may have similarities in their reaction pathways at the surface [67]. Pursuing this 

idea is clearly a direction for future research. 

2.3 .3  Structure and Morphology of  H-Terminated Si( lOO) and Si ( l l l )  

Surfaces 

The section starts with the effects of aqueous HF, concentrated and dilute HF 

solutions, on the surface morphology of Si(lOO) and Si(l 11). The etching of Si(lOO) and 

Si(l 11) in buffered HF solutions is then examined separately. Throughout this section, the 

nature of the starting Si/SiOj interfaces and the role of water, such as used for rinsing, in 

the etching process are also considered since they are relevant to the final surface structure. 
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2 .3 .3 .1  Etching of  Si( lOO) and Si( l l l )  in  Aqueous HF Solut ions  

Early studies had indicated that the HF-etched surfaces were crystalline and reasonably 

well-ordered. Hahn et al. showed that HF-etched Si surfaces give good 1 x 1 LEED 

patterns and quantified the defect density [91,101,143]. Grundner and Schulz concluded 

from EELS data that chemically oxidized Si(lOO) and Si(lll) surfaces were atomically 

smoodi after aqueous HF etching, i.e. terminated by dihydride and monohydride, 

respectively [127]. 

Infrared studies later showed that both Si(lOO) and Si(l 11) surfaces were atomically 

rough after etching in concentrated or dilute HF [136]. The roughness is evident from the 

polarized IR absorption spectra shown in Figures 2.12 and 2.13, for Si(lOO) and Si(l 11), 

respectively. The complexity of the hydrogen stretch spectra is clearly observed for both 

the Si(lOO) and Si(lll) surfaces. An "ideally terminated" Si(lOO) surface would be 

characterized by two modes, the symmetric and antisymmetric di-hydride stretches. 

Furthermore, the symmetric stretch should be polarized normal to the surface and the 

antisymmetric stretch should be parallel to the surface, contrary to what is experimentally 

observed in Figure 2.12. Similarly, an "ideally terminated" Si(l 11) would be characterized 

by a single mono-hydride stretch mode polarized normal to the surface, clearly not 

observed in Figure 2.13. Although these surfaces are not "ideally terminated", structural 

information can still be extracted by providing complete assignments of the observed 

bands. The mode assignments of the various hydride species can be performed using 

isotopic substitution experiments combined with ab-initio force constant/normal mode 

analyses on models of the compounds [131]. The silicon-hydrogen stretch spectra in 

Figure 2.12(a) and of Figure 2.13(a and a', right ft-ame) are simpler because the most 

abundant species is deuterium, that is the hydrogen atoms are isolated from each other. The 

three main bands in the isolated spectra assigned to the monohydrides, coupled (M) or not 
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coupled (MO, to dihydrides (D), and trihydrides (T). The corresponding spectrum for the 

silicon-deuterium stretch (a) for the isolated deuterium, and the coupled spectra (b), shown 

in Figure 2.13 (left frame), confirm these assignments. The solid vertical bars in Figures 

2.12 and 2.13 correspond to the theoretical predictions for the splittings associated with 

each hydride structure, starting from the measured value of the isolated frequency 

[130,131]. With these mode assignments the structure of these H-terminated surfaces can 

be obtained. 

The isolated spectra in Figure 2.12(a) show that dihydrides are the dominant species on 

the Si(lOO) surface, an observation consistent with the EELS studies. It is important to 

point out that the di-hydride observed in Figure 2.12 is not the same as the di-hydride 

observed on atomically flat Si(lOO) prepared in UHV by atomic H exposure. The latter 

dihydride has its axis normal to the surface and is surrounded by strained monohydride 

units [144]. The wavenumber associated with the isolated vibrations of the dihydrides, 

2111 cm * at room temperaUire, on Si(lCX)) etched in aqueous HF is substantially different, 

15 cm"', from that of the corresponding vibration mode of dihydrides on the UHV prepared 

H/Si(100), 2096 cm"'. In addition, the similarity between the di-hydride spectra of Figure 

2.12 in p- and s-polarization clearly indicates that the di-hydrides are inclined or tilted with 

respect to the surface normal. Not surprisingly, therefore, the vibration modes associated 

with the strained monohydride = 2087 cm ' and = 2099 cm"') are 

absent in the spectra of the chemically prepared Si(lOO) [144]. These two observations 

clearly show that the chemically prepared Si(lOO) surfaces are not atomically flat. Also, no 

spectral feature can be ascribed to an ideal dihydride termination of the surface as suggested 

by Grunder and Schulz from EELS data [127]. In fact, ab-initio calculations have shown 

that the strain associated with a surface "ideally" terminated with dihydrides would render it 

unstable [144]. The exact morphology of these chemically prepared Si(lOO) surfaces, 
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however, cannot be inferred accurately from the BR. spectra alone. The relative 

concentrations of mono-, di-, and tri-hydrides give qualitative information of the average 

surface morphology and is useful for comparison studies. 

For the Si( 111), the spectra in Figure 2.13(a) are dominated by monohydride stretches, 

in agreement with the EELS data. Part of the monohydride spectrum (M') is polarized 

normal to the surface and can be associated with "ideal" termination, a monohydride on a 

flatSi(lII) terrace [145,146]. Having identified the ideal monohydride mode, the relative 

intensities of coupled mono-hydride, di- and tri-hydrides can be used to deduce the average 

surface structure, schematically represented in Figure 2.14. In this figure, coupled 

monohydrides (M) terminate the side of adstructures, such as steps or terraces, and 

trihydrides (T) terminate the (111) terraces. There are two types of uncoupled 

monohydrides (M" and the ideal monohydride, M') and two types of dihydrides (D and 

D'). M" has not been measured separately, either because its frequency is too close to that 

of the ideal monohydride and/or because its concentration is too low to be detectable. These 

data do show that only a quarter of the surface is covered with monohydrides on flat 

terraces. Monohydrides located at step edges (coupled monohydride, M) comprises another 

quarter of the surface. Together, they make up approximately half of the surface hydrides 

leading to the strong monohydride EELS signature [134,135,147,148]. 

The "horizontal" dihydride, D in Figure 2.14, has been observed on the rough Si(l 11) 

at a frequency slightly shifted from that of the relaxed dihydride on Si(lOO) [144]. The 

second type of dihydride (D'), in a plane perpendicular to the surface, has been extensively 

studied in the context of vicinal surfaces [149]. Notice that in Figure 2.14, many dangling 

bonds have been left unterminated for clarity. HF etched surfaces, however, are completely 

hydrogen terminated. This implies that there would be a strong interaction between the 

"vertical" dihydride (D') and the terrace monohydride directly beneath it. This steric 
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interaction leads to the appearance of 3 stretch modes, at 2094, 2101, and 2135 cm ', 

instead of only 2 for the unconstrained dihydride [149]. 

The observation of trihydride on the Si(lll) surfaces is interesting but controversial. 

The isolated spectra of Figure 2.13(a) indicate that, although trihydrides are present, their 

concentration is relatively low. Recent Scanning Tunneling Microscope (STM) images of 

Si(111) etched in 1% HF solutions have shown a pattern more consistent with the presence 

of large regions terminated by trihydrides, rather than the presence of small adstructures 

described above [150]. This conclusion is based on the observation of threefold symmetry 

and 2.2 A periodicity in the STM images, which is inconsistent with a Si lattice spacing. 

The most likely close-packed trihydride arrangement involves a rotation of neighboring 

trihydrides leading to an average H-H distance of approximately 2.2 A [151,152]. If the 

trihydride concentration is larger than 10% of a monolayer, these STM results are not 

consistent with the IR absorption spectra , which indicate that mono- and di-hydrides are 

more numerous on Si(lll) surfaces etched in dilute HF than trihydrides [131,141]. The 

Infrared Reflection Absorption (IRRA) spectra also fail to show the mode at 2154 cm ' 

associated with a uniform trihydride phase, observed upon adsorption and decomposition 

of di-silane [153]. In addition, previous STM studies of Si(l 11) surface etching in dilute 

HF, while showing the surface roughness predicted by the IR data, did not show any 

evidence for a uniform trihydride phase [154,155]. In view of these contradictions, the 

nature of the trihydride must be clarified in future work. 

The main conclusion of the data presented above is that etching in concentrated and 

dilute HF leads to atomically rough surfaces. Mono-, di-, and tri-hydrides coexist on both 

Si(lOO) and Si(lll) surfaces. STM images of Si(lll) show structures of 10 - 20 A 
diameter and 3 A height, accounting for about 50% of the surface, consistent with the IR 

data [154,155]. 



75 

2 .3 .3 .2  Etching of  Si( lOO) and Si ( l l l )  in  Buffered HF Solut ions  

Buffered HF is composed of various mixtures of 50 wt% HF in HjO and 40 wt% 

NH^F in HjO [67]. A common mixture used in manufacturing is 7:1 buffered HF, which 

has a pH of 4.5 and is composed of 7 volumes of 50 wt% NH4F and I volume of 40 wt% 

HF [136]. The main difference between aqueous HF and buffered HF is the solution pH, 

which is the objective of the following discussion. 

Si( 100) Surfaces 

Raising the pH of the HF solution increases the etching rate of the H-terminated silicon 

surfaces. Figures 2.15 and 2.16 clearly show that the morphology of chemically prepared 

Si(lOO) surfaces changes as the pH of the etching solution varies from 2 to 8 [67]. For a 

pH of 2, as shown in Figure 2.15(a), the IR absorption spectra are dominated by 

dihydrides. It is obvious from Figure 2.15(b), in buffered HF with a pH = 5, the spectrum 

sharpens and is dominated by coupled monohydrides. For higher pH's, the etching 

proceeds quickly as evidenced by the bubbles forming at the sample surface [136]. After 

etching in an ammonium fluoride solution of pH = 7.8, the dihydride contribution is again 

dominant and is illustrated in Figure 2.15(c). The spectra shown in Figure 2.15(a) for a 

pH = 2, corresponds to a treatment in dilute HF, and represents a surface which is rough 

on an atomic scale, as previously discussed. The dominance of the monohydride modes in 

Figure 2.15(b) suggests the formation of micro-facets on the Si(lOO) surface 

[134,135,140]. At high pH, referring to Figure 2.15(c), although the spectra revert back to 

being dominated by the dihydride stretch, the polarization of these modes is quite different 

from spectra obtained for a pH = 2. In this case, the symmetric stretch (2105 cm ') is 

polarized normal to the surface and the anti-symmetric stretch (2112 cm ') is polarized 

parallel to the surface [67,136]. Although, these polarizations would be correct for terrace 

dihydride, for the reasons given above, because of the strong spectral contributions from 
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mono- and tri-hydride, these surfaces are not believed to be atomically flat. Furthermore, 

the monohydride spectrum is now centered around 2085 cm ', indicating the growth of 

{111} facets [136]. 

After several etching cycles, Figure 2.16(b) shows that two sharper modes are resolved 

at 2084 and 2088 cm '. The first is assigned to the Si-H stretch of the ideal monohydride on 

{111} facets, confirming that {111} facets develop in high pH solutions. The second is 

probably associated with the symmetric stretch of coupled monohydrides, the asymmetric 

stretch mode being more highly screened is not observed [136]. Both types of 

monohydrides have symmetric stretches pointing away from the normal of the macroscopic 

surface plane and are therefore unscreened. In contrast, the dihydride modes in Figure 2.16 

are characteristic of dihydrides with their axes pointing along the surface normal. The 

simplest atomic arrangement consistent with these observations is a distribution of tent-like 

structures with a row of dihydrides at the roof top, {111} facets terminated with ideal 

monohydrides on the sides and coupled monohydride at the periphery of the facets. Since 

the facets are small in size, the concentration of coupled monohydrides is as high as that of 

ideal monohydrides [136]. 

Thus, the use of buffered HF may be ill-advised in attempting to prepare atomically flat 

(100) surfaces, since {111} facets develop upon etching. Increased surface roughness has 

been directly observed after buffered HF etching [93,156]. Instead, while attempting to 

smooth Si(lOO) surfaces, one might use thermal oxidation that is known to result in smooth 

high quality Si/SiOj interfaces. In such an experiment, a 1000 A thick dry Oj oxide was 

grown at 1000°C and post-annealed in Ar at the growth temperature for 30 minutes. The 

oxide was then removed with concentrated HF, recording IR spectra shown in Figure 

2.17, before and after rinsing. The complex spectra obtained give conclusive evidence that 

inhomogeneous surfaces result from this treatment. Rinsing appears to enhance the strength 

of the di-hydride modes while reducing the strength of the mono-hydride related modes. 
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This behavior is contrary to that observed previously and suggests that atomic defects 

atoms are susceptible to water attack and gives one hope that the smoothing of Si(lOO) 

surfaces may be achieved with the proper surface treatment [136]. 

In summary, Si(lOO) surfaces are microscopically rough when treated in either dilute or 

concentrated HF. These surfaces are macroscopically roughened by buffered HF solutions 

due to {111} facet formation [136]. To date, little is known about the nature of such 

surfaces. The potential impact on the quality of subsequent interfaces formed after further 

processing will motivate future work in this area. 

Si(111) Surfaces 

For Si(l 11) surfaces, increasing the pH of the buffered HF solution leads to a very 

interesting preferential etching of the H-terminated surfaces, making it possible to flatten 

the surface on the atomic scale [140]. Figure 2.18 illustrates the difference between Si(l 11) 

surfaces etched in dilute HF and buffered HF, with a pH = 8. While the surface etched in 

dilute HF is atomically rough, as shown in Figure 2.18(a), with all forms of hydrides 

present, the surface etched in a 40% solution of ammonium fluoride is characterized by a 

single sharp absorption line at 2083.7 cm ', polarized perpendicular to the surface, as 

shown in Figure 2.18(b). The obvious implication is that atomically flat surfaces have been 

made with ideal monohydride termination. It is often labeled the H/Si(lll)-(1 x 1). At 

room temperature, the absorption line is thermally broadened [146]. At lower temperature, 

the line width is dominated by inhomogeneous broadening and can be used to determine the 

surface perfection. Figure 2.19 shows the line shapes of Si(lll) samples prepared in 

slightly different ways. The best sample is characterized by a stunningly small (0.05 cm ') 

line width shown in Figure 2.19(a), indicating a high degree of homogeneity [ 145,157]. 
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In considering tiie line shapes, Jakob et al. pointed out that a distribution of point 

defects leads to a symmetrical broadening, such as Lorentzian or Gaussian, while the 

presence of finite domains leads to an asymmetric broadening [145]. This asymmetry is 

dominated by effects associated with dipole coupling between the hydrogens. For a finite 

domain containing N atoms, there are N normal modes. The strongest IR active mode is the 

"in-phase" normal mode. This normal mode is at the highest frequency and increases with 

domain size for Si-H oriented perpendicular to the surface. A few normal modes, however, 

have a strong enough IR cross section, approximately 3.5% of the in-phase mode, to be 

detectable and will give a low-frequency tail to the absorption band. Furthermore, the 

measured absorption associated with a distribution of domain sizes is proportional to 

P(N) X N, where P(N) is the distribution function. Bigger domains contribute more to the 

absorption. Therefore, a symmetric distribution of domain sizes leads to an asymmetric 

absorption line shape, characterized by a low frequency tail for the Si-H system. Taking 

both effects into account, the spectra of Figure 2.19(a) are well fit with N^verage = 5 x 10'^ 

Si-H's per domain with a 30% distribution in domain size [145], The asymmetry indicates 

that finite-size effects dominate the line shapes, but the fit is not unique because point 

defects cannot be ruled out completely. If point defects are present, then a larger average 

domain size will fit the data. Recent STM images, for instance, show that the average linear 

terrace size is 500 A for the samples used in Figure 2.19(a), instead of 300 A, suggesting 

the presence of point defects [158]. 

The nature and origin of point defects is not completely clear at present. Triangular pits, 

with 5 - 20A sides and a depth corresponding to two atomic layers, and "white balls" have 

been observed with STM [158,159]. These defects are not observed on all samples and 

could depend on parameters such as doping, solution pH, etching rate, sample vicinality, 

etc [136]. 



79 

The sensitivity of the IR absorption technique makes it possible to investigate the 

various preparations of the surface in detail. In particular, the nature of the oxide prepared 

prior to the HF etching has been found to be important. Figure 2.19 shows high resolution 

spectra associated with H/Si(l I I)-(l x 1) surfaces prepared in two different ways - (a) by 

stripping the thick thermal oxide in buffered HF, with a pH = 5, and by directly dipping the 

H-passivated sample into a 40% ammonium fluoride solution for 4 minutes, and (b) by 

reoxidizing Si(lOO) chemically using the Shiraki process and then stripping and etching in a 

40% ammonium fluoride solution for 6 minutes. The first absorption line was discussed in 

detail above. The second spectrum is broader and peaks at a lower frequency, indicating a 

larger distribution of smaller average domain size. This result shows that flatter Si/SiOj 

interfaces lead to flatter H-terminated Si surfaces upon etching. Figure 2.20 clearly shows 

that, while both chemical and thermal oxides give rough H-terminated Si surfaces upon 

etching in concentrated HF, rinsing in water removes most of the roughness of the surface 

that has been previously thermally oxidized. These observations confirm that the thermally 

grown oxide has a smoother interface than the chemically grown oxide and suggests that 

water rinsing alone can remove small surface defects preferentially [101,106,160,161]. 

Preferential etching by water, resulting in flat H-terminated Si(lll) surfaces, has 

recently been demonstrated by Watanabe et al. [141]. These authors studied the effects of 

water rinsing as a function of temperature, finding that hot water at 100°C increases the rate 

of removal of (111) surface defects while maintaining the H-termination [140], The 

resulting surfaces are characterized by a single mode, polarized perpendicular to the 

surface. However, using the analysis developed by Jakob et al., the spectra indicate that the 

average domain size is 20 A, a factor of 15 smaller than for the sample presented in Figure 

2.19(a) [145]. It is quite surprising that rinsing in boiling water did not lead to the growth 

of a surface oxide. A possible mechanism will be discussed in the following section. 
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2 .3 .4  Mechanism of  Preferent ial  Etching 

A mechanism of preferential etching has been observed in recent years by researchers 

[67,136]. A solution of concentrated HF dissolves silicon oxide efficiently and passivates 

the silicon surface with hydrogen. Once hydrogen passivation is achieved, etching stops. 

As a result, the morphology of the original Si/SiOj interface is preserved. But the dilution 

of concentrated HF with water or buffering with ammonium fluoride induces a slow 

etching reaction of the H-passivated silicon surfaces. The overall etch rate increases with 

the pH of the solution, as evidenced by the increasing formation of small H2 bubbles as the 

pH is raised. The bubbles are probably formed during oxidation of the surface by OH", 

according to the following reaction: 

Once oxidized, the surface is subjected to HF attack through HF insertion into the Si-0 

bond, according to the schematic reaction: 

with subsequent removal of the surface Si atom (now labeled Si* to distinguish it from the 

underlying bulk Si atoms), and passivation of the second layer silicon atoms by hydrogen, 

according to the mechanism proposed in the Section 2.3.2: 

=Si - H + OH" -> =Si - O- + (2.4) 

=Si - O" + HF =Si - F + HO" (2.5) 

(3Si) = Si* - F + 3HF ^ 3 (Si - H) + Si* F^ (2.6) 
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In the above processes, the last two steps are fast compared to the initial oxidation of 

the H-passivated surface. As a result, the surface is always H-terminated. 

The role of OH' is clearly a key ingredient in the attack and etching of H-terminated 

silicon surfaces. It is also important to note that silicon can be etched without HF. Silicon 

can also be etched with alkaline solutions, such as KOH or NaOH, and even with water 

[145,162]. These observations indicate diat, once oxidized, the silicon surface can be 

attacked by OH". A plausible reaction pathway involves the silicon back-bond attack by OH' 

according to die reaction: 

(3Si) = Si* - O' + 30H' -> 3(Si - H) -t- Si* O; (2.7) 

where the last species is actually unstable and decomposes into other soluble products. 

Confirmation and quantification of the above reaction steps should be possible using first 

principles cluster calculations, as was done to understand H-passivation of silicon [118]. In 

addition, the influence of surface charges on the anisotropic etching of silicon needs to be 

understood [163]. 

The key point in considering preferential etching is to realize that oxidation of the H-

terminated silicon surface is extremely slow and is the rate-determining step. It takes many 

collisions between OH' ions and the surface Si-H to effect a reaction because the reaction 

barrier is large. When this is the case, relatively minor factors may affect the reaction 

probabilities greatly. For instance, if some surface structures are strained, they may be 

more easily attacked because the reaction barrier is lowered to a small degree. Alternatively, 

if a surface structure is more accessible for the OH' ion in solution, it may be attacked faster 

because of an increased reaction probability (large prefactor). 
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To understand and quantify the etch rates of various surface structures, the chemical 

etching of stepped silicon (111) surfaces was studied by Jakob and Chabal by utilizing IR 

absorption spectroscopy and STM images to characterize the surface structures after each 

chemical treatment [149]. The results are summarized in the schematic drawing of Figure 

2.20 [164], At low pH (pH = 1 - 3), the HF solutions do not modify substantially the 

original Si/SiOj interface which usually displays a fair degree of atomic roughness. The 

{111} terraces have many small adstructures, and the more extended steps are wandering 

with a high density of kinks. The IR absorption spectra are very similar to those in Figure 

2.13 with a relatively low concentration of ideal monohydride termination of the (111) 

planes. As the pH is increased (pH = 5-6), the small adstructures and defects present on 

the {111} terraces are etched away, leaving atomically flat, ideally monohydride terminated 

{111} terraces. The step edges, however, remain rough on an atomic scale with a high 

concenttation of kinks. Solutions of higher pH (pH = 6.6) are needed to remove kinks and 

generate atomically straight steps. After three minutes of etching at room temperature, for 

instance, the steps are straight with a very small (1%) concentration of kinks which is 

probably accounted for by the imperfection in the azimuth of the miscut. 

The above observations indicate a etching mechanism via step flow [149,159,164]. As 

the pH is increased beyond 7.0, the etching of stepped surfaces inceases drastically as 

evidenced by a large formation of bubbles. The surface then roughens, partly because of 

increasing fluctuations in the terrace length leading to step bunching, and partly because of 

the more inhomogeneous conditions at the surface (bubbles, fluctuation in the 

concentrations of various chemical species, etc.). The result is the formation of large, three-

dimensional roughness as evident in STM images [158]. 

At a microscopic level, many possible etching mechanisms must be considered. Steric 

constraints, strain, and bonding configuration can all play a role in determining etch rates. 
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The IR studies of intentionally miscut wafers show that the stability of two types of steps 

with different bonding configurations and different levels of strain is similar [149]. The 

unstrained monohydride step, with three Si back-bonds, has an etch rate similar to that of 

the strained dihydride step, with only two back-bonds; and both types of steps remain 

stable in water. Therefore, the etch rate does not appear to depend strongly on surface 

strain or on the number of Si back-bonds. On the other hand, the progression summarized 

in Figure 2.20 suggests that the accessibility of the surface Si-H entities to OH" ions in 

solution influences the etch rate directly. To discuss the observations, we use the 

nomenclature defined in Figure 2.14. Isolated trihydrides (labeled T) and "horizontal" 

dihydrides (labeled D) are removed very efficiently, even by simple rinsing with water 

[140]. Note that such dihydrides are always at the tip of small adstructures and are 

therefore almost as exposed to OH' ions as isolated trihydrides. The coupled monohydrides 

(labeled M) and the "vertical" dihydrides Oabeled D') are much more resistant to etching. 

They are part of bigger adstructures and are therefore less accessible to OH" ions. When 

coupled monohydrides or dihydrides are part of an extended step, then they become even 

more resistant to etching. Finally, the flat and monohydride terminated {111} planes are the 

most stable against chemical etching [136]. 

The chemistry of these surfaces is obviously complex. The simple mechanisms 

described above are meant only to give a framework in which to address the problem. They 

are based solely on HF and OH" chemistry. Surface interactions can also be influenced by 

species such as HF^", H"^ and NH/. In addition, the differences between OH" and HF are 

not clearly understood but are being addressed theoretically and experimentally by different 

approaches [67,136]. 
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2 .3 .5  Contamination Issues  

An important contaminant after HF etching is fluorine. Fluorine contamination is the 

most misunderstood of all the contaminants found on HF etched surfaces. As mentioned 

above, monolayer quantities of fluorine were present on the surface when treated with 

concentrated HF without water rinsing [121,122,165]. The surface fluorine concentration 

was reduced drastically with water rinsing. When treated with dilute HF, the concentration 

was in the range of a few percent of a monolayer [127,128]. The above findings indicate a 

strong variation in fluorine concentration with processing conditions and thus suggesting 

that fluorine should be considered as a surface contaminant [67]. The nature of the fluorine 

on the H-terminated Si surface is still being understood. Fluorine was found to be 

physisorbed to the hydride covered Si surface in chemical forms, such as HF, H2SiFg, 

(NHj2SiFg, or as ions such as F", HF,', SiFg^" [166,167]. This argument is supported by 

the fact that variation was noticed, as mentioned above, with water rinsing. Quite a few 

researchers believe that some fluorine is directly bonded to substrate Si after HF etching 

[108,128,129,165]. 

Hydrogen-terminated silicon surfaces are particularly susceptible to hydrocarbon 

contamination and extreme precautions must be taken in order for this contaminant to be 

avoided [67]. Hydrocarbon contamination can come from the water rinse used, from 

contaminants in laboratory air, or from the environments of processing equipment [129]. 

Part of the problem is that many common contaminants desorb at temperatures above the 

hydrogen desorption temperature [168]. When diis happens silicon carbides form and are 

impossible to remove at reasonable temperatures [67]. In contrast, hydrocarbons on top of 

oxide coated surfaces can be made to desorb before the oxide desorbs. Oxide passivation is 

obviously preferred if the 850 - 950 °C desorption temperatures can be tolerated [98]. 

Metal contamination is also of cmcial importance and H-terminated surfaces have been 

prepared which are essentially metal free (< 10'° cm'^), but solutions contaminated with Cu 
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must be avoided when using HF [67]. Cu problem was eliminated by adding some HjO, to 

the HF [103]. Cu has been found to be extremely detrimental to the stability of the H-

termination by causing increased oxidation rates during water rinses, resulting in 3 A of 

oxide growth in just 2 minutes [169]. This reaction has been attributed to Cu-catalyzed 

oxidation of the Si, which causes bulk etching and surface roughness upon exposure to 

contaminated HF solutions [103,169]. Cu coverages of up to a half a monolayer are 

obtained on exposure to HF solutions contaminated with only ppm levels of Cu [169]. 

Copper in HF is known to plate out on semiconductor surfaces. The use of ultrapure HF 

and other reagents in semiconductor processing is, therefore, imperative [20,38]. 

HF-etched Si surfaces can be prepared to be oxygen free [67]. Oxidation in liquid 

solutions has been found to be related to the oxygen concentration in the water used during 

the rinsing process as well as the doping type of the wafers used [107]. It was reported that 

HiO or OH attack the step edges but do not lead to oxide formation [141]. Further 

research regarding this issue is certainly warranted [67]. Recent findings indicate that the 

growth of native oxide occurs much more slowly than previously believed. The previous 

erroneous conclusion that the oxide growth was an intrinsic rather than extrinsic effect, 

may have been influenced by the cleanliness of the chemicals available at the time [67]. 

Researchers find that silicon wafers remain essentially oxide free for up to seven days in 
o 

both air and water [170]. The growth is less than I A of oxide in seven days and after 

seven days of storage the oxidation rate increases abruptly, with the oxide thickness 

approaching 10 A after forty-five days. This bimodal oxidation rate distribution is not 

understood at this time and has been postulated to be related to the fluorine coverage on the 

surface [107,108]. 

Future work should be focused on understanding the role of fluorine on these surfaces 

and the chemistry of HF and OH' in these solutions. Understanding the role of metal 

contaminants in HF solutions is also of critical importance. Learning to control Si(lOO) 
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surface chemistries and morphologies at a level similar to that achieved for Si(Il 1) will be 

of greatest importance. 

2.4  Epitaxial  Growth on Si( lOO) Substrates  

This section describes briefly the mechanism of epitaxy and the role of H-passivation 

on the epitaxial growth of Si(lOO) substrates. The section is divided into the following sub

sections: 

1. Epitaxy. 

2. Types of epitaxy films. 

3. Epitaxial deposition techniques. 

4. Effect of H-passivation on epitaxial growth. 

2.4 .1  Epitaxy 

Epitaxy is the extending of a single-crystal substrate by growing a film in such a way 

that the added atoms form a continuation of the single-crystal structure [94]. The word is 

coined from the Greek epi, "upon", and taxis, "ordered" [94,171-178]. Epitaxy or "epi" 

thus offers a way of adding material without terminating the single-crystal stmcture of the 

substrate [94]. Epitaxial growth of semiconductor layers occurs when the deposited atoms 

are aligned with or are commensurate with the atoms in the underlying single-crystal 

semiconductor substrate [171]. Because each deposited atom must take its proper place in 

the crystal stmcture, succesfiil epitaxy requires that the surface be atomically clean before 

deposition. The growth rate has to be slow enough for each atom to migrate into the proper 

location [94]. High temperatures are usually used to allow good mobility of deposited 

atoms on the surface [94,171,172]. In many technological applications, epitaxy is used to 

form a layer structure, in which the surface is more lightly doped than an underlying layer. 
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2 .4 .2  Types  of  Epitaxy Fi lms 

Homoepitaxy refers to the epitaxial growth of a material on a substrate of the same 

material, hence the prefix homo = same [94, 171-178]. This epitaxial layer is grown so that 

the crystal structure exhibits a transition from substrate crystal to epitaxial layer, without 

disorder, impurities or misaligned atoms at the interface [94,171]. Dopant atoms can be 

added during epitaxial growth in order to form a layer with controlled conductivity that will 

have the correct electrical behavior leading to a finished device [171]. It is used extensively 

in silicon-based integrated circuits to form layers with controlled amounts of electrically 

active impurities which are called dopants [94,171-174]. 

Heteroepitaxy is the epitaxial growth of a layer of one material on a different substrate, 

hence the prefix hetero= different, where the lattice structures are aligned with each other 

[94,171-178]. Epitaxy is not limited to semiconductors. Si can be grown on sapphire or 

SiOj (SIMOX) for instance [94]. This process has found application in the deposition of 

silicon on sapphire (AI2O3) which is called SOS [172]. Other applications include AlGaAs 

on GaAs, Ge on Si, GeSi on Si, and SiGeC on Si, to name but a few [94,171-178]. 

Heteroepitaxy allows the formation of artificial structures not available in nature. For 

semiconductor applications the choice of materials is governed by the band gap versus 

lattice constant chart shown in Figure 2.21 [171]. The range of lattice constants for the 

common Group IV, IQ-V, and II-VI semiconductors, along with the percentage lattice 

mismatch relative to substrates Si, GaAs, and CdTe, are shown in Figure 2.22 [171]. 

Figure 2.23 shows the lattice constant as a function of composition for ternary III-V solid 

solutions [171]. The compositional dependence of the energy gap in some III-V 

compounds at 300 K is listed in Table 2.9 [171]. If one combines the information shown in 

Figure 2.23 with the information listed in Table 2.9, energy gap versus lattice constant 

plots may be constructed as shown in Figure 2.21 [171]. 
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2 .4 .3  Epitaxial  Deposit ion Techniques  

Epitaxial growth can be achieved from the vapor phase (VPE), liquid phase (LPE), or 

solid phase (SPE) [172]. For silicon processing, VPE has met with the widest acceptance, 

since excellent control of the impurity concentration and crystalline perfection can be 

achieved. Liquid phase deposition has found its widest use in producing epitaxial layers of 

m-V compounds, for example, GaAs and InP. Solid phase epitaxy is observed in the 

crystalline regrowth of ion implanted amorphous layers [172]. In this section, three 

techniques used for epitaxial growth in silicon technology are briefly reviewed. They are 

Chemical Vapor Deposition (CVD), Molecular Beam Epitaxy (MBE), and Combined Ion 

and Molecular Deposition (CIMD). 

2.4 .3 .1  Chemical  Vapor Deposit ion 

Chemical vapor deposition (CVD) may be defined as the deposition of a solid on a 

heated surface from a chemical reaction in the vapor phase [178]. In chemical vapor 

deposition, one or more gases react on a surface to form a film [94]. It belongs to the class 

of vapor transfer processes which are atomistic in nature, that is, the deposited species are 

atoms or molecules or a combination of these [178]. Besides CVD, vapor transfer 

processes also include the physical vapor deposition (PVD) such as evaporation, 

sputtering, molecular beam epitaxy, ion plating, and ion implantation. In many respects, 

CVD competes directly with these processes, but it is also used in conjuction with them and 

many of the newer processes are actually an hybrid of CVD and one of these methods, for 

instance processes such as plasma enhanced CVD or activated sputtering [178]. Like CVD, 

PVD is a vapor deposition process where the deposited species consists of atoms or 

molecules or a combination of these. The distinction between these processes is that, in 

CVD, deposition occurs via a chemical reaction, whereas in PVD, deposition is via 

physical condensation [178]. CVD is usually endothermic at the substrate and PVD is 
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exothermic. The source of the PVD species may be evaporation or sputtering [178]. A 

further review of PVD is outside the scope of the present study. 

As mentioned above, in CVD process, reactants are transported in the vapor phase to 

the substrate surface where they are adsorbed [171]. A chemical reaction takes place on the 

surface leading to formation of the desired film and to reaction products which are desorbed 

and transported away from the surface. Figure 2.24 summarizes the steps involved in a 

CVD process [94]. First, the reactant molecules must diffuse through the gas to the reaction 

surface. There they must be absorbed on the surface and react. After the principal chemical 

reaction, various surface reactions may follow in order to produce the desired properties in 

the film. Finally, any by-products formed by the reaction must leave the surface and diffuse 

away into the gas. Depending on the circumstances, any of these steps may be the slowest, 

and hence rate-determining, step [94]. 

Vapor-phase epitaxy (VPE) is a special case of Chemical Vapor Deposition in which the 

film is deposited epitaxially [94]. Several different gases may be chosen as a silicon source 

in VPE. Table 2.10 lists common reactants, along with reported activation energies and, 

typical temperatures and growth rates [179,180]. Usually the reactants are diluted in 

hydrogen. One method for silicon uses the silane reaction, in which silane gas reacts with 

silicon at approximately 900°C [171]: 

2Si + 2H, (2.8) 

Under these conditions, silane pyrolyzes to yield silicon. This is the most common way of 

growing a silicon thin film [94,171]. 
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Chlorine-containing gases react to give mixtures of SiClj, HCl, and various silicon-

hydrogen-chlorine compounds. Pairs of SiClj react at the surface to give silicon and silicon 

tetrachloride [181]; 

2SiCI, —> Si + SiCl4 (2.9) 

and the SiCl4 may react further in the gas mixture. Thus the chlorine-containing ambients 

always contain a mixture of silicon-hydrogen-chlorine compounds. At these temperatures, 

HCl will etch silicon, reversing the deposition reaction, so conditions must be properly 

balanced to obtain a good deposition rate [94]. 

Epitaxial silicon can be doped by adding appropriate hydrides to the reactant mix 

{94,171]. The common hydrides used in the silicon industry include PH3 for phosphorus, 

AsHj for arsenic, and BjHg for boron [171]. Dopants may be introduced also through the 

gas phase. 

A CVD reactor has two main purposes [94]. One is to provide a uniform supply of 

gaseous reactant to the substrate surface. The other is to provide energy, usually thermal, to 

supply the activation energy for the reaction and allow it to proceed. Figure 2.25 gives 

examples of various reactor types [94]. In the approximately twenty years that epitaxial 

silicon reactors have been commerically sold, the trend has been toward larger batch sizes 

and larger equipment [182]. However with increasing wafer diameter and lighter epi 

specifications, experienced epi users have recently suggested that a single wafer approach 

could be advantageous [179,183]. 

The chemical vapor deposition techniques are the most useful for large scale production 

[94,171-178]. However, because of their complex chemistry they are difficult to describe 

microscopically in terms of surface diffusion, desorption, and so on [94,171]. 
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Furthermore, they are difficult to control on the monolayer scale which is necessary when 

extremely sharp interfaces and sharp doping profiles are necessary [171]. 

2.4 .3 .2  Molecular Beam Epitaxy 

An alternative to CVD epitaxial growth is molecular beam epitaxy (MBE) [171]. 

Molecular beam epitaxy (MBE) is epitaxy using evaporation rather than CVD [94]. In 

molecular beam epitaxy, molecular beams are condensed on a crystalline substrate, upon 

which the condensing overlayer will assume a crystalline structure which is related to the 

structure of the substrate [184]. It requires ultrahigh vacuum, an atomically clean surface 

and an impinging beam of atoms. The MBE technique creates ultrathin films and is 

amenable to mathematical analysis. Kinetic theory can be used to describe the material 

growth [171]. Molecular beam epitaxy allows the layer-by-layer growth of semiconductor 

films which can be doped, using a beam dopant species, during growth [185,186]. The 

process temperatures in MBE are relatively low, 600 - 900°C, compared with temperatures 

found in chemical vapor deposition, 950 - 1150°C [172,185]. The MBE process 

temeperatures are sufficiently low to eliminate outdiffusion and autodoping [172]. Due to 

these low growth temperatures abrupt doping profiles inside the growing crystal can be 

prepared, which will remain abrupt, as the diffusion of dopant species below 700°C is 

negligibly small [185]. Thus, MBE allows for the formation of thin epitaxial films with 

practically arbitrary doping profiles. It has been shown that equally abrupt impurity profiles 

can be obtained using MBE, whether deposited on heavily-doped arsenic layers or undoped 

material [172]. 

Molecular beam epitaxy of Si is achieved by using an molecular beam of Si in ultrahigh 

vacuum (UHV) which condenses on either a Si substrate, leading to Si homoepitaxy, or a 
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different crystalline substrate, e.g. GaP, leading to Si heteroepitaxy [185]. In other words, 

the silicon molecular beam epitaxy process involves the evaporation of silicon and the 

desired dopants under UHV conditions, 10"" Torr [172]. The evaporant atoms are directed 

at high velocity to heated substrates, where they condense and grow epitaxially. The 

epitaxial condition is achieved since the evaporants at the substrate are in a supersaturated 

state, and readily nucleate and grow [172]. Under conditions of high supersaturation, 

neither diffusion nor chemical reactions are required to achieve epitaxy. 

Molecular beam epitaxy of silicon has several potential advantages over the chemical 

deposition techniques, that include [172,187,188]: 

1. low growth temperatures which reduces outdiffusion and autodoping effects, 

2. precise control of the layer thickness and doping profile on an atomic layer level, 

and 

3. the ability to produce novel stractures such as silicon-insulator-metal sandwiches 

and superlattices. 

The prototype Si-MBE system was first described by Unvala and, Abbink and co

workers in the 1960's, in which they investigated silicon deposition under UHV conditions 

[189,190]. The technique was not exploited at that time, since CVD epitaxy could meet 

production requirements. In order to achieve MBE growth of silicon, electron beam 

evaporation from an unltrapure silicon source is required [191]. To achieve this, the center 

of a silicon source is heated using an electron beam. Radiation damage to the substrates can 

be minimized by shielding them from ions and backscattered electrons produced by the 

electron beam. Dopant species are introduced into the MBE film by producing dopant atom 

beams by evaporation from an effusion cell or by low energy ion implantation. In the 

evaporation mode, the dopant materials used are gallium, Ga, for p-type doping and 

antimony, Sb, for n-type doping, because the common dopants, P, As, and B, do not lend 

themselves to deposition by evaporation. Silicon can be doped with Sb up to its saturation 
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level of 2 X lO" atoms/cm^ at 750°C, while Ga can be incorporated up to values of 2 x 

10'^ atoms/cm\ On the other hand, P, As, or B can be incorporated into the fihn by 

simultaneously ion implanting, at low energy and current, during MBE growth. Figure 

2.26 shows an apparatus for MBE [192]. Silicon is evaporated from an e-beam source and 

impinges upon a heated substrate at the top of the bell jar. Antimony dopant effuses from a 

separate cell. Substrate temperatures of 450°C are sufficient to obtain epitaxial growth. To 

obtain an atomically clean surface, the substrate can be heated in vacuum to decompose 

surface material, or sputtered clean with an inert gas beam. 

Very abrupt changes in doping profile can be achieved by passing or intermpting the 

dopant fluxes with shutters positioned above the effusion cells. The sticking coefficient of 

the dopants, however, are low, approximately 10"*, at the high end of the deposition 

temperature range, requiring a high dopant flux. The sticking coefficients do increase with 

decreasing temperature. 

During film growth, atoms from residual gases impinge on the substrate and may be 

incorporated as contamination. Therefore, background partial pressures of O,, H,, and N, 

should be less than lO '"* Torr. The substrate itself may be a source of contamination, with 

chemisorbed oxygen and carbon. The chemisorbed contaminants may be eliminated by an 

in-situ clean using - a) thermal cleaning at elevated temperatures, b) thermal etching with a 

silicon or gallium beam, c) ion sputtering, or d) laser annealing. 

2.4 .3 .3  Combined Ion and Molecular Beam Deposit ion 

Molecular beam epitaxy (MBE) is a versatile technique capable of producing 

sophisticated heterostructures. However, its growth kinetics is limited by surface 

phenomena such as diffiisivity and segregation [193]. This was evident with respect to 

antimony, Sb, doping of Si(lOO) films, where the high degree of surface segregation of Sb 
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makes the production of sharp doping profiles impossible during normal MBE growth 

[194]. It was found in a low temperature study that Sb surface segregation was reduced by 

lowering the growth temperature, and Sb incorporation was increased [195]. But, only 

about 15% of the dopants are activated, although the deposited film has good crystallinity 

with minimum yield less than 4% in RBS measurements. 

In order to address and overcome the limitations of MBE, another growth technique has 

been proposed. Combined Ion and Molecular Beam Deposition (CIMD) [196]. In CIMD, 

materials are deposited simultaneously from low energy ion beams and molecular beams. 

Low energy ions enhance athermally the atomic mobility of surface adatoms. The kinetic 

energy of the ions replaces the thermal activation energy necessary for surface atomic 

diffusion [196,197]. Therefore, the substrate temperature can be lowered further than in 

MBE deposition. Better interface definition for heterostructures, and far from non-

equilibrium phases are thus expected during CIMD growth. With low energy ion beams in 

CIMD, better incorporation of dopants is also expected [193,198]. 

In summary, QMD provides the best features. When compared to Ion Beam 

Deposition (DBD), CIMD has much larger deposition rates, since it is difficult to achieve 

high growth rate from ion beams alone [193,196-198]. When compared with Ion Beam 

Assisted Deposition (IB AD), CIMD does not have the impurity incorporation problem 

which may occur in films grown by IB AD. Epitaxial growth of Si doped with arsenic (As) 

using an ion beam to introduce the dopant was reported [199]. It was observed that the 

sticking coefficient of As ions was very high and equal to unity over a wide range of 

temperature with increasing ion energy. Growth of a thin film of wide bandgap 

semiconductor gallium nitride, GaN, was also reported [200]. In this case, lower growth 

temperature and better crystalline quality were possible as the fraction of ions increased. 

It should be noted that, in ion beam assisted deposition (IBAD), the substrate is 

simultaneously bombarded with an inert ion beam and a flux of atoms to be deposited 



95 

[201]. The deposited beams may originate from a variety of sources, e.g., thermal 

evaporation as in MBE, or by chemical reaction as in CVD. The inert-ion beam only 

enhance surface kinetics, and does not participate in film deposition [193]. In ion beam 

deposition (IBD), ions are directly deposited on the substrate for film growth via a 

directional ion beam energy range from 10 eV to 500 eV [196-198]. IBD growth has been 

investigated for semiconductors, dielectric and metallic overlayers. Examples of metastable 

phases and otherwise unstable phases have been grown by IBD and characterized [202-

204], As mentioned above, however, in CIMD, materials are deposited simultaneously 

from low energy ion beams and molecular beams. A description of the CIMD chamber is 

given in Chapter 3. 

Because of the versatility of the CIMD technique, or more precisely, because almost 

any element can be introduced in the MBE chamber via the ion beam with no danger of 

cross-contamination, it is possible to conduct in the UHV environment most of the 

processing steps involved in the fabrication of a semiconductor device, such as, epitaxial 

growth, dopant incorporation, dielectric deposition, metallization and other conductive film 

deposition, and etching [197]. To implement in situ lithography, a new selective laser 

ablation technique and an UHV compatible resist, such as Al, CaF,, are presently under 

development [205]. The interest of in situ processing is to provide an unparalleled control 

of contamination by particulates and other impurities. The complete in situ fabrication of an 

integrated circuit can lead to new observations regarding the quality of the materials, their 

interfaces and other strucmral and electrical defects. In summary, the possibility for 

complete in situ processing adds to the attraction of the CIMD technique [197]. 

2.4 .4  Ei^ect  of  H-Passivat ion on Epitaxial  Growth 

The advancement of epitaxial deposition techniques, in particular the extension to lower 

process temperatures, depends critically upon the preparation of the Si substrate surface 
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immediately prior to epitaxial deposition [206]. The fundamental issues involved include 

both the preparation and maintenance of a contaminant free surface prior to epitaxial 

growth, the most characterized of which is the presence or absence of oxygen or oxide. 

The kinetics of oxide removal balanced against the kinetics of oxide regrowth determine the 

regime of successful surface preparation for a given system while the resultant deviation 

from equilibrium conditions is related to the ability to maintain the clean surface [206,207]. 

Almost all of the literature on pre-epitaxial surface cleaning assumes that a native oxide 

is present on any silicon surface [206-211]. It is not clear, however, that this conclusion is 

based on direct analysis. Often times ellipsometric data taken immediately following HF 

exposure is used to ascertain the "native oxide" thickness. Raider et al. showed in 1975 that 

there is some ambiguity in the time zero oxide thickness that one might explain by 

proposing that there is a non-oxide adsorbed surface layer impacting the ellipsometric data 

[119]. While under many reactor conditions one may have to contend with a "native 

oxide", in recent years it has become clear that a silicon surface exposed to an aqueous 

hydrofluoric acid, HF, treatment is hydrogen terminated and, in fact, nearly oxide free 

[136]. This was demonstrated by the photoemission spectra and indicated that the Si 

surface is terminated by hydrogen, not fluorine [136,212]. Trucks et al. consider the 

chemical basis for hydrogen termination and suggest that although the HF treated surface is 

initially fluorinated, the polarization of the Si-F bond is strong enough to render it 

susceptible to displacement of hydrogen [118]. This displacement process is a kinetically 

limited process where the forward reaction, H for F, is nearly three orders of magnitude 

faster than the reverse, F for H, reaction. 

The second requirement for a cleaning procedure, after having prepared an oxide free 

surface, is the maintenance of such a surface until the onset of epitaxial deposition [206]. 

Takahagi et al. have examined the reactivity of a hydrogen passivated surface and shown 

that no oxidation is detected on the passivated surface after 2 hour air exposure [129]. 
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Meyerson et al. point out that the reactivity of the hydrogen terminated surface is nearly 13 

orders of magnitude lower than a bare Si surface [212]. They looked at the thermal 

desorption of hydrogen from silicon and stated that this surface is stable up to 400°C. 

To the extend that one has a reactor which preserves hydrogen termination then the 

need for an in-situ cleaning procedure for oxide removal can be eliminated but one must 

still consider the thermodynamic arguments goveming maintenance of an oxide free surface 

once the kinetic barrier imposed by hydrogen is removed [206,207]. More recently, P.J. 

Grunthaner and F.J. Grunthaner have proposed a low temperature, < 600°C, surface 

cleaning for Molecular Beam Epitaxy (MBE) [125]. The use of this low temperature 

cleaning is becoming more widespread not only in MBE epitaxial growth, but also in 

Chemical Vapor Deposition (CVD) [212-215]. This low temperature surface cleaning 

involves two steps [216]: 

1. ex situ preparation of a clean Si surface with hydrogen termination, and 

2. in situ thermal desorption of the H-terminated Si surface at temperatures ranging 

between 450°C and 600°C. 

The first step initially grows a chemical oxide to produce a carbon-free chemical silicon 

dioxide [125,197]. This is achieved by either using Shiraki clean or RCA clean [43,217]. 

After the chemical oxide is grown, the Si wafer capped with the clean chemical oxide is 

placed on a spinner in a glove box maintained under a positive pressure of Nj, typically 50 

mm HjO. The SiOj is then etched by dropping droplets of a solution of HF in ethanol on 

the spinning wafer [125,218]. The use of a solution of HF in ethanol, rather than in water, 

and the positive pressure of Nj avoid the reoxidation of the Si surface and provide an 

almost complete passivation by H termination of the dangling bonds [197,218]. The 
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alcohol is also shown to help remove the haze seen on epitaxy films grown on Si after 

processing with aqueous HF solution [15]. 

Optimization of HF etching duration is very critical for eliminating the formation of 

(111) facets on Si(lOO) surfaces after HF etching [136]. These facets tend to create a rough 

surface and does not favor layer-by-layer epitaxy, i.e. does not yield smooth uniform films 

reliably [193]. On the other hand, the HF etching duration should be sufficient to remove 

all of the oxide. Additionally, HF processed wafers subjected to an in-situ remote plasma 

clean and passivation in which the wafer is exposed to atomic hydrogen, was found to be 

slightly more resistant to adsorption of contaminants onto a clean surface when compared 

to the surface resulting from the HF dip [219,220]. More details about H-termination of Si 

and its role on epitaxial growth are given elsewhere [132,221-225]. 

2.5  Oxidat ion of  Si( lOO) Substrates  

Forming thin SiO, films of high quality on Si(lOO) has been key to the fast-paced 

advances that have occurred in both devices and high density integration in the last 5 

decades. The relative ease of oxidation of Si(lOO) and the fairly low defect density at the 

SiOi/SiClOO) interfaces explains the persistent dominance of Si as the base material in the 

manufacturing of large scale integrated devices. The structure of the SiOi/SiClOO) interface 

and very thin SiOz films have been the object of considerable study and controversy over 

many decades as well. It is well accepted that fairly thick (0.5 -10 |im) SiO, is mostly 

amorphous. Its structure is believed to consist of molecular tetrahedrons connecting by set 

of 6 into closed rings. Each tetrahedron include 4 atoms, with an oxygen atom at each 

apex, and a silicon atom in the center, and some of the oxygen atoms are shared between 

tetrahedra to form rings. This type of structure has been derived from diffraction, 

vibrational spectroscopy and electron microscopy. The structure of very thin oxides (less 
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than 5 nm) and especially of the SiO/SiClOO) interface has been harder to establish in part 

because of the small volumes of material involved and the complexity of modeling and 

measuring the amorphous to crystalline transition. 

Issues in the structure SiOySi( 100) thin film/interface 

Ourmazd reported in 1987 the observation by HRTEM of an ordered layer of SiO, 

comprising about two atomic monolayers ( ~ 0.5 nm) right at the junction between the 

Si(lOO) surface and the oxide layer [92]. Ourmazd proposed a trydimite-like phase, 

because this structure could produce simulated images of the interface that match his 

HRTEM observations. These findings while not completely accepted, nevertheless gave 

prominence to the limits of the current understanding of the SiO^/SiClOO) interface 

structure, and the difficulty of both modeling and measuring either the presence or the 

absence of order. Most recently, Shimura et al. have observed diffraction spots in 10-30 

nm thick SiOj but the identification of an interfacial phase separate from imbedded 

crystallites is difficult with diffraction because of its lack of depth resolution [226,227]. 

Stoichiometry of the SiO/Si( 100) thin film/interface 

The presence of sub-oxides at the SiOj/SiClOO) interface has been the object of in-depth 

studies, and reviewed by Grunthaner [124]. Depending upon processing, a variable 

amount of sub-oxides can be found at the interface 

In summary, while the structure of very thin SiO, films on Si(lOO) and their interface is 

an object of debate, it is generally accepted that at least a significant difference exists 

between the structure of very thin films (less than 5 nm) and thicker films. This difference 

is detected by various methods such as X-ray Photoelectron Spectroscopy (XPS). 

Photoelectron binding energies typically decrease from 4.6 eV to 4.2 eV when SiO, 
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thickness decreases below 5 nm. This is attributed to structural distortion in SiO, with 

respect to amorphous thicker films near the interface. Grunthaner's exhaustive review also 

demonstrated that significant differences exist in the interface structure and composition 

depending on the processing of the initial Si(lOO) surface and the oxides, based on the 

detection by XPS of sub-oxides. Ourmazd also reported changes in the structures observed 

by HRTEM when a different surface processing method was used. 

In the present work, a systematic study of oxides structure is conducted by ion beam 

analysis as a function of surface preparation. Prior to oxidation, the Si(lOO) surface is 

subjected to a modified RCA cleaning and a subsequent surface passivation via aqueous 

HF or HF in alcohol. Based on previous work, including our own on low temperature 

passivation of Si(lOO) for low temperature epitaxy, our initial intent was to create a Si(lOO) 

surface as ordered and as stable as possible prior to oxidation to improve interface order, 

smoothness and possibly the electrical properties [118,125,130,132,228-230]. 

Passivation is also meant to decrease oxidation rates to better control the formation of very 

thin oxides. Characterization by ion beam analysis, using a combination of oxygen 

resonance and ion channeling to improve resolution, found that oxides forming on such 

surfaces do exhibit significant ordering when analyzed by channeling. The degree of 

ordering is found to depend on the initial surface preparation as found in conventional 

epitaxy. In addition to be the first observation of ordering in SiO, by IB A, the very fact that 

ordering is observed by EBA in 2 nm thick films (the geometrical thickness having been 

measured by HRTEM) implies that the ordering is present over at least that thickness, 

rather than 2 monolayers (~ 0.5 nm) as reported by Ourmazd and qualifies as long range 

order. The observations of Shimura et al. by X-ray diffraction may also suggest long rang 

order according to their author. 
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Table 2.1 Forms and types of contaminants [1,7]. 

Equipment • Mechanical, Metal tweezers. Deposition systems. Gas 
piping. Ion implanters. Liquid containers 

Humans • Factory operators. Process engineers 

Materials • Liquid chemicals, Etchants, Photoresists, D.I. water. 
Air, Gases 

Processes • Combination of all above sources 

Table 2.2 Sources of particles and contaminant films [1]. 

Forms • Films, Discrete particles. Particulates, Micro-droplets, 
vapors and gases 

Types • Molecular, Ionic, Atomic, Gaseous 

Ionic • Physisorbed and chemisorbed cations and anions from 
inorganics, eg., Na^ CI", SO/', fluoride species 

Atomic • Elemental metal films and particles, eg., 
electrochemically plated Au, Ag, Cu films, particles of 
Si, Fe, Ni 

Gaseous • Adsorbed gases and vapors, generally of little practical 
consequence 



Table 2.3 Effects of Contaminants [1]. 

Molecular 
types 

• Block and mask operations 
• Impair Adhesion 

• Form deleterious decomposition products 

• Nucleate defects in films 

Ionic types 
• Diffuse on surface, in bulk, at interfaces 

• Cause electrical device defects 

• Degrade device performance and yield 

• Cause crystal defects 

• Lower oxide breakdown field 

Atomic 
types 

• Can diffuse readily 

• Cause surface conduction 

• Decrease minority-carrier lifetime 

• Degrade electrical device performance 
• Lower product yield 

• Nucleate crystal defects 

• Particles short-out conductor lines 
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Table 2.4 Classification of vapor-phase cleaning technologies [1]. 

Phyiscal Interactions 
• Thermal and low-pressure techniques 
• Sublimation 
• Evaporation and volatilization 

• Argon ion oxide sputter etching 

Physically-enhanced chemical 
reactions 

• Reactive ion bombardment 

• Glow discharge plasma reactions 

• Remote RF and microwave discharge 
hydrogen plasma reactions 

• Electron cyclotron resonance 
hydrogen plasma reactions 

• Ultraviolet-ozone-atomic oxygen 
organics oxidation 

• Photochemically-enhanced metal 
reactions 

• Ultraviolet-activated halogen metal 
reactions 

Chemical thermal reactions 
• Thermal oxide decomposition in 

vacuum 
• Volatile metal organics formation 

• Anhydrous HF gas-phase oxide 
etching 

• Wet HF vapor-phase oxide etching 

• HF-alcohols vapor-phase oxide 
etching 

Mechanical Techniques 
• High-velocity dry-ice (COj) jet 

scrubbing 
• Cryogenic argon-aerosol jet 

impingement 

• Pulsed laser radiation particle 
dislodgment 

• Supercritical/subcriticai fluid (COj) 
pressure cycling 
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Table 2.5 Summary of gas phase wafer cleaning methods [40]. 

Gas-Phase 
Cleaning 

Mode Gross Organics 

Impu 

Fine Organics 

rities 

Metals Oxide 

Physical 
• Low 

Energy Ar 
Sputter 

Thermal 
• Oxidation • NOrHChNj 

• Oxidation 

• HCl Anneal 

• Formation 
of Metal-
Organics 

• H2 Anneal 
• High 

T/UHV 
• Mid 

T/UHV 

• GeH^rHj 

Vapor 
• HCI:HF: 

H2O Vapor 
• HC1:HF: 

H2O Vapor 
• HC1:HF: 

HjO Vapor 

• HFrHjO 
Vapor 

• HFrCHjOH 

Photo. 
• UV/Ozone • UV/Ozone 

• UV/Oj.HjO 
Vapor 

• UV/CI2 • UV and 
HFrCHjOH 

• UV and 
NF3:H2:Ar 

Plasma 
• Direct 

Plasma O, 

• Remote 
Plasma Oj 

• Remote 
Plasma 0, 

• Remote 
Plasma HCl 

• Remote 
Plasma H, 

• ECR 
Plasma NF3 
or Hj 

• Remote 
Plasma 
NFjrHj 
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Table 2.6 Summary of advantages and disadvantages of aqueous cleaning [43]. 

Advantages 
• Rinsing is easily accomplished in water. 

• Residues left after drying can be avoided by deionized 
water rinsing and suitable drying. 

• Flammability hazard is low or non-existent. 

• Disposal of large variety of aqueous chemicals has low 
environmental impact. 

• A wide range of chemicals is available. 

• Many aqueous chemicals are low cost. 

• Aqueous chemistries are capable of removing organics and 
inorganics to very low levels. 

• Aqueous solutions generally have lower vapor pressure 
than organics solvents. 

• In most cases aqueous chemicals have very high reaction 
selectivity between the contaminants to be removed and 
surfaces being cleaned. 

Disadvantages 
• Drying is not as fast or as easy as with organic solvents 

due to the low vapor pressure of water. Incorrect drying 
can result in recontamination. 

• Some organic solvents are more effecient for removing 
certain organic contaminants. 

• Aqueous chemicals can be dangerous to handle, breathe, 
etc. 

• Disposal of some aqueous chemicals is difficult and can be 
expensive 

• Aqueous systems are difficult to couple to vacuum 
systems. 



Table 2.7 Silicon wafer cleaning solutions [12,25,43,45,46]. 

Solution Chemical Symbols Common Name Purposes or Removal of; 
Ammonium hydroxide/ 
Hydrogen Peroxide/Water NHpH/H^O/Hp 

RCA-1, SC-1 (Standard 
Clean-1), APM 
(Ammonia/Peroxide mix), 
Huang A 

Light organics, particles, and 
metals; protective oxide 
regrowth 

Hydrochloric acid/Hydrogen 
Peroxide/Water HCl/HPj/HiO 

RCA-2, SC-2 (Standard 
Clean-2), HPM 
(Hydrochloric/Peroxide mix), 
Huang B 

Heavy metals, alkalis, and 
metal hydroxides 

Sulfuric acid/Hydrogen 
Peroxide 

HjSO/HjOj Piranha, SPM 
(Sulfuric/Peroxide mix), 
"Cares acid" 

Heavy organics 

Hydrofluoric acid/Water HF/HjO HF, DHF (Dilute HF) Silicon oxide 

Hydrofluoric acid/Ammonium 
Fluoride/Water 

HF/NH^F/Hp BOB (buffered oxide etch), 
BHF (buffered hydrofluoric 
acid) 

Silicon oxide 

Nitric acid HNO3 Organics and heavy metals 

Choline (CH3)3N"-CH2CH20H-0H Trimethyl (2-hydroxy-ethyl) 
ammonium hydroxide 

Metals and organics 

Choline/Hydrogen 
PeroxideAVater 

(CH3)3N+-CH2CH,0H-0H/ 
H,0yH,0 

Choline/Peroxide Heavy metals, organics and 
particles 

Ammonium Persulfate/ 
Sulfuric acid 

(NH4)2S04/H2S04 SA-80 Organics 

o o\ 



Table 2.8 Silicon wafer cleaning solutions developed since 1987 [43,47-50]. 

Solution Chemical Symbols Common Name Purposes or Removal of: 

Peroxydisulfuric acid/Sulfuric 
acid 

HjSjOg/HjSO^ PDSA, "Caros acid," Piranha Organics 

Ozone dissolved in deionized 
water 

O3/HP Ozonized water Protective oxide regrowth; 
organics 

Sulfuric acid/Ozonized water HjSOyOj/HjO SOM (Sulfuric/Ozone mix) Organics 

Hydrofluoric acid/Nitric acid HF/HNO, Slight Si etch; metals 

Hydrofluoric acid/hydrogen 
peroxide 

HF/HPj Slight Si etch; metal 
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Figure 2.1 X-ray photoelectron spectra of the Si 2pj^ core level associated with native 
oxides on silicon formed by inunersion in (a) HNO3 at 45 - 60°C for 5 
minutes, and (b) 4:1:1 H20:H202:NH40H at 63 - 80°C for 10 minutes. A 
thorough rinse in de-ionized water for 10 minutes was performed in both cases 
before introduction into the UHV chamber. The spin orbit splitting of the Si 2p 
level is removed, the data smoothed and the background substracted. The 
dashed lines are the result of a spectral deconvolution performed by assuming 
that the chemical shifts and the values of FWHM for the various components 
are the same as for the Si''*, which is associated with stoichiometric Si02 [82]. 



Figure 2.2 Lattice images of an atomically flat Si/native oxide interface. Note the presence 
of a new phase at the interface, displaying 3.8 A periodicity in both projections 
[85]. 
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Figure 2.3 Schematic representation of the Si/Si02 interfacial atomic structure, deduced 
from diffraction and lattice imaging data. The dashed lines indicate possible 
dimerisation of the unsaturated bonds. The dangling bonds may also be 
saturated by forming Si-O-Si bridges as indicated [85]. 
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Figure 2.4 Multiple internal reflection (180 reflections, 9i„^ = 45° IR absorption spectra 
of Si surfaces after (a) HF etching in 10 N solution, and G^) subsequent 
exposure to air for 15 hours (dashed line) and for 60 hours (das-dotted line). 
The main absorption peak for freshly etched Si (solid spectrum) at 4.75 ^un 
(approx. 2100 cm ') is characteristic of H-termination of Si. The absorption 
band developing around 4.4 |im (approx. 2250 - 2300 cm ') upon oxidation in 
air is characteristic of Si-H with oxygens in the Si-Si back-bonds [114]. 
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Figure 2.5 Transmission infrared absorption spectra of hydrogenated microcrystailine 
silicon (|ic-Si:H) - (a) as grown using RF-reactive sputtering in Hj at 250°C, 
(b) after thermal oxidation in air at 200°C for 5 hours, and (c) after subsequent 
HF etching of the previously oxidized surface, (d) after a thermal oxidation at 
600°C for 1 hour, and (e) subsequent HF etching of this previously thermally 
oxidized surface [116,117]. 
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Figure 2.6 (a) Typical x-ray piiotoelectron spectra of the Si 2p core level obtained before 
Oower spectrum) and after (upper spectrum) a spin-etch in N, by using HF in 
ethanol. (b) Expansion and overlay of the data shown in (a) to emphasize the 
region between the peaks that correspond to the Si substrate and to the SiOj. 
The dashed line represents a least-square fit to these two major components. 
The cross-hatched region corresponds to Si suboxide species [125]. 
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Figure 2.7 Electron energy loss spectra of Si(l(X)) and Si(lll) surfaces after 1 minute 
immersion in 40% HF solution (no rinsing) and subsequent introduction into 
UHV. The assignment of the main observed losses is summarized 
schematically above the spectra [127]. 
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Figure 2.8 XPS survey scan spectra of Si wafer surfaces (a) before UV-ozone cleaning 
(as purchased with 7 A thick native oxide and a 2 A thick organic 
contamination), (b) after UV-ozone cleaning with a low-pressure mercury 
lamp (184.9 nm and 253.7 nm emission) in an oxygen atmosphere, and (c) 
after subsequent HF doping of the UV-cleaned sample in a 1 % HF solution 
[129]. 
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Figure 2.9 Electron energy loss spectra of (a) Si(l 11) and (b) Si(lOO) after etching in an 
ammonium fluoride solution (NH4F, pH = 7.8) and a brief (approx. 10 
second) rinsing in de-ionized water. The x200 factor corresponds to the 
magnification of the spectrum relative to the elastic peak [133]. 
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Figure 2.10 Schematic representation of silicon etching and hydrogen passivation by HF 
[67], 
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Figure 2.12 Polarized infrared absorption spectra of the Si-H stretch vibrations after dilute 
HF/DF etching of Si(l(X)) without rinsing for two isotopic concentrations -
(a) 20% H and 80% D, and (b) 100% H. The thick vertical bars represent the 
calculated coupled mode splittings from the measured isolated frequencies 
(labeled M, D andT) [131]. 
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Figure 2.13 Polarized infrared absorption spectra of the Si-D stretch vibrations (left panel) 
and Si-H stretch vibrations (right panel) for various isotopic concentrations 
after etching of a Si(lll) sample in ^lute HF/DF without rinsing. The 
concentrations are - in the left panel, (a) 7% D and 93% H on the surface, and 
(b) 95% D and 5% H; in the right panel, (a) 10% H and 90% D, (a') 25% H 
and 75% D, and (b) 100% H. The measured isolated frequencies are - in the 
left panel, M = 1512 cm"', D = 1533.5 cm"' and T = 1550 cm"', and in the 
right panel, M = 2077 cm'', D = 2111 cm"', and T = 2137 cm"'. In both cases, 
the thick vertical bars represent the calculated coupled mode splittings from 
the measured isolated frequencies [130,131]. 
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Figure 2.14 Schematic representation of various possible surface structures on the Si( 111) 
surface with their associated hydrogen termination. The ideal monohydride 
(M') and trihydride (T) termination are possible for an atomically flat (111) 
plane. The "horizontal" dihydride (D) terminates the comer of a small 
adstrucmre where an isolated monohydride (M") may exist. Both the 
"vertical" dihydride (D') and coupled monohydride (M) can terminate the edge 
of larger adstructures. TTiese are all the possible structures that do not involve 
surface reconstruction [130]. 
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Figure 2.15 Polarized infrared absorption spectra of Si(lOO) surfaces etched in - (a) dilute 
1% HF (pH = 2) and (b) buffered HF (pH = 5). The chemically oxidized 
surface is used as a reference and the spectral resolution is 1 cm"' [134,135]. 
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Figure 2.16 Polarized infrared absorption spectra of Si(lOO) surface - (a) etched in a 40% 
NH4F solution for one time, and (b) after five repeated cycles of etching in a 
40% NH4F solution, chemical reoxidation in 4:1:1 H20:H202:HC1 at 80°C, 
and a final etching in NH4F. The chemically oxidized surface is used as a 
reference and the spectral resolution is 1 cm ' [134,135]. 
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Figure 2.17 P-polarized ER. absorption spectra of thermally oxidized Si(lOO) surfaces after 
(a) etching in a concentrated HF solution (pH = 1), and (b) subsequent 
rinsing in de-ionized water for 3 minutes. The spectral resolution is 1 cm"' 
[67]. 
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Figure 2.18 P-polarized ER. absorption spectra of chemically oxidized Si( 111) after etching 
in (a) dilute HP (pH = 2), and (b) 40% NH4F solution (pH = 7.8). The 
samples are rinsed with de-ionized water [134,135]. 
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Figure 2.19 P-polarized IR absorption spectra of H/Si(l 1 l)-(lxl) prepared by - (a) 
thermal oxidation followed by etching in buffered HP (pH = 5) for 2 minutes 
and subsequent etching in 40% NH4F for 4 minutes, and (b) chemical 
oxidation followed by etching in a 40% NH4F solution for 6.5 minutes. Both 
samples are thoroughly rinsed in de-ionized water after the last etching step 
and the spectral resolution is 0.04 cm"' [157]. 



127 

pH -1  -  3  

5 - 6  

6.6 

Figure 2.20 Schematic picture of the changes of the Si surface morphology as the etch rate 
is increased by increasing the pH of the etching solution - (a) pH <3, (b) pH 
= 5-6, and (c) pH = 6.6. A total etch time of 3 minutes, including the 
removal of approximately 10 A SiOj, is assumed. A pH higher than 6.6, not 
shown here, leads to step bunching, and therefore to the formation of multiple 
steps and facets [67,136,164]. 
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Figure 2.21 Energy gap versus lattice constant for HI-V, 11-VI, and IV semiconductors. 
Open symbols are indirect-gap, closed are direct-gap materials. The lines 
joining the DI-V compounds give the ternary energy gap and lattice constant. 
The lattice mismatch f to Si and GaAs is shown at the top of the figure [171]. 
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Figure 2.22 Lattice constants for common Group IV, m-V, and U-VI semiconductors and 
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Figure 2.23 Lattice constant as a function of composition for ternary DI-V solid solutions. 
The slanted lines connect binary compounds whose lattice constants differ by 
less than 0.05. The dashed lines show regions where miscibility gaps are 
expected [171]. 
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Table 2.9 Compositional dependence of the energy gaps of the binary m-V ternary solid 
solutions at 300°K [171]. 

Compound Direct Energy Gap, (eV) 

AlJn..,P 1.351 +2.23X 

Al,Ga,.,As 1.424 + 1.247X" 
1.424 + 1.455X'' 

AlJn,.,As 0.360 + 2.012x + 0.698x^ 

Al,Ga,.,Sb 0.726 + 1.129X + 0.368X-

Al,In,.,Sb 0.172+ 1.621x + 0.43x̂  

GaJn,.,P 1.351 + 0.643X + 0.786x̂  

Ga,In,.,As 0.36+ 1.064X 

GaJn,.,Sb 0.172+ 0.139x + 0.415x̂  

GaP^As,., 1.424 + 1.150X + 0.176x̂  

GaAs^Sb,.^ 0.726 - 0.502X + 1.2x̂  

InP,As,., 0.360 + 0.891X +0.101x̂  

InAs^Sb,., 0.18 - 0.41x + 0.58x̂  

where, "(0 < x < 0.45) 

"(0 < X < 0.37) 
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Figure 2.24 The sequence of reaction steps in a chemical vapor deposition (CVD) reaction 
[94], 



Table 2.10 Alternative source gases for epitaxial growth of silicon [179,180]. 

Reactant Temperature 
(°C) 

Deposition 
Rate 

(|im min'*) 

E, (eV) Comments 

Silane (SiH^) 900-1100 p
 

1 p
 

1.6- 1.7 Wall deposition rate high, 
no pattern shift 

Dichlorosilane 
(SiHjClj) 

1050- 1150 p
 

1 p
 

bo
 

0.3 - 0.6 Intermediate properties 

Trichlorosilane 
(SiHClj) 

1100- 1250 0
 

to
 

1 p
 

bo
 

0.8- 1 Large pattern shift. 
Insensitive to presence of 
oxidizers. 

Silicon tetrachloride 
(SiCg 

1150- 1300 0.2 - 1.0 1.6 - 1.7 Very large pattern shift. 
Very low wall deposition 
rate. 
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Figure 2.25 Types of CVD reactors - (a) Horizontal reactor, (b) Vertical reactor, 
(c) Continuous flow reactor, (d) Hot-wall reactor (horizontal), (e) Cold-wall 
reactor (vertical), and (f) Plasma-enhanced CVD reactor [94]. 
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Figure 2.26 An apparatus for molecular-beam epitaxy (MBE) [192]. 
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CHAPTER 3 

EXPERIMENTAL MATERIALS, FACILITIES AND METHODS 

This chapter details the materials, facilities, and methods used in this study and is 

divided into - 1. Substrates and chemicals, 2. Laboratory facilities, instrumentation and 

apparati, and 3. Experimental methods. 

3.1  Substrates  and Chemicals  

The list of Si substrates, along with key properties, used in this smdy is shown in 

Table 3.1. Si<100> wafers, grown by the Czochralski method and 4 inches in diameter, 

were used in this study. In general, wafers had a resistivity in the range of 7.5 - 12.5 ohm 

cm. The wafers on an average had a thickness of 20 mils. The front side of the wafers were 

polished. All the wafers, except device 6SMP 3060, were donated by Motorola Inc [I]. 

Device 6SMP 3060 wafers were supplied by SEMATECH and were manufactured by 

Wacker-Chemitronic GMBH, Germany [2,3]. 

The key chemicals used were hydrogen peroxide, ammonium hydroxide, hydrochloric 

acid, hydrofluoric acid, methanol, isopropyl alcohol, and ethanol. Except for ethanol, all 

the chemicals were manufactured by General Chemicals Corp., Pittsburgh, CA [4]. 

Ethanol was manufactured by EM Science Corp. and was 95% pure [5]. All other 

chemicals are graded as Class 10, i.e., they are certified for use in class 10 clean room 

environment. Pharmaceutical grade ethanol was supplied in dark brown one gallon glass 

containers, where as, all other chemicals were supplied in one gallon white polypropylene 

plastic containers. Hydrogen peroxide was shipped by bagging in a red plastic bag to avoid 

association by light absorption. Appendices A1 through A7 summarizes the properties of 

the chemicals that are critical for this project. 
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Different materials were studied in this project for use as a standard for forward elastic 

recoil detection of surface hydrogen on Si(lOO) samples. Both bulk polymers and thin 

films on Si(lOO) were used [6,7,8,9]. A detailed description of these polymers along with 

their characterization by IBA is given in Chapter 9. A review of elastic recoil detection of 

hydrogen is given in Chapter 4. 

3.2  Laboratory  Faci l i t i es ,  Instrumentat ion  and Apparat i  

This section describes the laboratory facilities, instrumentation and apparati used in the 

surface phenomena experiments performed for this work at and outside Arizona State 

University. At Arizona State University, the Ion Beam Analysis of Materials (IBeAM) 

facility was the main laboratory used in this research. Besides Arizona State University, 

laboratory facilities were utilized at SEMATECH, Lawrence Semiconductor Research 

Laboratories, and FSI International. A detailed description of the laboratory facilities is 

crucial for research dealing with surface phenomena at very low impurity levels. The 

section details the apparati and instruments that were only direcdy used in this study. 

3.2 .1  Ion Beam Analys i s  o f  Mater ia l s  ( IBeAM) Faci l i ty  

The IBeAM laboratory facility is located in the basement of the Goldwater Center. 

Figure 3.1 gives the illustration of the facility [10]. This facility houses the following major 

items: 

• 1.7 MeV Tandem accelerator and relevant data acquisition platform 

• Laminar chemical hood for accelerator source filament preparation 

• Class 100 designated elevated clean room with an attached change room 

• Ion implanter with computer control 
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• Ion beam oxidation cliamber 

• Deionized water system and storage area 

• Laminar hood for sample preparation for ion beam analysis 

• Laminar chemical hood 

• Neslab chilling unit 

• Solvent hoods 

• Storage cabinets 

• Computers 

The laboratory is also equipped for storing compressed gas cylinders and liquid 

nitrogen. The compressed gases used in the laboratory are argon, helium, and nitrogen. 

The gas consumed in largest amount is nitrogen, which is used for different purposes 

including drying of silicon wafers after chemical treatment. The laboratory is provided with 

a supply of 1 Meg-Ohm deionized water from the central physical plant of Arizona State 

University. The Neslab chilling water unit is located in the space between the source of the 

Tandem accelerator and the solvent hood. The Neslab unit is used for supplying water 

chilled to 10°C to the Combined Ion and Molecular Deposition (CIMD) chamber and the 

Ion Beam Oxidation (IBO) system. 

3.2 .1 .1  Ion Beam Analys i s  ( IBA)  System 

Ion beam analysis GBA) was used in this study to characterize the hydrogen passivated 

Si(lOO) surfaces, homoepitaxial and oxide films grown on these surfaces, and polymer 

materials. Figure 3.2 is a general schematic of the IB A system used for this study at 

Arizona State University, Tempe, AZ. The system consists of three major regions [11]: 

1. Beam generation 
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2. Scattering chamber 

3. Data analysis 

Beam generation consists of an ionization chamber to generate the ions, followed by a 

column where the ions are accelerated [12]. After passing through a short drift tube, the 

ions enter an analysis magnet, where the various species of ions are separated based on 

their charge/mass (q/m) ratio and only those energies are selected which are of use in the 

experiment. After passing through the magnet, the analyzed beam enters a drift tube and is 

collimated to direct onto the target in the scattering chamber [12]. 

The system is equipped with two types of ion sources - a sputtering source and a 

gaseous source [13]. In the present system, a helium plasma is generated in the 

duoplasmatron source. The He^ ions pass through Li vapors generated by heating Li in an 

oven at about 350°C. During this interaction, He^ ions pick up electrons to form He ions. 

With the help of an injector magnet, the ions enter a 1.7 MeV. Tandem accelerator column. 

In the accelerator, the ions are stripped of electrons to form He^^ ions [13]. One advantage 

of the Tandem accelerator is that ions can reach higher energy by switching their polarity, 

giving them higher charge and, accelerating them twice through the same potential 

[12,14,15]. Due to this process, when the ions are fully accelerated, they drift towards 

ground potential. The schematic of the ion source and Tandem accelerator are given in 

Figure 3.3 [14,16]. A quadmpole magnet focuses the He^"*" ions into a second magnetic 

analyzer where the ions with the particular energy of interest for use in the experiment are 

selected. These ions are latter collimated in a drift tube and focused onto the target. 

A few of the ions elastically backscattered from the target, but those which do scatter in 

a particular direction are detected by a particle detector [17]. A 25 mm^ solid state detector 

is maintained at a distance of 10 -15 cm. from the target at a scattering angle of 170° [12]. 

This configuration decreases the angular effect of the elastic backscattering factor, and also 

increases the count rate. The angular acceptance of the detector is about 2°, which 
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corresponds to 30 mrad [13]. A charge-sensitive preamplifier is the initial amplifying 

element. It is specifically designed to amplify the signal with some pulse shaping to 

preserve the maxunum signal-to-noise ratio. The detector is biased by this dc-coupled 

charge-sensitive preamplifier and is also connected to a pulser. This configuration gives a 

lower signal-to-noise ratio and also preserves the shape of the signal [12]. The limitation of 

minimum shaping by the preamplifier, is taken care of with an additional amplifier. The 

amplifier creates a suitable pulse shape optimizing resolution and count rate capability. This 

avoids pulse pile-up and also enhances signal-to-noise ratio [14]. The output pulses from 

the amplifier are later analyzed by multi-channel analyzers (MCA). MCA are special-

purpose computers that provide a variety of functions - data acquisition, storage, display, 

and interpretation [17]. The desired spectrum is accumulated by measuring the amplitude of 

each input event, converting it to a number called the "channel address" or the "channel 

number" that is proportional to the pulse height, and storing the event as a count in a 

memory composed of individual channels. The number of counts in each channel at a given 

time is equal to the total number of pulses processed during the experiment up to that time 

whose amplitudes correspond to the channel address [12]. The heart of MCA is an analog-

to-digital convertor (ADQ which provides a channel address register. The ADC digitizes 

the input pulse amplitudes for acceptance by the memory system and thus establishes one 

of the accuracy limits of the information stored in the MCA memory [12]. The number of 

counts contained in the appropriate channel is recalled from the memory and placed in the 

data register, and one count is added to the previous value. The MCA is connected to the 

printers, plotters and ethemet for obtaining hard copies of spectra and also transferring 

information across computers for further data processing [13]. 
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3 .2 .1 .2  Water  Puri f icat ion  Uni t  

A deionizing water unit built by US filter - Ion Pure Corporation to generate 18.3 Meg-

Ohm deionized water is located in the space under the clean room [18]. This space is also 

used for storing spare parts. Figure 3.4 is a sketch of the water purification system used to 

generate 18.3 Meg-Ohm deionized water in this study [18]. The unit has a continuous loop 

of 0.5 inch polyvinyl chloride (PVC) mbing. The water supply maintained at 1 Meg-Ohm 

from the Physical Plant facility at the Arizona State University enters the purification 

system via a pressure regulator equipped for 0.5 inch PVC tubing and set at 45 pounds per 

square inch (psi). The flow direction of the water is maintained by using check valves with 

a capacity to hold 0.5 inch PVC tubing. The circulation of water in the loop is maintained at 

4 gallons per minute (GPM) with the help of an 0.5 horse power non-metallic circulating 

pump. The actual water purification cycle involves tlie following sequence [19]: 

1. The 1 Meg-Ohm water enters a 12 x 40 mesh carbon filter for efficient removal of 

chlorine and organic contaminants. The filter has a capacity of 1 cubic foot and 

incorporates virgin, high capacity, black granular coal or coconut shell based 

activated carbon media. 

2. The water from the carbon filter then enters mixed bed deionizers for ion removal. 

The deionizers are provided with type 1 high quality / high capacity resin. Two 

units are used - one as a primary deionizer and one as a polisher. A quality control 

signal light with 5 range resistivity is used to monitor the resistivity of the primary 

deionizer effluent. The resistance is set at 200,000 ohms/cm. The light is green 

when the resistance is above the set point and turns red below the set point. 

3. The water then enters a 0.5 micron nominal rated post DI filter for fine particulate 

removal, followed by a post filter equipped with O.l micron absolute membrane for 

bacteria removal. 
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4. An ultraviolet treatment unit is used next in line to remove any bacteria less than 0.1 

micron and operates by using an ultraviolet lamp. The performance rating across the 

UV disinfection unit is greater than 99.9% bacterial reduction provided that the 

coefficient of absorption is less than or equal to 0.06 @ 254 nm. This rating is true 

after 8000 hours of UV lamp operating time. 

The quality of the water is monitored by a three range analog, 0-20 Meg-Ohms/cm., 

resistivity meter at three points - 1. Feed to the system, 2. Post UV and 3. Distribution to 

the hood. 

3.2 .1 .3  Clean Room Faci l i ty  

An illustration of the clean room facility is given as part of Figure 3.1. This facility has 

two rooms: Clean room and Change room. Surface preparation of substrates and epitaxial 

growth by Combined Ion and Molecular Deposition (CIMD) process is conducted in the 

clean room. The change room is used for putting on the attire for entering the clean room. It 

is also used for storing clean room attire along with other non-clean room items for easy 

access from clean room. Class 100 compatible clean room tiles are used for the ceiling of 

the rooms [20]. The tiles were placed on metallic runners sealed by an adhesive foam. The 

adhesive foam is used to cushion the tiles as well as to avoid wear and dust shedding at the 

edges by rubbing against the metal runner. This foam avoids any gaps in the ceiling. In 

addition, the edges of the tiles are sealed by aluminum adhesive tape to help in minimizing 

the wear and dust shedding. 0.3 fim HEPA filters are used for purifying the air from 

particulates down to 0.3 ^im. The entrance doors for both the rooms are encircled by class 

100 clean room compatible vinyl curtains [21]. The pressures in the rooms are monitored 

via magnehelic pressure sensors located on the wall next to the stairs for entering the 

change room [22]. The pressure in the clean room is given with respect to the change 

room, whereas, the pressure in the change room is given with respect to the outside room. 
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The pressures are usually maintained at 0.1 inch by adjusting the flow of air to the room. 

The temperature and humidity in the rooms are also maintained by air flow. The room 

temperatures are maintained at about 68°C and humidity at 25%. This is monitored by using 

a hygrometer [23]. 

The following items are kept in the clean room: 

• Combined Ion and Molecular Deposition (CIMD) multichamber UHV facility 

and the necessary control systems and power units 

• Class 100 laminar chemical hood 

• Class 100 laminar flow hood for sample preparation 

• Large glove box with a wafer spinner 

• Sample storage cabinets 

• Floor and wall storage cabinets 

• Movable table for Beckman pH meter and standards. 

"As received" wafers and other samples are stored in individual wafer carriers and 

boxes. These are in turn stored in the cabinets specially fabricated in acrylic plastic. The 

plastic is used to reduce the contamination and in some cases the storage cabinets are 

purged with nitrogen to avoid oxidation and moisture. The typical laboratory ware used in 

the clean room consists of cylindrical containers fabricated from Pyrex™, Teflon™ tanks. 

Teflon™ tweezers. Teflon™ funnel, Pyrex™ measuring beakers, Nalgene™ plastic jars and 

scribes. Scribes have either diamond or graphite tips. All the laboratory ware and parts 

used in the wet chemical processing are cleaned by a solution of deionized water, hydrogen 

peroxide, and ammonium hydroxide in the chemical laminar hood before every use. 

Pyrex and Teflon are the trade marks of Du Pont Corporation 
Nalgene is a trade mark of Nalgene Corporation. 
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The glove box is used for storage and for spin etching [24,25]. The glove box is built 

of polyvinyl chloride (PVC). It has a loadlock and a main compartment. The base of the 

loadlock and main compartments are made up of perforated polypropylene sheets for 

drainage. Both compartments are supplied with nitrogen and a venting system. Neoprene 

accordeon gloves are used for access in the large glove box. The spin etcher is placed in a 

base made of teflon. 

The pH meter can be utilized for measuring pH of the chemical solutions. The 

laboratory has 2, 4, 7, 10, and 12 pH buffer standards for calibrating the pH meter. 

Minimum of two standards are recommended for calibration depending on the range of 

interest. 

The change room has a metallic cabinet for storing the clean room attire. Items such as 

manuals and tools, are stored in plastic bags in the change room for easy access from the 

clean room. Some of the items stored in the change room cannot be taken into a clean 

room. In such cases, they have to be referred to or used only in the change room. There is 

also a provision for hanging both the clean room attire for reuse and the name badges [26]. 

The clean room attire consists of class 10 nylon suits, which are professionally cleaned 

once a week [27]. 

3.2 .1 .4  Laminar  Chemical  Hood 

The laminar hood for sample preparation is used for preparing samples before and after 

either chemical treatment or epitaxial deposition. The laminar chemical hood is used for 

chemical treatment of the Si substrates [28]. The hood is fabricated with polypropylene. 

The work space is made up of perforated polypropylene sheets for drainage and cleaning 

purposes. An illustration of the chemical hood is given in Figure 3.5 [29,30]. The hood is 

supplied with nitrogen from a compressed nitrogen tank. It is supplied with 18.3 Meg-Ohm 

deionized water. The quality of the deionized water is monitored by a conductivity -
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resistivity meter at three different locations in the purification system as mentioned in 

Section 3.2.1.2. The hood has, class 100, 0.3 ^im. HEPA filters for filtering the air flow 

supply. It has: 

1. Two tanks fabricated from flame retardant PVDF for SCI and SC2 solutions 

2. Two tanks fabricated from teflon for HF/H,0 and HF/Alcohol solutions 

3. A tank for rinsing substrates with deionized water purged with nitrogen 

4. A sink with an attached gooseneck for supplying deionized water 

5. Two teflon guns for supplying, in the chemical hood, of nitrogen and DI water 

6. Vented cabinets for storing chemicals and chemical wastes. 

7. A Teflon tank for rinsing of samples in alcohol. 

The heating of the solutions in the PVDF tanks is regulated via model CI 115a 

Microtemp process controller timers [31]. Figure 3.6 is a functional block diagram of the 

Controller [32]. The tanks are equipped with 4 kilo-Watt teflon coated immersion heaters 

[33]. The controllers are provided with safety features that work either by mechanical 

action or are activated via compressed gas pressures [34,35]. A sketch of the 

elctrical/mechanical circuit used for this purpose is given in Appendix A8 [36]. 

3.2 .1 .5  Combined Ion and Molecular  Depos i t ion  (CIMD) System 

A schematic of the Combined Ion and Molecular Deposition system (CIMD) used at 

Arizona State University is given in Figure 3.7. It is housed in the Goldwater Research 

Center [37]. It is a custom built system by Superior Vacuum Technology, Minneapolis, 

MN [38]. The system enables both Combined Ion and Molecular Beam Deposition (CIMD) 

with low energy ion beams, and conventional Molecular Beam Epitaxy (MBE) [39,40], 

This system is used for growing epitaxial films on Si substrates. The system is equipped 

for growing silicon (Si), germanium (Ge), and carbon (C) thin films on Si substrates. The 
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films can be doped with boron (B). The system is made up of the following major 

components: 

1. Three stainless steel ultra high vacuum chambers 

2. Gate valves 

3. Vacuum pumps 

4. Elemental sources 

5. Monitor Instruments 

6. Sample stage manipulator 

The three ultra high vacuum chambers are classified as - 1. Deposition or growth 

chamber, 2. Buffer chamber, and 3. Load lock. All the chambers are cormected and are 

only separated by gate valves. These chambers are pumped down by separate oil-free 

vacuum pumps. The growth chamber contains the different deposition sources, the sample 

stage, an in-situ molecular beam monitors, an in-situ Reflection High Energy Electron 

Diffraction system (RHEED), and an in-situ Residual Gas Analyzer (RGA). On the 

growth chamber, three viewports allow one to monitor activities inside the chamber. The 

background pressure in the deposition chamber is maintained at lO '" Torr. A schematic 

illustration of the growth chamber is shown in Figure 3.8 [41]. 

The load lock is a chamber of small volume, and it can be pumped down to 10 ® Torr in 

30 minutes. The buffer chamber has a small stage with a graphite heater capable of heating 

samples up to 1300°C. 

Different types of oil-free vacuum pumps are used in the CIMD system. These are: 

1. Sorption pump 

2. Ion pump 

3. Titanium sublimation pump 

4. Cryopump 
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Table 3.2 gives the general description of these pumps and the range of operations 

[42,43]. Each chamber of the CIMD system is pumped independently by separate pumps. 

Table 3.3 gives a brief summary of the pumping configurations used for different chambers 

in the CIMD system. 

The first step in attainment of UHV conditions from atmospheric pressure for the whole 

system is obtained by pumping to 10'^ Torr by four sorption pumps that are used 

sequentially. Then the chambers are isolated and pumped by the ion pump, Titanium 

sublimation pump, and cryopumps. Once the UHV conditions are reached, the buffer and 

growth chambers are kept under UHV until recharge of elemental sources or major repair 

of the system. Sample transfer between chambers is achieved using a horizontal magnetic 

transfer rod so that the growth chamber pressure increases to not more than lO"® Torr 

during sample transfer. 

When venting the chambers to atmosphere for recharging of elemental sources or major 

repair, the rigorous baking out procedures are carried out to ensure that the environment of 

the chambers is ultra clean. This is done with an aim to eliminate all the active gases such as 

HjO, Oj, CO, and COj as these tend to degrade the epitaxial quality of deposited films. 

Residual gases, especially water vapor, adsorbed on the chamber internal wall and 

components inside the chamber can be efficiently pumped out by baking the system, which 

involves raising the temperature. The typical baking temperature and time are 180°C and 5 

to 7 days. After the bake out, the base pressure is usually about lO '" Torr [44]. 

Three elemental sources: Si, Ge, and C, were used in this study. Each of these sources 

is located behind a fast action pneumatically actuated shutters capable of opening and 

closing with a nominal response time of 0.1 second. These shutters allow one to modulate 

the flux from the three beams rapidly, enabling the formation of sharp compositional 

interfaces. Si and Ge solid sources used in the CIMD system are both 99.999% pure 40 

cc. ingots with an upper surface diameter of 50 mm. Si and Ge molecular beams, which 
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contain a nominal fraction of ionized Si and Ge, are generated by electromagnetically 

focused electron beams. Model SFIH-270-2 evaporators manufactured by Temescal are 

used in this CIMD system. A model CV-14 power supply manufactured by Temescal is 

used as the power source for the evaporators. To obtain stable molecular beams, the power 

supply is regulated by a rate controller Sentinel lH. The electron filament is housed beneath 

the 40 cc. solid source charge within a focusing electrode structure. The emitted electron 

beam from the filament is deflected and focused onto the solid source charge by a 

combination of permanent magnets and electromagnets. This unique design not only 

generates Si and Ge molecular beams, but can also impact a fraction of the generated 

molecular beams leading to ionization. The key advantage of this design Is that 

contamination is eliminated by not locating the filament in the direct line between the source 

and substrate. Also, the localization of the melt during e-beam evaporation of a source has 

the major advantage that the evaporant is confined within an ideal solid Si or Ge crucible, 

minimizing contamination of the source due to contact with the hearth, which is made of Cu 

[44], 

C evaporation is achieved using the Model SVT-EBS-1 source made by Superior 

Vacuum Technology Inc. The source operates on the principle of electron beam heating of a 

solid high density pyrolithic graphite rod [44]. The rod is a 99.999% pure graphite. The 

graphite rod floats at a high voltage ranging between 1.5 to 3 kV. Accelerated electrons 

emitted from a power heated electron filament impact the graphite rod. This generates a C 

beam. Moreover, a sizeable fraction of evaporated C is ionized due to the direct interaction 

between the high energy electron beam and the evaporated C beam. The electron filament is 

normally operated at 10 A. The emission current from the filament is normally in the range 

of 40 to 70 mA. 

Each of the molecular beams is monitored by in-situ monitors, an Electron Impact 

Emission Spectroscopy (EES) sensor and a piezoelectric crystal sensor [45]. The 
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piezoelectric quartz resonator of the piezoelectric crystal sensor exhibits a shift in resonant 

frequency as layers of materials are deposited. This shift can be converted into a deposition 

rate. In the current CIMD system, the piezoelectric crystal sensor is only used to enable 

thickness calibration of elemental films. The advantage of the crystal sensor is its ease of 

calibration, and the disadvantage is its non-selectivity. 

The EIES sensor is used to measure the flux of each molecular species. Electrons 

emitted by a filament in the sensor interact with the molecular beam as it passes through the 

sampling window. The excited molecules emit photons, with a characteristic wavelength 

specific to a given species, to decay to their ground state. The sensor is able to measure the 

flux of each molecular species by using a selective filter specific to each molecular species. 

In the CIMD system, HIES sensors are used to monitor the rates of the two Si and Ge 

molecular beams. Photomultiplier Tubes (PMT's) are used to amplify the signals from the 

EIES sensors. The currents from PMT's are converted into voltages and sent to a control 

unit for processing. The desired molecular beam evaporation rate can be selected via the 

control unit. The control unit is able to compare the measured signal from PMT's with the 

desired beam rate, and adjust the power supply of the molecular beam source precisely to 

obtain the desired molecular beam evaporation rate. The in-situ beam monitor package for 

Si and Ge molecular beams in the system is a Model SENTINEL in controller made by the 

INFICON Co. The sensitivity of the controller is about 0.01 A/sec. for Si and Ge. The 

fluctuation of molecular beam evaporation rate is less than 0.1 A/sec. at the rate of 1 A/sec. 

The surface structure of a sample in the CIMD system is monitored by an in-situ 

analytical technique called Reflection High Energy Electron Diffraction (RHEED). A high 

energy electron beam is directed at the surface of a substrate at a grazing angle [46]. The 

diffraction pattem formed is characteristic of the surface since the incident electron 

momentum normal to the surface is very small. The diffraction patterns obtained can also 

yield useful information about surface morphology. The RHEED system used in the CIMD 
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system is a Perkin Elmer model 20-330 in which electrons can be accelerated to 10 kV with 

less than 2 V fluctuation over 8 hours operation. The angle of incidence of the electron 

beam ranges between 1-3°. The diffraction pattern is observed on a fluorescent screen, 

and recorded by a conventional camera. 

The sample stage, also known as sample manipulator, is a major component in the 

system. It consists of a 4 inch wafer holder, a 6 inch circular graphite heater, a 

thermocouple, a high voltage feedthrough, and a manual master shutter. It has three 

degrees of freedom of motion, which require a complex mechanical combination of UHV 

gears and external feedthrough for rotation, and sample loading and unloading. The 

rotation ensures a more uniform composition over the entire wafer. It can move up and 

down in the vertical direction (Z-axis) so that wafer loading and unloading can be achieved 

under vacuum environment. The whole stage can also tilt up to 90° in both anti-clockwise 

and clockwise directions. The graphite heater can uniformily heat a wafer upto 1300°C. 

The thermocouple is placed close to the wafer position, so that the wafer temperature can be 

measured accurately. A model 828D MICRISTAR controller is used to regulate the 

substrate temperature within 5°C at T < 850°C. The manual master shutter attached to the 

sample manipulator is able to interrupt all deposition beams so that composition of a film 

can be changed rapidly. The high voltage feedthrough allows one to apply up to 5 kV 

potential on a wafer. When ion beams are employed in deposition, their energies can thus 

be adjusted. 

3.2 .2  Rapid  Thermal  Chemical  Vapor  Depos i t ion  Reactor  

The Epsilon One reactor, produced by ASM Epitaxy and installed at Lawrence 

Semiconductor Research Laboratories (LSRL), is a rapid thermal chemical vapor 

deposition (RTCVD) tool [47]. It can be characterized as a single wafer expitaxial silicon 

reactor with automated cassette-to-cassette wafer handling, rapid thermal cycle, and high 
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deposition rate [48]. It is configured to process up to 200 mm. diameter wafers. A 

schematic view of the system is shown in Figure 3.9 [49]. The system includes two 

vacuum loadlocks connected to a reduced-pressure epitaxial deposition chamber by an 

wafer transfer chamber maintained at atmospheric pressure. 

The Epsilon One reactor processes a single silicon wafer at a time at atmospheric 

pressure in the radiantly heated, low profile horizontal deposition chamber as shown in 

Figure 3.10 (a) [48]. Wafer handling is automated as shown in Figure 3.10 (b) [48]. The 

wafer transfer arm moves wafers through a nitrogen purged transfer chamber, from either 

of two cassettes to the process chamber. The cassette entry port is load locked so that the 

wafer transfer and process chambers are not exposed to air during operation. The wafer is 

transferred from the loadlock to the process chamber by a fused quartz wand that uses the 

Bernoulli effect to lift the wafer from the front side [50]. The wand gas forms a thin layer 

separating the wand from the wafer. The wafer is loaded onto a SiC-coated graphite 

susceptor with an indentation slightly larger than the wafer diameter. The reactor chamber 

is sealed by a gate valve during processing. Process gas flow is introduced at the same end 

of the reactor as the wafer through a manifold that allows gas distribution to be tuned to 

adjust thickness uniformity. Process gas enters from the left in the figure, and makes a 

single pass over the rotating wafer and susceptor. Although gas velocity is high (0.5 to 1.5 

m/sec), the flow is laminar and free of recirculation [48]. Throughput is achieved by rapid 

heating and cooling, and by growing epi silicon at the unusually high rate of 5 pm/minute. 

Multiple lamp zones provide real time thermal profile control for uniform wafer heating 

[48]. The wafer and susceptor assembly is heated from both sides, above and below, by 

linear tungsten-halogen lamps backed by gold plated, water cooled reflectors [50]. The 

upper and lower lamp arrays are configured at right angles (90°) to each other, as illustrated 

in Figure 3.11 [49]. The top lamps are parallel to the direction of gas flow, and the bottom 



152 

lamps are perpendicular to gas flow. The lower lamp bank is supplemented by an array of 

four spotlight lamps that preferentially heat the center of the susceptor. Temperature 

measurement is by thermocouple to avoid the need for correction. The master temperature 

is measured by four thermocouples located in a stationary SiC-coated graphite ring around 

the susceptor and on the underside of the center of rotation of the susceptor. Because the 

wafer/susceptor combination is heated from both sides, the thermocouple and wafer 

temperatures are within a few degrees of each other. Power is distributed independently to 

the center, front, side, and rear lamp zones, based on the thermocouple output. 

The stainless steel gas delivery lines were checked for helium leaks after installation 

[50]. The nitrogen, hydrogen, and HCl sources were installed with Nanochem purifiers to 

reduce oxygen and moisture content to below 10 ppb. The , Nj, and HCl lines 

included 0.03-|i.m filters at the point of use. 

In summary, the Epsilon One wafer silicon epitaxial reactor marks a significant 

deparmre from the trend of the last twenty years toward larger batch reactors. The approach 

in the single wafer reactor is to achieve throughput by rapid heating and cooling, high 

deposition rate and automated wafer handling while depositing on a single wafer at a time. 

This permits epitaxial films to be grown on 200 mm. substrates with thickness uniformity 

to less than ±1.5% and resistivity uniform to less than ±4% within-wafer and wafer-to-

wafer. The epitaxial film is free of edge crown and typically has fewer than 10 defects and 

particles per 200 mm. wafer. Limited autodoping data shows autodoping to be comparable 

to a vertical epi reactor operated at reduced pressure [48]. 

3.2 .3  FSI  Excal ibur  Vapor  Phase  System 

Vapor phase surface preparation of the Si(lOO) wafers was carried out at FSI Corp., 

Chaska, Minnesota [51]. Anhydrous HF processing was effected with two EXCALIBUR* 

ISR Vapor Phase Processing Systems, shown in Figure 3.12, one equipped for processing 
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150 mm. diameter wafers and the other for processing 200 mm. diameter wafers [52, 53]. 

The vapor pressure of HF and water was determined by independently controlling the 

water and HF temperatures. A mass-controlled flow of anhydrous HF vapor was admitted 

into a controlled nitrogen flow. Independendy, a mass-controlled flow of nitrogen was 

passed over a water bath, producing a controlled flow of humid nitrogen. The vapor HF 

and moisture were subsequently introduced into the processing chamber. An etch process 

is complete within a few seconds, the vapors are purged from the process chamber, and 

subsequently an optional rinse process may be implemented. The rinse is a dynamic 

process - the wafer is ramped to approximately 1000 revolutions per minute (RPM) and a 

0.5 litre per minute (LPM) flow rinses the wafer. The wafer is subsequently dried under 

approximately 15 LPM flow of nitrogen. After the vapor HF etch, either of two rinse 

processes were employed; a water rinse or a newly developed proprietary rinse. Thus, 

three processes can be compared: an vapor HF etch, a vapor HF etch with a water rinse, 

and a vapor HF etch with a proprietary rinse. 

3.2 .4  Analyt ica l  Instruments  For  Sample  Analys i s  

The surface of the sample was analyzed at different steps of chemical treatment to 

determine - I. the chemical nature of the substrate surface, 2. the contaminant levels, and 3. 

topography. A variety of analytical instruments were used in this present study to analyze 

the Si(lOO) surfaces with and without chemical treatment. Some of the techniques were 

used to understand the quality of the epitaxial and oxide films grown on the H-passivated 

samples. A list of techniques and their purpose as related to the present study is given in 

Table 3.4. 

The contaminant levels were measured by Ion Beam Techniques, whereas, the chemical 

composition of the surface was found by using a Fourier Transform Infrared Spectroscopy 

instrument equipped with Attenuated Total Reflection accessory [54, 55]. The topography 
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and surface roughness were determined by an Atomic Force Microscope (AFM). AI^ is 

done in a Tapping mode by using Dimension 3000 instrument manufactured by Digital 

Instruments [56]. More details related to AFM are given in Chapter 5. The substrates, 

before and after epitaxial growth, were examined under a bright light for haze and particles 

[57]. A optical microscope manufactured by Nikon in a Nomarski mode was also used to 

determine the point defects and major stacking faults [58]. The residual contaminants at the 

epitaxial film and substrate interface were found by probing with a Secondary Ion Mass 

Spectroscopy (SIMS) instrument [59]. The stacking faults in the film were visually found 

by etching the samples with an chemical solution and studying it under a microscope [60]. 

Ion Beam Analysis (IBA) and Secondary Ion Mass Spectroscopy (SIMS) are reviewed in 

Chapter 4. Other techniques are discussed in Chapter 5. 

3.3  Exper imenta l  Procedure  

The details of the samples used in this study are given in this section. The main 

objective of this research study was to understand the characteristics of H-passivation of 

Si(lOO) surfaces. To achieve this goal, different types of samples were generated in this 

study. Samples of different sizes were prepared for use with different analytical techniques. 

Samples were H-passivated by different conditions to figure out the best passivation 

parameters. The effects of H-passivation on epitaxial and oxide growth were also 

addressed in this study. 

3.3 .1  Sample  Preparat ion  

In this study two types of samples were used. They were either in the form of wafers 

or cut pieces. Full wafers were mainly used for FTIR studies and for epitaxial growth. 

Approximately 1 square inch pieces were used for Ion Beam Analysis and Atomic Force 

Microscope studies. The wafers were cut into approximately 1 square inch pieces using a 
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diamond scribe according to the pattern shown in Figure 3.13. This action was taken 

because IBA requires 0.5 square inch pieces at the IBeAM facility and also to avoid waste 

of Si wafers. Refer to Chapter 4 for more details on DBA. Atomic Force Microscopy can be 

done on any size pieces up to 8 inch diameter [56]. Sample numbers were scribed on the 

backside of the wafers using a graphite scribe before chemical treatment. The sample 

number had the location number as shown in the Figure 3.13. Sample preparation was 

carried out in the chemical laminar hood located in the clean room [61]. The pieces were 

transferred between chemical solutions during processing using a teflon carrier that could 

hold nine 1 square inch pieces [62]. IBA was done on 0.5 square inch pieces and whereas, 

TMAFM analysis was done on 1 square inch pieces. 

3.3 .2  Surface  Preparat ion  Technique  

Surface preparation of virgin silicon wafers is very critical for further processing of 

silicon wafers succesfiilly. Especially, processes such as epitaxial growth and oxidation are 

very much dependent on the wafer surface condition. Two types of surface preparation 

techniques were used in this study - Liquid Phase and Vapor Phase. Keeping in mind that 

the main objective of this research was the study of H-passivation of Si<100> surfaces, the 

chemical processes used to achieve H-passivation are discussed in Chapter 6. The role of 

H-passivation is to assist in epitaxial growth at temperatures lower than 800°C [63]. 

3.3.3 Epitaxial Growth by RTCVD 

Homoepitaxial Si films were grown on H-passivated Si(lOO) samples in the RTCVD 

reactor. The reactor is described in section 3.2.2. The passivation and epitaxial growth 

conditions are given in Chapter 8. The main goal of this experiment was to understand the 

effect of H-passivation on epitaxial growth. Epitaxial films were analyzed by IBA 

techniques to determine the quality of the films with respect to crystalline nature and 
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presence of impurities on the surface, in the film, and at the epitaxy/substrate interface [64]. 

Films were characterized by optical and chemical etching techniques to locate the defect 

formations such as point defects and stacking faults [57, 58]. Surface topography was 

measured by TMAFM. Particles and defects were measured by Particle/Defect counter 

[65]. The results of this experiment are summarized and discussed in Chapter 8. 

3.3 .4  Rapid  Thermal  Oxidat ion  of  Si ( lOO) 

The effects of passivation of Si(lOO) surfaces on oxidation are given in Chapter 7. The 

Si(lOO) samples were oxidized in the Rapid Thermal Oxidation (RTO) chamber [66]. The 

thickness of oxide films was measured by Ellipsometry and Capacitance-Voltage (C-V) 

measurements [67]. C-V measurements were also used for determining electrical 

parameters and impurity concentrations. The refractive index was measured by 

Ellipsometry [67]. Oxide areal density and stoichiometry were evaluated by IB A 

techniques. The roughness of the oxide films was measured by TMAFM [68]. 

3.3 .5  Mater ia l s  Analys i s  

Polymers were used in this study as standards for H measurement by Elastic Recoil 

Detection (ERD). ERD is a form of IB A technique where the H atoms present in a sample 

are forward scattered by He^"^ ions and are measured by a solid state barrier (SSB) detector. 

But this technique requires a standard with known H content. The H content in the standard 

were usually measured by other analytical techniques. The use of standard leads to 

reporting the H concentration in the sample as a fraction of H concentration in the standard. 

Chapter 4 gives a review of the ERD technique. Both polymer films on Si(lOO) surfaces 

and bulk polymers were used in this study. These materials were analyzed by IBA 

techniques to determine the radiation resistance as well as the correlation of H to either C or 
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O atoms [69]. The correlation leads to converting the fracture of H into an areal density 

rather than fraction. The details of this study are given in Chapter 9. 
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Table 3.1 Key properties of Si( 100) wafers used in the present study. 

Wafer 
Information W66B00 

Wafer Device Name 

WS4H0P 6SMP 3060 

Manufacturer Motorola Inc. Motorola Inc. Wacker 
Chemitronic 

GMBH 

Type P P P 

Dopant Boron (B) Boron (B) Boron (B) 

Growth Technique Czochralski Czochralski Czochralski 

Thickness (|ini.) 525 ± 25 525 ± 25 525 ± 25 

Resistivity (Q cm.) 14 to 22 14 to 22 14 to 22 

Orientation <100> <100> <100> 

Diameter (mm.) 100 100 100 

Polished Front Side Front Side Front Side 
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Figure 3.1 Schematic illustration of the Ion Beam Analysis of Materials (IBeAM) facility and class 100 clean room located at 
Goldwater Research Center, Arizona State University, Tempe, AZ [10]. 
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Table 3.2 Characteristics of the vacuum pumps used in the CIMD system. 

PUMP DESCRIPTION RANGE (Torr) 

Sorption • Operates on the principle of physical 
adsorption of gases on the surfaces of 
molecular sieves cooled by immersion 
in a dewer of liquid nitrogen. 

• Adsorbed gas on the surface of 
molecular sieves can be desorbed by 
warming the molecular sieves to room 
temperamre. 

Atmosphere to 10'^ 
Torr 

Ion Pump • Electrons are emitted from a cathode 
and collide with gas molecules forming 
ions. 

• Created positive ions in turn bombard 
the cathode and sputter metal atoms. 

• Metal atoms form stable compounds 
with the chemically active gas 
molecules. 

• Pumping speed depends on chemical 
nature and reactivity of gases. 

• Nitrogen, oxygen, carbon monoxide, 
and carbon dioxide are pumped 
efficiently. 

5x 10"^ to 10 " 
Torr 

Titanium 
Sublimation 

• Used in conjunction with the ion pump 
to help pump large loads of reactive 
gases such as hydrogen. 

• Titanium films are evaporated on the 
internal surface of the ion pump using 
resistance-heated titanium alloy 
filaments to renew the reactivity of the 
pump surface. 

• Titanium film reacts with chemically 
active gases, and absorb these gases. 

5 X 10-5 to 10"" 
Torr 

Cryopumps • Consists of two major components -
cold head and a vacuum vessel. 

• Vacuum vessel has an 80K condensing 
array, a 15 K condensing array, a 15 K 
cryo-absorbing array, and a radiation 
shield. 

• Cold head provides the cooling to the 
three arrays. Head and arrays are 
interconnected. 

• Gases are pumped by either cry-
condensing or cry-adsorbing them on 
the cryogenically-cooled arrays. 

• A charcoal absorption head ensures 
efficient hydrogen pumping. 

10"^ to 10 " Torr 
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Table 3.3 Pumping configuration used with different chambers in CIMD system. 

CHAMBER PUMPING CONnGURATION PUMPING CAPACITY 

Growth • Equipped with a Boostivac ion pump 
and a CT-8 cryopump. 

• Boostivac pump is manufactured by 
Perkin-Elmer Corp. and consists of an 
ion pump, a titanium sublimation pump 
(TSP), and a cryoshroud. 

• CT-8 cryopump is manufacmred by 
CTI-Cryogenics Corp. 

• Base pressure can reach 10' Torr 
before baking out the system. 

• Boostivac pump is 1000 
liters/second. 

• CT-8 cryopump can 
condense gases up to 
1000 liters. 

Buffer • Equipped with CT-8 cryopump. 

• Vacuum pressure is 10"' Torr. 

• CT-8 cryopump can 
condense gases up to 
1000 liters. 

Load Lock • Pumped with CT-100 cryopump. 
• Vacuum pressure is 10'® Torr. 

• CT-100 cryopump has a 
capacity to condense 90 
liters of gases. 
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Wafer Handling 
Ctiambar 

Figure 3.9 Schematic illustration of Epsilon One RTCVD reactor manufactured by ASM 
Epitaxy and installed at Lawrence Semiconductor Research Laboratories, 
Tempe, AZ. 
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Figure 3.10 Illustration showing (a) schematic cross section of process chamber and 
(b) automated wafer handling. 
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LJ I I l_J 
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Figure 3.11 Schematic illustration of reactor lamps, susceptor, and gas flow in the 
RTCVD reactor. 
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Figure 3.12 Flow schematic of a standard EXCALIBUR ISR vapor phase processing 
platform. EXCALIBUR is trade mark of FSI International, Chaska, MN. 
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Table 3.4 Summary of the analytical techniques used in the present study. 

TECHNIQUE PURPOSE LOCATION 

Ion Beam Analysis 
(ffiA) 

• Detection of surface carbon, oxygen, 
and hydrogen impurities. 

• Measurement of disordered Si atoms in 
the Si(lOO) substrate and Si epitaxial 
film grown on Si(lOO) surfaces. 

• Determination of the crystalline nature 
of Si(lOO) substrate and Si epitaxial film 
grown on Si(lOO) surfaces. 

• Determination of areal density and 
stoichiometry of the oxide films grown 
on Si(lOO) surfaces. 

Arizona State 
University 

Tempe, AZ. 

Tapping Mode 
Atomic Force 
Microscope 
(TMAFM) 

• Understanding of surface topography 
and morphology of Si(lOO) with and 
without chemicd treatment. 

• Understanding of surface topography 
and morphology of epitaxial and oxide 
films grown on Si(lOO) surfaces. 

Lawrence 
Semiconductor 

Research 
Laboratories 
Tempe, AZ. 

Fourier Transform 
Infrared 

Spectroscopy 
(FTIR) 

• Determine the chemical composition on 
the Si(lOO) surfaces. 

• Quantification of the amount of 
chemical compounds found. 

SEMATECH 
Austin, TX. 

Secondary Ion Mass 
Spectroscopy 

(SIMS) 

• Determine the concentrations of carbon, 
oxygen, and fluorine at the interface of 
Si epitaxial film and Si(lOO) substrate. 

SEMATECH 
Austin, TX. 

Particle/Defect 
Counter 

• Measurement of particles and defects on 
the surface of Si(IOO) wafers with and 
without chemical treatment. 

• Measurement of particles and defects on 
the Si epitaxial films grown on Si(lOO) 
wafers. 

Lawrence 
Semiconductor 

Research 
Laboratories 
Tempe, AZ. 

Dark Box/Bright 
Light and Optical 

Microscope 
Configuration 

• Point defects identification in Si 
epitaxial films grown on Si(lOO). 

• Haze visualization on Si epitaxid films 
grown on Si(lOO). 

Lawrence 
Semiconductor 

Research 
Laboratories 
Tempe, AZ. 

Chemical Etching • Point defects and stacking faults 
identification in Si epitaxial films grown 
on Si(lOO). 

SEMATECH 
Austin, TX. 
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Figure 3.13 Schematic illustration of the wafer cutting pattern used in this study for 
generating samples. 
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CHAPTER 4 

ION BEAM ANALYSIS OF SILICON (100) SURFACES 

An overview of ion beam techniques (IBA) is given in this chapter. Its specific 

application in this thesis to surface analysis of Si(lOO) and interfacial analysis of Si on 

Si(lOO) epitaxial films is discussed. Hence EBA is focused on determining the surface 

coverage of unregistered Si, C, O, and H atoms on Si(lOO) surfaces by Rutherford 

Backscattering Spectroscopy (RBS) and Forward Recoil Elastic Spectroscopy (FRES). 

FRES is also referred to as Elastics Recoil Detection (ERD). RBS is also used for 

determining the epitaxial quality and the oxide density of thermal oxide films grown on 

Si(lOO) surfaces after different cleaning procedures of the surface. Secondary Ion Mass 

Spectrometry (SIMS) is used to measure the amounts of impurities, mainly C, O, H, and 

F, at the interface between Si epitaxial films and Si(lOO) substrate. The purpose being to 

compare the impurities at the interface with the initial amounts found after cleaning. In the 

discussion of surface analysis of Si(lOO), a review of an Excel spreadsheet used for 

calculating the concentrations is given. The arguments and equations given in this section, 

with minor changes, also apply to the analysis of Si on Si epitaxial films and thermal oxide 

films grown on Si(IOO) surfaces that are discussed in the later chapters. 

In RBS, the composition as a function of depth for a sample is measured via the energy 

loss along the inward and outward paths of the backscattered incident MeV He ions [1]. 

Whereas, FRES works on the principle of detecting forward scattered Ughter elements of 

interest in the sample by the incident MeV heavier ions. For hydrogen detection, He ions 

can be used. The composition by SIMS is measured via the yield of sputtered atoms, 

generally the ionized species, obtained from the sample by bombarding the surface with 

low energy (0.5-20 keV) heavy ions, such as 0* or Ar* [2]. In brief, RBS and FRES take 

advantage of the energy loss of the incident ions or lighter target atoms, and SIMS utilizes 
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the sputtered atoms from the sample [2]. Thus, making SIMS a destructive technique while 

RBS and FRES are not. Comparison of these techniques is illustrated in the Figure 4.1. 

4 .1  Basic  Concepts  of  RBS and FRES 

IB A via the use of MeV He""^ ions provides a standardless, non-destructive means for 

accurately quantifying the composition of different material surfaces and the thickness of 

thin films [1,3,4]. Our focus is to apply IBA to the elemental analysis of Si(lOO) surfaces. 

To characterize these surfaces, samples are bombarded with ions (He'"*" in this work) in the 

2 - 4.5 MeV energy range [5]. Elements heavier than He cause a small fraction of the 

incident ions to backscatter due to nuclear collisions, which are Coulombic in nature [4]. 

Briefly, a solid state detector positioned 170° from die incident beam direction detects a 

fraction of the backscattered ions defined by the solid angle of collection. A schematic of 

the backscattered geometry is shown in Figure 4.2. Using relationships establishing the 

probability of scattering and the energy at which scattering occurs, the surface and/or film 

composition can be determined. Ion scattering detects the number of atoms of each element 

within the film and does not give information about their distribution, but energy loss does 

as mentioned earlier [5]. 

In this study, three complementary ion backscattering techniques are used to 

characterize Si(lOO) surfaces. RBS can determine composition and amounts of elements 

heavier than He, FRES can determine hydrogen content, and Resonance-enhanced RBS, 

also known as Nuclear Resonance Analysis (NRA), can quantify small amounts of light 

elements, e.g. carbon, and oxygen, by choosing a particular incident beam energy resulting 

in excitation of the light element nucleus [6]. At this resonance energy, the scattering cross 

section greatly increases, improving elemental sensitivity. 
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In the following section, the analysis of ion scattering spectra is described. First, the 

general features of backscattering spectra as a function of chemical species and film 

thickness is given, describing the relationship between signal area, position, width, height 

and composition. The concept of the scattering cross section is shown to establish the 

principle behind quantitative compositional analysis. Then, forward scattering is considered 

for hydrogen quantification. Lastly, NRA is reviewed and applied it to the quantification of 

residual carbon and oxygen on Si(lOO) surfaces. Atomic number and atomic mass of the 

elements of interest referred to in the discussions to follow are given in Table 4.1. These 

values are used in the calculation of the tables and the corresponding plots that are shown 

later in the chapter. 

4.1 .1  Analysis  of  Backscattering Spectra 

Highly accurate, standardless elemental quantification can be obtained by ion beam 

analysis providing one can isolate elemental backscattered signals [4,6]. The integrated 

signal area is known as the yield, V, and the yield due to a particular element i is given by: 

(4.1) 
COS0, 

where Q is the incident ion fluence, or the number of ions impinging upon the sample, Q 

is the detector solid angle, andcr, is the scattering cross section for element i, a function of 

the incident beam energy and the scattered angle©. {Nt). is the areal density (atoms/cm^) 

of element!, equal to the product of the mole fractionX, with the atomic density N 

(atoms/cm^) and the film thickness f. The angle between the sample normal and the 
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incident beam is0,, the factor l/cos0, arises due to the effective increase in thickness due 

to the tilting of the sample with respect to the analyzing beam. 

The kinematics of scattering are determined by the energy and momentum conversation 

of a two-body collision [4]. The scattered particle energy simply scales with the incident 

energy by a factor The subscript "b" denotes backscattering. refered to as the 

"Kinematic Factor" is given by: 

In this equation, is the backscattered ion energy, whereas, m and M refer to the incident 

and sample atom masses, respectively. The scattering angle 0 is the angle of the scattered 

ion trajectory with respect to the incident beam direction. Note that reaches its minimum 

at a scattering angle of 180° and is given by an easy to use expression: 

A plot of the kinematic factor values for hydrogen and helium as a function of the 

atomic weight of the target atoms is given in Figure 4.3. The corresponding tables are 

given in Appendices B1 and B2. 

Equation 4.2 determines the position of the high energy edge of the backscattered signal 

for a given element and provides the principle behind element identification via 

backscattering spectromeOy. One of the advantages of backscattering spectrometry is that 

the spectrum can be interpreted rather easily. Figure 4.4 is a demonstration of the 

(4.2) 

K f ,  +  (4.3) 
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translation of concentration profiles to signals in a backscattering spectrum with the 

elemental positions for m and M [4]. For backscattering spectrometry, the masses of the 

two elements and their atomic numbers are highly significant. As such, the spectra is 

characterized by the element masses, rather than by their chemical symbols [1-4]. In Figure 

4.4, it is assumed that the two elements are present in the film in the same proportion, i.e., 

the atomic concentrations of both elements are the same. The atomic concentration versus 

depth given in Figure 4.4(b) translates into the corresponding backscattering spectrum of 

Figure 4.4(c) as follows [4]: 

1. The rule for the translation of the abscissas is heavy masses go to high energies 

and light masses to low energies. 

2. The rule for the translation of the ordinates is high atomic numbers give high 

yield and low atomic numbers give low yields. 

In effect, these two rules amount to saying that each element has its own coordinate 

system in the backscattering spectrum. The power of backscattering spectrometry now 

resides in the fact that the two translations just described can be formulated in quantitative 

terms. For the x-axis of the backscattering spectrum, kinematic factor, K^, states the exact 

position of the high-energy or leading edge signal of an element of any given mass [1-4]. 

In Figure 4.4, the leading edge are indicated by arrows marked M and m. The location of 

the high-energy edges are indicated by the length of the arrows labeled K^Eq and K^Eg 

below the energy axis of the spectrum shown in Figure 4.4(c). In very similar fashion, the 

scattering cross section a gives the scaling factor for the yield axis of different elements. 

The relative concentration ratio of two elements transforms into relative yields by a ratio 

given essentially by the cross section of the elements or by (Z'z)^ [1-4]. A detailed 

discussion of scattering cross section is given in Section 4.1.2. 
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To summarize, it can be said that there is a coordinate system for each mass in the 

target, plotting the atomic concentration of that mass as a function of increasing depth 

below the surface of the sample on which the analyzing beam impinges [4], Each profile is 

reproduced independently of the other in the backscattering spectrum and generates the 

signal of that mass [2,4]. The final backscattering spectrum is a linear superposition of 

these signals. When a concentration profile varies with depth, the height of a signal will 

vary accordingly. This means that a backscattering spectrum actually constitutes an image 

of the distribution with depth of the various elements in the sample [4]. Each type of atom 

of a particular mass is displayed individually. The signal of each has an accurately defined 

position on the energy scale, which corresponds to the sample surface as a reference point 

[1-4,6]. 

One result of Eqn. 4.2 is that the mass resolution is highest as 0 —> 180° and decreases 

as the masses of different sample atoms greatly exceed m. Hence, it can be concluded that 

1. A 0 close to 180° is a better choice for mass resolution as done in this study. 

2. mass resolution is best for light masses, which is quite useful for the present 

contamination study. 

The mass uncertainty, AM, is obtained by taking the derivative of Eqn. 4.2, and is 

expressed as 

AM = (A£/£„)MY[m(4 - S^)] (4.4) 

where 5 = k — 6. 

By way of example, for an energy resolution A£ = 20 keV with a 2 MeV He^"^ 

backscattering at 0 = 170°, isotopic resolution (AM = 1) is possible up to M = 40, i.e. 
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Ca. At M = 200, however, AM = 25, and therefore one cannot distinguish heavier 

elements using ion backscattering at these energies, for example, W firom Pb. 

It is important to recognize that only atoms on the film surface scatter with an energy 

of . Atoms below the surface encounter ions at lower energies than £„ as the incident 

beam loses energy as it enters the sample, a phenomenon which provides the basis for ion 

depth profiling. This energy loss occurs primarily via inelastic interactions with electrons in 

the film. In other words, electronic clouds act as a friction force. Hence, the amount of 

energy loss is simply proportional to the distance traveled in the sample. The ions lose 

energy as they travel through the film at a valedE/dx, such that the beam energy £,, after 

penetrating to a thickness r at a tilt angle of0,, is expressed as 

t / COS d) 

£, =E„- \{dEldx)dx (4.5) 
0 

Typically, the energy loss is obtained in density-independent units, thereby eliminating 

the requirement that the actual density be known. The energy loss is then normalized to the 

areal density Nt rather than the film thickness r; i.e. 

dEld{Nt) = {\IN) dEldx = e (4.6) 

with £ defined as the stopping cross section. Since £ is usually a weak function of the beam 

energy E, we can take its value at some convenient energy in very thin films. For 

contamination at the surface of a sample, or native oxides, by taking the energy of the beam 

at the surface. This simply is called the surface energy approximation [4]. Upon 

integration, the energy lost on the inward trek of the ion is 
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A£, =£„ — £,= eNt/cosO^ (4.7) 

where, the subscript" 1" refers to the inward path. 

In the surface energy approximation, the value ofe is taken as its value at the surface, 

i.e., £ = e(E„). The stopping cross section strongly depends upon the elements in the 

target. In a compound target, an empirical rule known as "Bragg's mle" estimates the total 

stopping cross section as the weighted sum of elemental contributions. The empirical Bragg 

rule is given by 

where theZ, are the elemental mole fractions and thee,, are the elemental stopping cross 

sections. 

After scattering, energy is lost via electronic stopping on the outward trek of the ion. 

Immediately before the collision at thickness t, the ion has an energy ; after collision the 

ion energy is equal to K^E, from Eqn. 4.2. The scattered ion then travels toward the 

detector along a path at some angle 02 with respect to the sample normal (the subscript "2" 

refers to the outward path of the scattered ions) and is detected at an energy E^. The energy 

loss of the scattered ion is 

£ = J^X.e, (4.8) 

AEj = K ^ E ,  - E j =  eA/ir/cos02 (4.9) 
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Using the surface energy approximation, we take fore its value at the film surface. 

Since scattered ions have an energy of we take £ = e[Ki,E^). Thus, the total energy 

loss for a film of density N and thickness t is: 

AE = Nt 
K,e{E,) ^ e(/C,Ej 

COS 9, cos 02 
(4.10) 

AE is the energy lost by one ion, from its initial energy to the energy E as it emerges 

from the sample after scattering from an atom at depth t. For a film of thickness t, Eqn. 

4.10 gives the backscattered signal width of a particular element. The bracketed term on the 

right side of Eqn. 4.10 appears quite often, such that it has been given the notation [e]. and 

is called the stopping factor for a particular element in the film of interest. 

Figure 4.5 illustrates the dependence of the stopping cross section factor, e, on the 

incident energy of the impinging atom. In this particular case, the values are calculated for 

•'He^'^ incident ions when colliding with silicon, oxygen, nitrogen, germanium, and carbon. 

Figures 4.6 thru 4.8 demonstrate the relationship between the stopping factor of ions 

with respect to the incident energy, and the sample tilt angle at which the RBS 

measurements were done. The plots were constructed for carbon, oxygen, and silicon as 

target atoms, with the sample tilt angles of 0°, 45° and 54.75°. The relevant data 

corresponding to these plots are given in Appendices B3 through BIS, as these were the 

elements and sample tilt angles used in this study. 

The channel width A of the multichannel analyzer determines the signal height 

When elemental signals overlap, one can try to analyze signal height rather than area. The 

signal height is given in a fashion similar to Eqn. 4.1 for the area (yield) except that we 
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replace {Nt). (the number of atoms of typez) with {Nr). (the number of atoms which 

scatter ions into one channel) using the notation from Chu et.al. [4,6]. {NT). equals A 

divided by the corresponding stopping factor [e]. times the atomic fraction X,.. Applying 

this consideration: 

(4.11, 
[£].COS0, 

If one multiplies the signal height//,, according to Eqn. 4.11 by the signal width AE 

given by Eqn. 4.10, one obtains the integrated signal areal^ given by Eqn. 4.1, with 

Xf{Nt) = {Nt).. Either die height or, where possible, the area of the signal may be used to 

determine the composition. It will shown in the experimental Chapters 6 through 9 that 

while height provides an acceptable measure of composition, when possible, area should 

be used because it provides a better accuracy. The width provides information about the 

film thickness. 

4.1 .2  Cross  Sect ion for  Backscattering and Composit ion Determination 

The cross section cr is the probability of a single scattering event occurring. From Eqn. 

4.1,(7 is the number of detected scattering events, within a solid angle Q, after 

{Nt)./cos^^ atoms undergo bombardment with a dose Q of ions. This concept is 

demonstrated in Figure 4.9. For scattering due to the Coulombic interaction between the 

incident ion and atoms in the film, cr is a function of the incident beam energy E, die 

scattering angle 0, and the masses (m,Af) and atomic numbers (z,Z) of the incident and 

target atoms, respectively, according to: 
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a = 
AE 

1 -
m sin 6 

M-

t2 

+ COS0 

sin'^0 
1 -

m sin 6 
(4.12) 

Typical values for ex at 2 MeV are of the order = 10'^'* cmVsr. Typically, A/» m, 

whereupon the expression for cr, Eqn. 12, reduces to 

C7 = (zZe74E)%in^(0/2) (4.13) 

this is > 95% accurate for atoms heavier than Ne. To extract the composition, one 

substitutes Eqn. 4.12 into Eqn. 4.1. With M » m, one takes the yield ratio of two 

elements, and the energy and angular dependencies cancel to give the composition ratio 

with Xj being the atomic fraction of element i, Eqn. 4.14. 

^2 
(4.14) 

The full form of (J given by Eqn. 4.12 will only be necessary for light elements. For 

oxygen in Si( 100), this will constitute a correction of the order of 10 - 20% to Eqn. 4.14. 

If the signal areas overlap, one may, where possible, use background subtraction to 

isolate the signal of interest. This is typically the case for the signals from low mass 

elements in the film with higher mass elements in the substrate. Kinematics require that the 

signals from low masses be detected at lower energies. However, energy loss widens the 
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substrate signal, extending it to these lower energies, such that it overlaps other signals 

corresponding to lighter elements. 

If the entire signal area overlaps with other signals, one may instead choose the signal 

height at the surface, always taken at the front energy edge of the signal provided there is 

no overlap, to determine the relative amounts of two elements within the sample. In this 

work, as illustrated in Figure 4.10, the surface height were always obtained as the 

intersection between a fit in the first 20 channels of the substrate signal, and a linear 

interpolation between 12% and 88% of the leading edge of the signal to take into account 

the convolution of the signal with the resolution of the system. This compensates for the 

rounding off of a square signal by a complementary error function signal distortion. The 

composition is related to the ratio of the elemental signal heights according to: 

where we have again assumed that Af » m in substituting for the cross sections. The area 

is clearly the more desirable quantity in calculating composition due to better statistics and 

also because the area does not depend on the stopping cross section, which is not known 

until the composition is known. However, in many cases the signal height is more readily 

extracted from backscattering spectra than the yield, especially for those of thicker samples. 

In cases such as these, one uses Eqn. 4.15 and solves for the composition iteratively. In 

the first iteration, one assumes that [e],/[e]2 = 1, which is usually valid to within 5 - 10%. 

Then, after determining the composition using Eqn. 4.15, one recalculates the [e],. using 

Bragg's law and iterates until the desired level of convergence is reached. 
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The dependence of the differential scattering cross section (a) and average differential 

scattering cross section (5a/5Q) on the incident energy of the impinging ions for 

carbon, oxygen, and silicon target atoms is given in Figure 4.11, and the values are listed 

in Appendices B14 and B15. 

4.1 .3  Forward Scattering and Hydrogen Quanti f icat ion 

For forward recoil elastic spectrometry (FRES), also known as elastic recoil detection 

(ERD), instead of detecting backscattering ions, the recoiling atoms (mass M and atomic 

number Z) are detected [7]. Only for M < m will a net energy transfer occur in the forward 

direction. The signal yield and signal height equations (Eqns. 4.1 and 4.11) also 

apply to tiie case of forward scattering. One difference, however, is how one isolates the 

forward scattered signal. Take, for example, the case of an incident He^^ beam and a 

hydrogen-containing sample. The recoiling signal will be superimposed on He^^ which 

forward scatters from elements heavier tiian helium. The detection system cannot 

distinguish between and He^"^, so one must filter scattered He^^ ions to isolate recoiling 

H"^. This is accomplished by placing a Mylar foil ~ 21 p.m in thickness between the sample 

and the detector, which is thick enough to filter out all scattered He^^ ions for incident beam 

energies up to -2.5-3 MeV. Only the recoiling penetrates the foil and emerges at a 

reduced energy than is expected via scattering kinematics alone due to the occurrence of 

energy loss in the foil. This can be easily accounted for when need in analysis, as described 

in Section 4.2.4. 

Immediately after undergoing a collision, the recoiling nuclei possess an energy which 

scales with£„ by a proportionality factor(where the subscript "/" denotes forward 

scattering) which is given by: 
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(4.16) 

where is the energy of the forward-scattered, or recoiling, target nucleus, andO is the 

angle at which the recoiling nucleus exits the sample, relative to the incident beam direction. 

One typically mounts the detector at 0 = 150° with respect to the incident beam direction, 

resulting in a recoil angle <I) = 30°. The geometry used in ERD is shown in Figure 4.12. 

The sample is usually tilted by 75°, with respect to the sample normal, to facilitate forward 

scattering as well as to enhance sensitivity, via the l/cos0, term, to hydrogen. 

The position of the signal must take into account the energy loss through the foil. The 

front edge of the recoil signal = KfE^ where A£^^,is the energy loss through 

the Mylar foil of initially at energy Ar^£"„. The calculation of energy loss in the film is 

slightly more complex than that for backscattering given above. The inward energy loss 

term is identical, but the outward energy loss term must be altered because the outward ion 

is H"^. The stopping cross section factor [e ] for incident He^^ and recoiling is given by: 

where the subscripts on the stopping cross sections e correspond to which ion is losing 

energy. The subscripts on the angle 6 corresponds to the incoming portion, represented by 

1, and the outcoming portion, represented by 2, of the ion trajectory. For the geometry 

2 

(4.17) 



190 

used in forward scattering and shown in Figure 4.13, 0, = 75° and 0, = 90° — 0/2 = 75°, 

dius l/cos0, = l/cos02 = l/sin(0/2). Correspondingly, the back edge of the signal Eff^ is 

equal to KfE^ - \e where the energy loss of initially at an energy 

- [e ]M through the mylar foil. The width of the H signal is 

E m  ~  E f f 2  = ~  ~  ^ 

The term in parentheses is considerably smaller than the term due to energy loss in the 

sample itself, and to a first approximation it may be ignored. 

Since the yield is highly sensitive to the exact tilt and detector angles, it is conmion 

practice in forward scattering experiments to run a standard for every experimental setup 

rather than calculate the cross section, as is common in backscattering. The areal density of 

H in the samples with respect to standard is then given by: 

( 4 1 9 )  
s tan dard 

which holds as long as the fluence, incident beam energy, the tilt angle, and the scattering 

angle are identical for both the standard and the sample spectra. 

4.1 .4  Resonant  Scattering 

Quantitative detection of small amounts of light elements can be performed using 

nuclear resonance. In this process, the experimental geometry is identical to that of RBS in 

that alpha particles impinge on the sample and are detected after scattering. Instead of 
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undergoing a Coulombic interaction, however, the incident ion nucleus briefly resonates 

with the target nucleus, and the kinetic energy of the ion excites this "compound" nucleus 

to a higher energy level. The compound nucleus rapidly returns to its initial energy level, 

whereupon the alpha particle is re-emitted with a reduced energy due to kinematic transfer 

to the target atom [8]. 

The signal position on a backscattering spectrum is unchanged, since the kinematics are 

identical to those of RBS, but the cross section a is enhanced relative to the expected value 

given by Eqn. 4.12. Carbon at 4.265 MeV exhibits an enhancement factor of ~I28, and 

this sensitivity increases in direct proportion by two orders of magnitude [9]. The 

'^C(a,a)'^C resonance, as it is known, has a fairly narrow energy width, the full width at 

half maximum (FWHM) as reported in literature is 55 keV [8].CT V S . E  for carbon is 

plotted in Figure 4.11 and tabulated in Appendix B14. 

The yield equation (Eqn. 4.1) may not be used as it is, since the cross section a rapidly 

varies as the beam penetrates the film. An ultra-thin section, dx, of the film does encounter 

a beam of fixed energy E, and so we write a differential form of Eqn. 4.1, 

dY. = QQNOidx (4.20) 

The 1/COS0, factor is implicit and appears upon integration over the effective film 

thickness. In order to integrate, we use the fact that Ndx = {XJe)dE, thereby transforming 

from a thickness to an energy integral. In so doing, we incorporate the energy dependence 

of <T. 
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(4.21, 

where we define the energy integral, /, as: 

/= \adE (4.22) 
E„ -eNt/cos 0, 

The integral is over the energy range of the film. A similar type of analysis was shown 

previously to accurately quantify oxygen in TiOi and nitrogen in TiN [ 10,11]. Note that 

ifcT is approximately constant, Eqn. 4.21 reduces to the expected yield given by Eqn. 4.1. 

This integral may be calculated from cross section tables, using the appropriate accelerator 

geometry. We take care of centering the resonance at the surface of the sample by adjusting 

the energy of the beam Eg at exactly the maximum of the resonance. The good 

reproducibility of the measurements shown in Chapter 6 for both O and C in channeling 

and random demonstrate this centering to be an effective methodology. We have assumed a 

constant mole fraction X, and that the stopping cross section e is energy-independent. 

The rate of energy loss varies with sample composition, and thus both the integral term 

and e will depend on the amount of element i in the sample. The dependence of I on the 

concentration will affect the calculation to second order and may be ignored in the first 

iteration. The dependence ofe on composition, however, is linear and will affect the 

calculation to first order, and therefore should be considered explicitly. 

4.2  Detect ion of  Surface Impurit ies  on Si( lOO) by RBS and FRES 

IBA is a surface technique where the species probed and their cross-sections for 

detection are determined by their atomic number. IBA is nondestructive since ion energies 
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are well above the sputtering regime, and the ion doses required are relatively low. 

Although IB A is performed in high vacuum (10-7 Torr) the data acquisition time is quite 

short, about 10 minutes [4,5,12,13]. 

An ion beam analysis experiment was first performed to determine the use of the 

technique for detecting the low level impurities on a virgin Si(lOO) wafer surface in the 

condition received from the supplier [14]. Figure 4.13 shows the experimental setup of the 

target chamber used for ion beam analysis [15]. The impurities considered in this study 

were unregistered Si, C, O, and H. Four different IB A techniques were used in this study: 

1. Rutherford Backscattering Spectroscopy (RBS) 

2. Ion Channeling (IC) 

3. Nuclear Resonance Analysis (NRA) 

4. Elastic Recoil Detection (ERD) 

The advantages and disadvantages of using these techniques for detection of low level 

of unregistered Si, C, O & H surface coverage of Si(lOO) are given in the following 

sections. 

4.2 .1  Limits  of  Conventional  RBS and IC 

During Rutherford Backscattering Spectrometry (RBS) [5] the energy of the incident 

ion (BT or He^ is set to be high enough (> 100 keV.) to penetrate the electron screening 

radius of the target atoms while low enough (< 2 MeV) to avoid nuclear reactions, typically 

in the 1-3 MeV. While the height of the RBS signals are proportional to the composition 

and its width corresponds to the thickness of the measured films, the total area of the signal 

itself is direcdy proportional to the absolute amount of atoms present, enabling the 

measurement of the absolute amount of a given atomic species even if the absolute 

thickness of the adsorbate at the surface or the impurity distribution in the bulk is too 
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narrow to be resolved [3,6,16]. The magnitude for the scattering cross-section of an 

impurity relative to the cross-section of the atoms of the substrate is about 

10"^ X conventional RBS which is obviously inadequate to detect light 

impurities such as C and O in a heavier substrate such as Si. Figure 4.14 illustrates the 

conventional 2 MeV RBS spectrum of a virgin Si(IOO) wafer both in the rotating random 

mode and in channeling along the <111> axis [17]. In a high quality single crystal such as 

a Si(lOO) wafer, the backscattering yield can be reduced by as much as 97%. As can be 

seen in Figure 4.14, no O, C, and H atomic species are detected, even after the substrate 

signal is decreased by two orders of magnitude via ion channeling. However, as shown 

below, detection becomes possible once NRA is used in combination with ion channeling 

(Figures 4.15 and 4.16). 

4.2 .2  Measurement  of  Unregistered Surface Si  Atoms by Ion Channel ing 

One key result from the ion channeling analysis in Figure 4.14, is that the amount of 

unregistered surface Si atoms can be measured sensitively [2,4,17,18]. When a sample is 

channeled, the rows of atoms in the lattice are aligned parallel to the incident "'He^'^ ion 

beam [17,18]. The bombarding "'He"^ will backscatter from the first few monolayers of 

material at the same rate as a nonaligned sample, but backscattering from buried atoms in 

the lattice will be drastically reduced, since these atoms are shielded from the incident 

particles by the atoms in the surface layers [18]. For example, the backscattering signal 

from a single crystal Si sample that is in channeling alignment along the (100) axis will be 

approximately 3% of the backscattering signal from a nonaligned crystal, or amorphous or 

polycrystalline Si. By measuring the reduction in backscattering when a sample is 

channeled it is possible to quantitatively measure and profile the crystal perfection of a 

sample, or to determine its crystal orientation [17,18]. The shielding of atoms in the bulk 
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by the first few monolayers leads to phenomenon called "Shadow Cone" as shown in 

Figure 4.17(a) [17,18]. Shadow cone can be defined as a region where no ions can 

penetrate due to the ion-nucleus repulsion [18]. As such, channeling is used both to 

enhance the surface sensitivity and to determine the extend of crystalline defects [17]. The 

size of the shadow cone Rg can be calculated for the classical Coulomb potential as [18]: 

where, is measured a distance d behind the scattering center, Z, and Z, are the nuclear 

charge of the projectile and target atoms. This quantity is the distance of closet approach to 

the second atom. The shadow cone Rg is of similar magnitude as a vibrational amplitude, 

p, of individual atoms [17,18]. The visibility of the second layer atom will depend upon 

the ratio of these two numbers [18]. For values of p < R, the topmost atom does indeed 

shadow the underlying atoms from direct, close encounters with the analysis beam [4,17]. 

This surface shadowing effect is most vividly revealed in the backsacttering spectrum from 

clean, single crystals [4,17]. Figure 4.17(b) gives an illustration of the individual close-

encounter probabilities for each atom with 1.0 MeV ions incident along the <110> 

direction of Si at room temperature as obtained by computer simulation [17]. The sum of 

the individual atomic probabilities is 3.3 atoms/row and indicates that this sum contains 

substantial contributions from approximately six atoms. The sum of the intensities of 

backscattered ions due to interactions with the atoms from the first few monbolayers 

of the substrate tend to form the "Surface Peak" [17]. An illustration of the surface peak is 

shown in Figures 4.14 through 4.16. The minimum intensity observed in the channeling 

spectra separate the intensities of the backsacttered ''He^^ ions from surface peak to those 

(4.23) 
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from the bulk material [17]. In interpreting data, one also takes into account the fact that the 

surface vibrational amplitude is generally larger, by about a factor of 2, than the bulk 

amplitude, that it can be anisotropic, and that the vibrational amplitudes are correlated. 

Theoretical modeling of these effects rarely go beyond the Debye model [18]. 

The surface peak measurements can be used as a tool to measure surface disorder 

stemming from both oxide formation and variation in roughness [7]. By associating with 

the oxygen measured by NRA, described below, the contribution of amorphous Si02 and 

SiO can be separated from the amount of unregistered surface Si atoms. The latter amount 

can be correlated to roughness measurements. 

The unregistered Si atoms are proportional to the area of the silicon surface peak 

obtained by gathering a spectra in the <111> channel direction as shown in Figure 4.14, 

after proper background substraction and taking into account the intrinsic Si surface peak. 

The areal density of unregistered surface Si atoms is obtained from the RBS spectra 

gathered in rotating random and channeling modes as shown in Figure 4.14, using the 

following formula [6]: 

RBS ^ 

No. of unregistered surface Si atoms/cm" = —rbs —^si r~7~ (4.24) 
^Si ^unreg.Si 

where, Amreg.si ^ surface peak 

=> Height of Si in the rotating random spectrum 

=» RBS cross-section for Si 

"^^(Junreg Si cross-section for unregistered Si 
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A(y, => Atomic density for Si 

5E => Energy per channel 

[•^L Stopping power for Si in Si 

and '^^(Junreg Si ^ identical at 2 MeV. 

The net area of the Si surface peak is obtained by substracting a background 

contribution equal to the right angle triangle, where one right angle side (hmin. 1) is equal to 

the height of the lowest yield of the channeling signal measured under the surface peak, and 

the other side to the difference between the positions of the backscattered Si signal at the 

surface corresponding to the locations, Xmax. and Xmin.l, of the maximum (hmax.) and 

lowest (hmin.l) yield below the surface peak, respectively. The details of this calcultion is 

illustrated in Figure 4.18 and can be represented by the following equation: 

Anc, = - {hmin.l x (Xmax. - Xmin.l)} (4.25) 

where, A stands for area. The names of the quantities used to calculate area correspond to 

the names used in the Excel spread sheet discussed at the end of this chapter. 

4.2 .3  Enhancement  of  Sensit iv i ty  by NRA and IC 

Using the adequate beam energy, elements such as O, N, C and even He can be 

detected in a heavier matrix by making use of relatively low energy (1-5 MeV) nuclear 

resonances which effectively increase cross-sections for elastic scattering by up to a factor 

of 100 (e.g. '^C(a,a)'^C at 4.265 MeV) [1,2]. Figures 4.15 and 4.16 show the NRA 

spectra taken on the same Si( 100) wafer measured at 2 MeV in Figure 4.14, but this time at 
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the resonant energy for O and C, respectively. The '®0(a,a)'^0 nuclear resonance occurs 

at a •'He^"^ energy of 3.045 MeV and is 10 keV wide, which is less than the energy 

resolution (14 keV). O which could not be detected at 2 MeV is now detected since the O 

cross-section is enhanced by a factor 10 [19,20]. Furthermore combination of NRA with 

ion channeling along the <111> axis lowers the signal-to-noise ratio by a factor 100. The 

'•C(a,a)'^C nuclear resonance occurs at a "^He^"^ energy of 4.265 MeV and is 55 keV wide. 

C is now detected too, since the cross-section is enhanced by a factor 128 [21]. Both O and 

C are now clearly detected, as seen in Figures 4.15 and 4.16, while they were not in Figure 

4.14. 

The number of surface oxygen atoms per cm^ are calculated by Eqn. 4.26 in 

conjunction with the spectra, shown in Figure 4.15, gathered at 3.045 MeV in rotating and 

channeling mode in <111> direction. The area of the peak can be used either from the 

rotating random or channel spectrum. The area peak from the channeling and the random 

may or may not match depending whether the oxide is truely amorphous or not. Caution 

should be taken in ascertaining whether the random and channeling are equal. The total of 

oxygen amount is always measured in the random. However, the peak is well defined in 

the channel mode with the background noise well reduced. The signal-to-noise ratio for 

channel is always 100 times better than random. But, if the area's do not match, because of 

ordering, there is no choice. The random has to be used to ascertain the total amount of 

oxygen present. The area of the peak is obtained by substracting the noise from the silicon 

background. The background area is defined by putting a straight line through the Si 

substrate noise. The areal density of O atoms is calculated by the following formula [6]: 
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A . dE 
No. of O atoms/cm^ = ° N^i ^r-j— (4.26) 

where, => Area of the O Peak 

=> Non-Rutherford cross-section for O and is equal to 

i f\ RBS ^ l u x  C q 

'^^G q Rutherford cross-section for O 

The effect of sample tilt angle is not considered in the equation and was not reported in 

the literature. At present, a study is being performed to understand this effect at Arizona 

State University, Tempe, Arizona [22]. 

The logic used for calculating the carbon atoms is similar to that for oxygen atoms. The 

main difference being that the carbon atoms are determined at 4.265 MeV energy. The areal 

density of C atoms is calculated by the following formula [6]: 

A . dE 
No. of C atoms/cm^ = —^-775—~^siT^ (4.27) 

where, => Area of the C peak 

^"G(- => Non-Rutherford cross-section for C and is equal to 

128 X ""Vc 

"^^Gc Rutherford cross-section for C 
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In the above three equations 4.24,4.26, and 4.27, [SJsj is obtained by multiplying 

with Eq, stopping cross-section factor in Si. 

4.2 .4  H Prof i l ing by FRES/ERD 

Hydrogen is a difficult element to detect quantitatively by even the few analysis 

techniques that are capable of detecting it at all [23]. Backscattering of any ion by H is 

kinematically impossible [24]. However, by scattering ''He^^ in a forward direction all 

atoms including H can be detected. As mentioned in Section 4.1.3, because of the 

overwhelming contribution of the heavier atoms (including the scattered incident ions) to 

the detected signal, it is virtually impossible to see the H contribution. But, by placing a 

thick stopper foil (10 ^im. Mylar) in front of the detector and adjusting the incident beam 

energy, only the atom with the highest penetration depth (i.e. the recoiled hydrogen) is 

detected [5]. All elements with Z > 2 are stopped in the foil. The result is a depth profile of 

the H distribution in the sample as mentioned in Section 4.1.3. The depth resolution is 

significantly worse than in RBS because the beam energy width is broadened as it travels 

through the stopper foil. However, as can be seen in Figure 4.19, the surface coverage of 

hydrogen is well resolved and confined to the surface, confirming the capability of ERD to 

measure quantitatively the hydrogen amounts typically found on Si(lOO) surfaces before 

wet chemical processing and as a function of cleaning. The biggest drawback of ERD is 

that it requires a standard with known H concentration to evaluate the amount of H in the 

sample [25,26]. Figure 4.17 gives the ERD spectra for virgin Si(lOO) and a polystyrene 

standard. 

The H coverage of the sample is obtained by comparing the sample coverage to the 

amount of hydrogen in a known standard. Although, many possible standards were 

compared in this study, polystyrene is used as a standard. IBA analysis of the standards 
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compared in this study are given Chapter 9. The fraction of hydrogen in the sample with 

respect to the standard is calculated by the following equation [27]: 

Fraction of hydrogen in the sample, x = (4.28) 

where. R 

"sul 

'H 

Ratio of Hsample and Hstandard 

Weighted sum of stopping powers of the sample matrix. 

Weighted sum of stopping powers of die standard matrix 

Stopping power of hydrogen 

In this study, sample matrix for Si(lOO) was taken as SiOj, where as, polystyrene 

standard matrix was taken as C. 

4 .2 .5  Energy Cal ibrat ion 

In ion beam analysis, the number of counts in a spectra is given as a function of the 

channel number or position of the analyzer. Each channel number or position corresponds 

to a particular energy, and thus to a particular element for a given initial energy and 

geometry. The channel number is related to the scattered energy of incident ions by the 

following linear fit equation obtained from an energy calibration: 

E ^ = K * E ^ = A * C  +  B  (4.29) 

where. Eg and E, are the incident and scattered energy of the impinging ion, K is the 

kinematic factor for the incident ion with respect to the particular target atom, C is the 
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channel number or position, A is energy per channel, and B is energy offset. The typical 

values for A and B are 5.4 keVyChannel and 80 keV., respectively. Figure 4.20 is an 

energy calibration plot for the virgin Si(lOO) sample as received from the supplier. This 

plot is constructed utilizing the information from different backscattered spectra collected on 

this sample and are shown in Figures 4.14 thru 4.16. The energy calibration figure is 

simply a plot of ion scattered energies versus channel numbers for different elements 

obtained from the backscattered spectra. The scattered energies are related to the initial 

•*He^^ ion energies by means of kinematic factors. The kinematic factor and scattered energy 

values for ions in different elements and isotopes of interest are given in the 

Appendices B2, and B19 through B21, respectively. Figure 4.21 is an illustration of the 

relationship between scattered energy and channel number for ''He^'^ incident ions as a 

function of the atomic weight of the target atom based on the typical values for A and B. 

The relationship is given for three different incident energies (Eq), viz., 2 MeV, 3.05 MeV, 

and 4.265 MeV, correponding to the RBS, O and C nuclear resonances, respectively. The 

data are given in Appendices B16 through B23 for and He^"^ ions as a function of all the 

elements in the periodic table. The tables were constructed for 2 MeV, 3.05 MeV, and 

4.265 MeV, incident energies. Finally, the corresponding energy calibration equation is 

obtained by performing a linear fit to the data shown in the Figure 4.20. 

4.2 .6  Elemental  Depth Distr ibution 

Areal density of an element in a sample is approximately related to the depth or 

thickness distribution of the element in the sample by the following equation 

(Areal Density). 
Depth or Thickness Distribution of Element i = (4.30) 

(Atomic Density). 
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A table was constructed in Appendix B24 by the above relationship for carbon, nitrogen, 

oxygen, silicon, and germanium.atoms. 

4.2 .7  Computat ional  Chart  for  Elemental  Analysis  of  Surface Impurit ies  

on Si(lOO) 

To summarize briefly for this specific study, during ion beam analysis, the sample 

surface is bombarded by "'He^'^ ions at a different energy for each spectrum. The energies 

are chosen to penetrate only the top few layers of the surface. The ions are backscattered 

from the target surface when they collide with the heavier atoms (in this case, unregistered 

Si, C, and O atoms) and the lighter atoms (in this case, H atoms) are forward scattered by 

the ions. In the former case, the backscattered ions are detected by a detector located 

at 170°, where as, in the latter case the ions scattered in the forward direction are 

detected. Due to the nature of the kinematics involved, different equations, 4.24 and 4.26 

through 4.28, are used for backscattered and forward scattered situations. Based on these 

specific choices, a computational chart was developed to assist in calculating the 

concentrations of surface impurities on Si(lOO) substrate. The impurities under 

consideration in this study were unregistered Si, C, O and H. The surface concentrations of 

unregistered Si, C, and O on Si(lOO) are reported as number of atoms per square 

centimeter. Whereas, the surface concentration of H on sample surface is given as percent 

fraction of the H amount on the polystyrene standard and converted later into atoms per 

square centimeter, after a thorough study of the standards reported in Chapter 9. The chart, 

shown in Table 4.2, was generated in Microsoft Excel format for a Macintosh operating 

system. The table has provision for calculating areal densit>' of unregistered Si atoms at 2.0 

MeV, 3.05 MeV and 4.265 MeV incident energies of "'He^^. 2.0 MeV is the RBS energy 

and the latter two correspond to the O and C resonance energies respectively. At the 
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resonant energies, the unregistered Si atoms detected is measured less accurately than the 

resonating O and C. Thus, it is recommended that the unregistered Si atoms to be measured 

by using the spectra gathered at 2.0 MeV for signal-to-noise considerations. O can be 

calculated at 2.0 MeV and 3.05 MeV, whereas, C at 2.0 MeV and 4.265 MeV. The 

detection of low levels of O and C concentrations found on the Si(lOO) surfaces analyzed in 

this study was not possible at 2 MeV as shown in Figure 4.14. H is measured at 2.8 MeV, 

the elastic recoil detection energy for "^He^^. Table 4.2 was developed for a <111> sample 

orientation, which corresponds to a sample tilt angle of 54.75°. Charts for use with other 

sample orientations are given in Appendices B25 through B28. The <110> and <100> 

sample orientations correspond to tilt angles of 45° and 0°, respectively. 

The excel chart also has a provision for calculating the Xmn. factor as a measure of the 

crystalline nature of the substrate. It is defined as the ratio of the minimum number of 

counts of the surface peak region as seen in the channeling mode with respect to the 

corresponding number of counts in the rotating random mode. In the table, the factor 

is calculated per definition and also as the ratio of the area under the peak for a region of 5 

channels to the left of the surface peak including the minimum counts in the channeling 

mode with respect to the same region in the rotating random mode. 

The relative error due to the noise in the spectra is calculated for all the elements of 

interest (unregistered Si, O, C, H) and Xmia. factor. The relative error values are calculated 

as follows: 

For unregistered Si atoms: 

^ ^ -y/Peak Area 
Relative Error = (4.31) 

Peak Area 
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For O and C atoms: 

The relative error is estimated by taking into consideration the noises due to peak and 

also the background. The contributions of the peak and background noises are calculated as 

follows: 

Contribution of the Peak Noise, Np^ = (4.32) 
Peak Area 

^  ,  . X T  ( ' ^ ) H r  *  W i d t h  
Contnbution of the Background, NgQ = (4.33) 

Peak Area 

where, BG => Background 

a => Standard Deviation 

The standard deviation of the background consists of contributions by the standard 

deviations from the 10 channels in the silicon substrate background on both sides of the 

peak for the element of interest. The standard deviation of the background is calculated by 

the following formula: 

=  V K ) ' + K ) '  ( 4 . 3 4 )  

where, CTl ^ Standard deviation due to the left 10 channels 

CTr Standard deviation due to the right 10 channels 
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Hence, the relative error is calculated by the following equation: 

Relative Error = ^(Np^)^+(Nbg)^ (4.35) 

For H atoms: 

The relative error for the sample hydrogen concentration, calculated as a fraction of the 

standard hydrogen concentration, consists of the contributions due to sample and standard. 

The contributions are calculated as follows: 

Contribution of the sample, Nj = (4.36) 
Peak Area 

VPeak Area 
Contribution of the standard, = (4.37) 

Peak Area 

Using these values, the relative error factor is calculated by the following equation 

Relative Error = (4.38) 

F o r x ^in.-

The relative error for consists of the contributions from the channeling and rotating 

random spectra. The contributions are calculated as follows: 
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Contribution from the channeling spectra, N, Channeling 
VPeak Area 

Peak Area 
(4.39) 

Contribution of the standard, N, Rotating Random 
VPeak Area 

Peak Area 
(4.40) 

The relative error factor is calculated by the following equation 

Relative Error = +(N QianneUng Rotatiog Random (4.41) 

The same argument applies to the determination of the relative error with regards to the 

Xmin. f^tor calculated using heights rather than area. 

Peak area in the all above equations is reported as number of counts, whereas, peak 

width in terms of either number of channels or keV. The relative error values are used to 

calculate the error factors for the elemental surface concentrations and Xmin. values. There is 

no provision for reporting the error factors in the excel chart. The values are calculated for 

the individual experiments by using the general relationship: 

Error Factor = (Surface Concentration or XNUA) ^ Relative Error (4.42) 

4.3 .Basic  Concepts  of  SIMS 

Secondary ion mass spectrometry (SIMS) has become a very powerful technique for 

the analysis of low level of impurities in solids [2,28]. It is one of the most sensitive 

analytical techniques for semiconductor characterization with good detection for many 

elements [29-43]. However, its sensitivity is not as high as electrical or optical methods. It 
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allows simultaneous detection of different elements, has a depth resolution of 50 to 100 A, 

and can give lateral surface characterization on a scale of several microns [28]. Problems 

with SIMS analysis are: 

1. The destructive nature of sputtering effects which affect ionization efficiency 

in unpredictable way. 

2. The absolute quantification of each element which requires standards with 

similar matrix. 

3. A variation in sensitivity of may orders of magnitude among elements. 

This technique is useful for the measurement of metals, but it is difficult to use for 

transition metals which ionize poorly [44,45]. It is a destructive method since the very act 

of removing material by sputtering leaves a crater in the sample. The ion yield of a given 

element is highly dependent on the matrix, and the conversion of the secondary ion signal 

to an impurity concentration requires the use of a standard [2]. 

The technique relies on removal of material from a solid by sputtering and on analysis 

of the sputtered ionized species. A schematic of Secondary Ion Mass Spectrometry (SIMS) 

is shown in Figure 4.22 [28]. Various output signals that can be obtained by SIMS are also 

displayed in the figure. A solid specimen, placed in a vacuum, is bombarded with a narrow 

beam of ions, called primary ions, that are sufficiendy energetic to cause ejection 

(sputtering) of atoms and small clusters of atoms from the bombarded region [18]. Most of 

the sputtered material consists of neutral atoms and cannot be analyzed. Some of the atoms 

and atomic clusters are ejected as ions, called secondary ions [28]. Only the ionized atoms 

can be analyzed by passing them through an energy filter and a mass spectrometer. The 

secondary ions are separated according to their mass-to-charge ratio and counted by 

quadrapole or magnetic sector mass spectrometers [28,18]. The relative quantities of the 
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measured secondary ions are converted to concentrations, by comparison with standards of 

known elemental profiles, to reveal the composition and trace impurity content of the 

specimen as a function of sputtering time (depth) [28]. The proportionality between ion 

signal and concentration is strictly true only if the matrix in which the impurity is contained 

is uniform. The time axis is converted to a depth axis by the sputter rate and the analysis 

time [28]. This is achieved by measuring the depth of the crater at the end of the 

measurement. This should be done for each sample, since the sputtering rate varies with 

spot focus and ion current [46,47]. The analytical depth of SIMS can range from 5 to 500 

nm, depending upon the instrument and approach to the analysis [28,44]. 

In a brief summary, a SIMS profile is produced by sputtering the sample and 

monitoring the secondary ion signal of a given element as a function of time [2]. Such an 

"ion signal versus time" plot contains the necessary information for a concentration profile, 

but the axes must be converted to concentration versus depth. For example, to determine an 

unknown boron profile in silicon, boron is implanted into Si at a given energy and dose. 

The secondary ion signal is calibrated by assuming the total amount of boron in the sample 

to be equal to the implanted boron [28]. Errors can be introduced if the impurity is 

implanted through an oxide layer since a fraction of the impurity remains in the oxide. 

SIMS technique can be broadly classified into two classes. Dynamic and Static 

[2,18,45], The ability to obtain surface chemical information is the key feature 

distinguishing static SIMS from dynamic SIMS, which profiles rapidly into the sample, 

destroying the chemical integrity of the sample [18]. In static SIMS, the use of a low dose 

of incident particles, typically less than 5 x 10'^ atoms/cm^, is critical to maintain the 

chemical integrity of the sample surface during analysis. The low dose of incident ions is 

obtained by using an energetic beam of particles typically in the range of 1 - 10 keV [18]. A 

mass spectrometer sorts the secondary ions with respect to their specific charge-to-mass 
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ratio, thereby providing a mass spectrum composed of fragment ions of the various 

functional groups or compounds on the sample surface [28,18]. The interpretation of these 

characteristic firagmentation patterns results in a chemical analysis of the outer few 

monolayers. Table 4.3 gives a comparison of dynamic and static SIMS techniques [18]. 

The erosion rates for the surfaces of solids under ion bombardment are characterized 

primarily by the sputtering yield, Y, which is defined as [2]: 

. ,, Average number of emitted atoms 
Y = Sputtenng yield = (4.43) 

Incident particle 

The sputtering yield depends on the structure and composition of the target material, the 

parameters of the incident ion beam, and the experimental geometry. Measured values of Y 

cover a range of over seven decades. However, for the medium mass ion species and keV 

energies of general interest in depth profiles, the values of Y lie between 0.5 and 20. The 

sputtering yields of MeV light ions for most materials are of the order of 10'^ 

Consequently, Rutherford back scattering analysis will cause the sputtering of only a 

negligible small fraction of a monolayer during a typical analysis [2]. Since the typical ion 

dose for RBS is 100,000 counts, which corresponds to 5 x 10'^ ions/cm^, the total amount 

of material removed by RBS analysis is 4.5 x 10"'^ atoms/cm^, which is below the accuracy 

of the amounts measured. 

Sputtered particles emerge from the solid with a distribution of energies corresponding 

to the fluctuations in the many individual events which make up the sputtering process [2, 

18]. The sputtered particles have a total yield Y related to the energy spectrum Y(E) such 

that: 



Y = jY(E)dE 
0 
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(4.44) 

where is the maximum energy of the sputtered particles. The positively ionized 

secondary ion yield V'^CE) is related to the sputtering yield Y(E) by: 

Y"(E) = a\E)Y{E) (4.45) 

and the total secondary positive ion yield is: 

E 

Y^ = ja^(E)Y(E)dE (4.46) 
0 

where the ionization probability a^(E) depends on the particle energy and the nature of the 

substrate [2]. The ionizadon yield can vary by three orders of magnitude between species 

with nearly identical sputtering yields. The major difficulty in quantitative analysis by 

SIMS is the determination of a'^(E), which is effected strongly by both the matrix and the 

profiling ion. 

The measured signal T, generally given in counts/sec, of a mono-isotopic element of 

mass A at a concentration in the target is given by: 
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i; = CAip)^a*(E,0)Y(E,0) A£2AE (4.47) 

where ip is the primary beam current (ions/sec.), 0 and E represent the angle and pass 

energy of the detector system. Ail and AE are the solid angle and "width" of the filter, and 

P and T are the detector sensitivity and the transmission of the system for the ion species 

measured [2]. Both a* and Y are dependent on the sample composition. The composition 

dependence can frequently be neglected if the concentration profiles of a low level 

constituent in a matrix of constant composition are to be determined. A good example of 

this application is measurement of the depth profile of ion implanted impurities in 

seminconductors or, as in the present study, low levels of C, F and O contamination in Si 

epitaxial films. A strong feature of SIMS is the ability to analyze hydrogen over a wide 

range of concentrations . In this case, surface contamination by water vapor can influence 

the dynamic range [2,47]. 

4 .4  Charac te r i za t ion  o f  S i ( lOO)  Sur faces  by  SIMS 

SIMS analysis of C, O, anf F at the epitaxial/substrate interface of the Si on Si(lOO) 

epitaxial films grown at LSRL was performed on the CAMECA IMS4f instrument located 

at SEMATECH [48]. This instrument has a combination of the ion microscope and the ion 

microprobe capabilities. The main system configuration includes: 

1. Primary ion gun column 

2. Versatile specimen chamber 

3. Dynamic transfer optical system 
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4. Patented triple focusing mass spectrometer 

5. Double ion detection device 

6. High vacuum system 

7. Multitasking computer packaging 

8. Peripherals 

9. CAMECA software 

The ion source can produce a primary beam with a diameter within the range of 100 

nanometers. The primary column, equipped with three lenses, permits ultimate beam 

diameters of 200 nanometers with the duoplasmatron source, and 100 nanometers with the 

cesium source [49]. 

The ion microscope gives the best sensitivity and fastest ion image acquisition when 

areas larger than several tens of micrometers are measured, which is the case in the present 

study. In this mode, a primary ion beam of large diameter illuminates the sample surface. 

Secondary ions are emitted from all points illuminated by the beam whereby, after mass 

filtering, they are collected and displayed simultaneously. Lateral image resolutions of 

submicron are routinely attainable [49]. 

The ion microprobe offers a better sensitivity when the dimensions of the analyzed area 

are small - below a few micrometers, making it a high transmission type instrument. The 

source used generates a high secondary yield. This is achieved with oxygen and cesium 

microbeams. In the microprobe mode, a small diameter primary ion beam is rastered over 

the sample surface. Secondary ions emitted from the sample surface are sequentially 

collected and used to modulate the intensity of the CRT screen. The CRT raster is 

synchronized with the primary beam position [49]. 

In this study, the C, O, and F are monitored as negative ions under Cs^ bombardment 

at an impact energy of 14.5 keV. Experimental conditions are chosen such that the C and O 



214 

backgrounds are as low as possible. All samples are heated in vacuum for about 30 min. 

prior to analysis [50]. 

Atomic concentrations are calculated using relative sensitivity factors (RSFs) 

determined from implant standards. RSFs for C and O in Si are determined from a standard 

made with float zone Si that is also used to determine background levels for the two species 

under the same conditions used to analyze the epi samples. The detection limits for C, O, 

anf F are as follows: 

Carbon => 5.0 x 10'® atoms/cm^ 

Oxygen => 3.2 x 10" atoms/cm^ 

Fluorine => 7.6 x 10'"* atoms/cm^ 

o 

The sputtering rates used are in the range of 70 A/ second. A BFj in Si implant is used 

as a standard to determine a fluorine RSF. Stylus profilometry is used to determine the 

depth scale for the profiles. A summary of the results obtained by SIMS analysis in the 

present study is given in Chapter 8. 
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Figure 4.1 Schematic diagram of two approaches to obtain depth profiles in thin films -
Particle Energy Loss and Sputter Sectioning techniques [2]. 
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Figure 4.2 Schematic of the (a) experimental setup for Rutherford backscattering and (b) 
an elastic collision between a projectile of mass M,, velocity v, and energy Eo» 
and a target mass Mj which is initially at rest [2]. 



Table 4.1 Atomic number and atomic mass values weighted according to natural 
isotopic abundance for the elements of interest in this study. 

Element Formula 

Atomic 
Number 

Z 

Atomic Mass 

M 
(amu) 

Hydrogen H 1 1.0079 

Helium He 2 4.0026 

Carbon C 6 12.0110 

Nitrogen N 7 14.0070 

Oxygen 0 8 15.9990 

Silicon Si 14 28.0860 

Germanium Ge 32 72.6380 
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of incident ions with an atomic nucleus and (b) close-encounter probability of 
individual atoms for 1.0 MeV He ions incident along the <100> direction of 
Si at room temperature [17,18]. 
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Table 4.2 Table for analysis of elemental impurities on silicon surfaces by ion beam 
techniques with incident ions for a sample tilt angle of 54.75° from the 

beam normal. 

Element of Experimcdtal Sample: VBl-Cl (<1 11> Channel) Analysis 

Interest Parameters 2 MeV 3.05 MeV 4.265 Mev Rel* Error Equations & Results 

Silicon Xmax.(S.P.-Cban.) 192 302 429 2.0 MeV ff cm'^2/SUrd. 
Snrfaee Peak Xmin. KS.P.-Chan.) 189 299 427 0.0319 silicon. Si 

Xniin.2(S.P.-Cban.) 197 306 435 3.05 MeV At 2.0 MeV: 2.4763E-25 
HtfRan.) 2975 1653 1000 0.0479 At 3.05 MeV: i.0648E-25 

H0.5trRan.) 1488 827 500 4.265 MeV At 4.265 MeV: 5.4454E-26 
Hmin.l(Ran.) 2959 1589 717 0.0661 Oxygen, O 
Am in. (Kan.) IbUll Z-i (H) - 2 McY. At 2 MeV: 7.4126E-26 

bniax.(Gian-) 333 135 76 0.1031 At 3.05 MeV: 3.1874E-26 

hmtn. 1 (B.S.-Chan.) 94 38 22 0.0184 Carbon, C 
Amin. (Chan.) 633 0.1048 At 2.0 MeV: 3.7551E-26 
b(B.S.-Cban.) 3 3 2 T— (A> - 2 MeV. At 4.265 MeV: 8.2575E-27 

AUtng.-Chan.) i4l 57 22 0.0397 fgOl 

A2<S.P.-Chan.) I12I 493 251 0.0082 At 2.0 MeV: 112.87 

AacUS.P.-Chan.) 980 436 229 0.0406 At 3.05 MeV: 92.67 
Oxygen Xmax.(C>-Chan.) 187 2.0 MeV At 4.265 MeV: 79.19 

Std. Dev.: Xmin.KO-Cban.) 182 »DIV/0! 

Ufl(BG) Xmtn.2(0-Chan.) 191 3.05 MeV (Peakl StoDoinff Powers 
12.17 XI (Bade Gfound) 164 0.0269 Element e 

Right (BG) X2 (Bacic Ground) 218 H 4.8 
10.49 Y1 (Bacic Gftxind) 172 Std. Dev. (BG> U 12.5 

Y2 (Bacic Croond) 1 15 16.0659 C 22.5 
Y - [nterceot «Div/or 345 3.05 MeV (BG> N 26.5 
Slope #D[V/0! -1.06 0.1043 O 28.0 

AirTotal Peaic) 2720 Si 40.0 
A2(Bacic Ground) #DIV/0! 1334 Total (Peak + BG> Units for e & [eO] 

A(Oxyeen Peaic) fforv/o! 1386 0.1077 eV cm^2/IE15atoms 

Carbon Xmax.(C-Chan.) 182 2.0 MeV e matr. 
Std. Dev.: Xinin.l(C-Chan.) 178 #DIV/0! Si02: 3.2000E-14 

Left(BG) Xmin.2(C-Chan.) 189 4.265 MeV (Peak) C Std. 
18.94 XI (Bacic Ground) 144 0.0211 CH: 1.I250E-14 

Right (BG) X2 (Bacic Gnxind) 222 
14.92 Y1 (Bacic Gnxtnd) 174 Std. Dev. (BG) Atomic Density fSIl 

Y2 (Bacic Ground) 115 24.1133 N(atoms/cm'^2): 5.0000E+22 
Y - Intercept »DIV/0! 283 •».2« MtY fBO I (Dctvfftffr) 
Slope fFDlV/0! -0.76 0.1181 5.4 KeV/Channel 

AirTotal Peak) 3832 
A2(Back Ground) «DIV/0! 1585 Total fPeak *• RG) R B HsaaiJIIstd. s 0.0033 
A(CartM}n Peak) ffbtVMi 0.1199 X mln. (.Si> 

Hydrogen Xmax.(Hsam.) 167 At 2.0 MeV (A): 4.2169 
Sample (S) Xmin.KHsam.) 160 At 2.0 MeV (H): 3.1767 

Xmin.2(Hsani.) 173 2.8 MeV (S) At 3.05 MeV: 2.3914 
Analysis Hmax.(Hsam.) 45 0.0538 At 4.265 MeV: 3.0683 

performed at Hmin.KHsam.) 9 Atonia/cm''2 
2.8 MeV Hmin.2(Hsam.) 4 Si Surface Peak 

Area. A(Hsam.) 346 At 2.0 MeV: I.S760E-k-t6 

Hydrogen Xniax.(Hstd.) 157 At 3.05 MeV: L5369E+I6 
Standard (ST) Xniin.l(Hstd.) 111 At 4.265 MeV: t.56I5E+l6 

Xmin.2(Hstd.) 178 2.8 MeV (ST) O (2 MeV): ttDlV/0! 

Analysis Hmax.(Hstd.) 3049 0.0031 O (3.05 MeV): 5.4394E4-I5 

performed at Hmin.KHstd.) 18 C (2 MeV): 0DIV/O! 

2.8 MeV Hmin.2(Hstd.) 7 Total (.S+.ST) C (4.265 MeV): 7.8925E+I5 
Area. ACHstd.) 105190 0.0538 H Fraction: 0.6564 
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Table 4.3 Comparison of dynamic and static Secondary Ion Mass Spectrometry (SIMS) 
techniques. 

Parameter Dynamic SIMS Static SIMS 

Range of elements H to U including all isotopes H to U including all isotopes 

Destructive Yes - material removed during 
sputtering 

Yes - if sputtered long enough 

Chemical bonding 
information 

In rare cases from molecular 
clusters 

Yes 

Quantification Standards usually needed Possible with appropriate 
standards 

Accuracy 2% to factor of 2 for 
concentrations 

Not applicable 

Detection limits 10'^ - 10'® atoms/cm^ (ppb-
ppm) 

Not applicable 

Depth probed 2 nm - 100 |im depending on 
sputter rate and data collection 
time 

Outer I or 2 monolayers 

Depth profiling Yes by the sputtering process -
resolution is 2 - 30 nm 

Not applicable 

Mass range Not applicable Typically up to ICXK) amu 
using quadrupole mass 
spectrometer and up to 10,000 
amu with time of flight 
technique 

Lateral resolution 50 nm - 2 |im and 10 nm in 
special cases 

Down to approximately 100 
|im 

Imaging/mapping Yes Yes 

Sample 
requirements 

Vacuum compatible Solid 
conductors and insulators 

Solids, liquids (dispersed or 
evaporated on a substrate), or 
powders and must be vacuum 
compatible 

Main Use Measurement of composition 
and of trace-level impurities in 
solid materials as a function of 
depth with excellent detection 
limits and good depth 
resolution 

Surface chemical analysis -
particularly organics and 
polymers 

Instrument cost $500,000 - $1,500,000 $500,000 - $750,000 

Size 10 ft. X 15 ft. 4 ft. X 8 ft. 
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CHAPTER 5 

REVIEW OF TMAFM, FTIR-ATR, SURFACE WETTING 

MEASUREMENTS, CHEMICAL ETCHING, ELLIPSOMETRY, AND 

CAPACITANCE-VOLTAGE MEASUREMENTS 

The analytical techniques used in this research are reviewed in this chapter. Ion beam 

techniques including Rutherford Backscattering Spectroscopy (RBS) and Secondary Ion 

Mass Spectroscopy (SIMS) were reviewed in Chapter 4. 

The other techniques used were Tapping Mode Atomic Force Microscopy (TMAFM), 

Fourier Transform Infrared Spectroscopy in Attenuated Total Reflection (FTIR-ATR), 

Surface Wetting Measurements, Chemical Etching, Ellipsometry, and Capacitance-Voltage 

(C-V) measurements. This chapter is thus organized into the following major sections: 

1. TMAFM was used to characterize the surface topography of passivated Si(lOO) 

surfaces, as well as, the resulting surfaces after passivated Si(lOO) has been 

oxidized and after homoepitaxial deposition. 

2. FTIR-ATR was used for analyzing the surface chemistry of passivated Si(lOO) 

surfaces. 

3. Surface wetting measurements were used to measure the hydrophobic or 

hydrophilic character of passivated Si(lOO) surfaces by determining the contact 

angle between the deionized water with the surface. 

4. Chemical etching was used to determine the defects density in the homoepitaxial 

films. 

5. Ellipsometry was used to determine the thickness and the refractive index of oxide 

films grown on passivated Si(lOO) surfaces 

6. Capacitance-voltage (C-V) measurement techniques were used for determining 

electrical properties of the oxide films. 
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5.1 Tapping Mode Atomic Force Microscopy 

In 1986, Gerd Binnig and Heinrich Rohrer shared the Nobel Prize in Physics for 

inventing the scanning tunneling microscope and showing that it can image individual 

surface atoms with unprecedented resolution [1,2]. The success of the scanning tunneling 

microscope has led to the invention of a host of other "scanning probe" microscopes, 

which rely on mechanically scanning a sharp tip over a sample surface [3,4]. The atomic 

force microscope is one of the most succesful of these new devices [5,6]. Tapping mode 

atomic force microscopy (TMAFM) is a recent development in the operation of atomic force 

microscopy and it expanded the utility of AFM to a range of new materials [7]. 

5.1.1 Classiflcation of Atomic Force Microscopy 

Atomic force microscopes are attracting a great deal of interest right now, because of 

their versatility and performance in a wide range of measurement and imaging applications 

[8-12]. In brief, during the operation of AFM, a sharp probe or stylus on a flexible lever or 

cantilever scans the surface to be examined. Features on the surface interact with the 

cantilever stylus and cause a deflection [13]. Until recently, two types of distinctly different 

modes of operation of AFM have been discussed, the contact mode (repulsive mode) AFM 

and the non-contact mode (attractive mode) AFM [8]. A short review of these two 

techniques is given in the following sections to provide a background for development of 

the Tapping Mode Atomic Force Microscope (TMAFM). 

Contact Mode Atomic Force Microscope 

The contact mode AFM, developed in 1986, operates by placing a sharp stylus (probe 

or tip) attached to a flexible cantilever directly on a surface, and then scanning the surface 

laterally [8]. The deflection of the cantilever in response to surface height variations is 

monitored by a detection system. The height of the probe relative to the sample is adjusted 
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via a feedback loop to maintain tlie deflection at a fixed position during lateral scanning. 

The amount of adjustment versus the lateral position of the cantilever creates a map of the 

surface. The deflection detection system is usually an optical beam system [8]. Using very 

small micro-fabricated cantilevers and piezoelectric positioners as lateral and vertical 

scanners, AFM's can have resolution down to the atomic level, and may operate with 

controllable forces small enough to image biological substances [8]. Contact mode AFM's 

can also operate in liquids and electrochemically active environments without loss in 

resolution [8]. 

Contact mode AFM's have been used successfully to measure the surface topography 

of a wide variety of samples [13]. However, a number of samples that are very soft or 

interact strongly with the tip, such as photoresist, some polymers, silicon oxides, 

biological samples, and others, pose special problems for the contact mode technique as 

their surface can be damaged by the stylus scanning over the surface [8,13]. These 

problems are caused by excessive tracking forces applied by the stylus to the sample. The 

force with which the tip presses on the surface is increased by the attraction caused by the 

presence of a thin liquid layer of contaminant molecules adsorbed from the atmosphere on 

most surfaces [14]. This thin liquid layer is formed by adsorbed gases consisting primarily 

of water vapor and nitrogen which is 10-30 monolayers thick as shown in Figure 5.1. 

The magnitude of the force due to this thin contaminant layer, depends on the probe 

geometry, but is typically on the order of 100 nanoNewtons [15]. In addition to this, a 

large class of samples including semiconductors and insulators may trap electrostatic charge 

and this charge can contribute an additional substantial attractive force between the stylus 

and sample [13]. This is particularly true for some tip-sample combinations such as silicon 

or silicon nitride tips on silicon oxide surfaces [8]. These forces combine to create a 

minimum normal force that is applied by the stylus to the sample. In addition, this normal 

force creates a substantial frictional force as the stylus scans over the sample [13]. In other 
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words, when the tip is scanned laterally under such conditions, the sample experiences 

both compressive (normal) and shearing (friction) forces [8]. In practice it appears that 

frictional forces are far more destructive than the normal force [13]. These shearing 

(friction) forces may make the measurement difficult and, can damage samples, especially 

soft samples, dulling the cantilever stylus and distorting data [8,13]. 

Non-Contact Mode Atomic Force Microscope 

The non-contact mode atomic force microscope, developed by Martin et al., profiles the 

surface in a different fashion than the contact mode AFM [16]. In the operation of this 

AFM, an oscillating tip is scanned above the surface and the change in amplitude, phase, or 

frequency of the oscillating cantilever in response to force gradients from the sample are 

measured [13]. To obtain highest resolution, it is necessary to measure force gradients 

from the very weak Van der Waals attractive forces between the tip and sample, which may 

extend only a nanometer from the sample surface [8,13]. In general, the contaminant layer 

is substantially thicker than the range of the Van der Waals force gradient and therefore, 

attempts to image the true surface with non-contact mode AFM will generally fail as the 

oscillating tip (probe) becomes trapped in the fluid layer or hovers beyond the effective 

range of the forces it attempts to measure [13,17]. 

Typically in non-contact mode AFM's, the cantilever is vibrated at a small amplitude, 

usually less than 1 nm, and brought adjacent to the surface such that the force gradient due 

to interaction between the tip and surface modifies the spring constant of the lever and 

shifts its natural resonant frequency [8]. The shift in resonance will change the cantilever's 

response to the vibration source in a detectable fashion. Thus the amount of change may be 

used to track the surface, typically by adjusting the probe-surface separation during lateral 

scanning to maintain a predetermined shift from resonance [8]. The frequency or phase 

shift may be measured directly, or indirecdy as was done originally by Martin et al. 
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[16,18,19]. The modification of the measurement by indirect method leads to various types 

of AFM's [8,20]. 

Tapping Mode Atomic Force Microscope 

The Tapping Mode Atomic Force Microscope (TMAFM) thus overcomes some of the 

limitations of the conventional scanning modes [21]. The tapping mode AFM was 

developed as a method to achieve high resolution without inducing destructive frictional 

forces [17], A tapping mode AFM is shown schematically in Figure 5.2 [13,17]. With the 

tapping mode technique, the cantilever is oscillated near its resonant frequency as it is 

scanned over the sample surface [13]. The stylus or probe is brought closer to the sample 

surface until it begins to intermittently contact or tap on the surface. This contact with the 

sample causes the oscillation amplitude to be reduced as shown in Figure 5.3 [13,17]. 

Once the tip is tapping on the surface, the oscillation amplitude in general will scale in direct 

proportion to the average distance of the stylus to the sample [13]. In other words, if the 

average separation between the tip and sample is 10 nm, then the oscillation amplitude will 

be roughly 20 nm peak-to-peak. The oscillation level is set below the free air amplitude and 

a feedback system adjusts the cantilever-sample separation to keep this amplitude constant 

as the tip is scanned in a rastering pattern laterally across the surface [17]. 

Because the contact with the sample is only intermittent, the stylus exerts negligible 

frictional forces on the sample and damage from these lateral forces is minimized [17]. 

Also, the oscillation amplitude is set sufficiently high (10 - 100 nm), so that when the 

probe or tip taps on the surface, the cantilever has sufficient restoring force, due to the 

deflection of the cantilever, to prevent the probe from getting trapped in the contaminant 

layer by fluid meniscus forces or electrostatic forces as shown in Figure 5.1 [13,17]. The 

tapping force is lower than one might expect because the sample needs only to absorb the 

additional energy that the cantilever gains during each cycle [17]. Because the cantilevers 
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have a high quality factor, Q, this increased amplitude may be on the order of 0.01 nm, 

small enough for a large variety of soft samples to be imaged without significant damge 

[7]. The hardware and software for TMAFM along with their application for analyzing the 

Si(lOO) surfaces in the current research are described below. 

5.1.2 TMAFM Hardware and Software Description 

This section gives a summary of the hardware and then the software used for analyzing 

the samples generated in this study. The reader will be guided through the systematic 

procedure used in this current study for analyzing the samples for surface topography by 

use of a Tapping Mode Atomic Force Microscope. 

TMAFM Hardware 

The samples were analyzed using a Dimension™ 3000 Scanning Probe Microscope 

(SPM) with a Tapping Mode set up [22]. The Dimension™ 3000 SPM is manufactured by 

Digital Instruments, Inc., Santa Barbara, CA. The Dimension™ 3000 SPM used in this 

study is located at the Lawrence Semiconductor Research Laboratory, Tempe, Arizona, and 

access was provided as part of a joint project between Arizona State University, 

SEMATECH, and Lawrence Semiconductor Research Laboratory [23,24]. The SPM is 

mounted on an air table with an enclosure to help in eliminating the effect of external 

vibrations on the scanning efficieny of the SPM. 

The Dimension™ 3000 consists of a rigid stage mounted on a granite block, and 

features a beam deflection SPM head and an integral, on-axis video microscope [25]. An 

illustration of the Dimension™ 3000 Scanning Probe Microscope Head is given in Figure 

5.4 [25]. The head provides accurate imaging of a stationary sample while scanning the 

integrated detector probe assembly above the sample. This microscope head provides 

optical correction of the laser beam path to track the movement of the probe while scanning 
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under the fixed laser beam assembly. A corrective, tracking lens within the scanner tube 

stabilizes the laser beam's focal point atop the scanning cantilever. This sharply reduces 

bowing and attenuation artifacts due to the cantilever scanning across the beam's otherwise 

stationary focal plane. The Dimension head was very effective in imaging large samples, 

too large or heavy to scan by movement of the sample. The system is ideally suited to 

imaging large sized samples such as integrated circuit wafers or data storage disk media. 

The Dimension™ SPM head consists of: 

1. Laser Diode Stage, 

2. Adjustable Detector Mirror, 

3. Position Sensitive Detector, 

4. Beamsplitter and Laser Spot Detector Screen, and 

5. Scanner Piezo Tube. 

The Dimension™ 3000 produces high-resolution, three-dimensional images by 

scanning a sharp stylus or probe over the sample surface[25]. The probe is part of a 

flexible cantilever which is mounted on one end of a cylindrical piezoelectric tube. An 

illustration of the piezoelectric tube is given in Figure 5.5 [25]. The piezoelectric tube is 

rigidly mounted near the top of the microscope. Voltages applied to the X and Y electrodes 

on the piezoelectric tube deflect the tube horizontally to produce a precise raster scan over 

the sample surface [25]. The vertical height of the probe is controlled by a voltage applied 

to the Z electrode on the piezoelectric tube. A stepper motor coupled to a lead screw 

translates a crossed roller slide to which the sample is attached. A separate motor drive 

allows the height of the microscope and probe to be adjusted relative to the sample surface 

[25]. 

A tip holder is used to hold the cantilever firmly at the proper angle. The tip holder is a 

small printed circuit card or plexiglass block. The standard printed circuit AFM tip holder is 

used for operation in air, while a clear plexiglass tip holder is used for fluid cell operations 
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[25]. The standard printed circuit AFM tip holder includes the cantilever's piezoelectric 

stack and the electrical contacts to the drive circuits [25]. The tip holder for the fluid cell 

does not have a piezoelectric resonator since the operation of the fluid cell does not oscillate 

the cantilevers. The tip holders include gold-plated spring sockets which are aligned with 

the gold-plated pins at the end of the scanner. There is also a spring-loaded clip to secure 

the cantilever probe to the tip holder assembly [25]. A cantilever and tips consisting of 

etched single crystal silicon were used for this study [26]. These have only one cantilever 

per substrate. The etched cantilever made of single crystal silicon is illustrated in Figure 5.6 

and the key feamres of this type of tips are summarized in Appendix CI [27]. Etched 

silicon probes provide the highest aspect ratio and the most consistent tip sharpness of 

probes presently available commercially. Specific features can be used when imaging 

samples with steep walls over steps of 100 nm to several microns in height [25]. 

Nanoscope Software 

The version 4.10 of the Nanoscope® software was used for real-time control of the 

Dimension™ TMAFM, as well as, off-line analysis of the scanned images of the samples 

[28,29]. The software was run on an IBM Personal Computer with two monitors. One 

monitor was used for entering commands. The other monitor is used for viewing and 

analyzing images. 

Real-time commands are used to calibrate the cantilever, define scan features, motion of 

the stage and of the SPM head, and capture the image [29]. Off-line commands are used to 

work with files, to view and process the scanned images, to assist in analysis of the 

images, and modify the images for export and import [29]. In this study, the images were 

exported in TIFF format and the raw data in an ASCII format. 
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5.1.3 TMAFM Analysis of Si(lOO) Surfaces 

The Si(lOO) wafers, used in this research to investigate the effects of H-passivation, 

were cut into 1 inch x I inch pieces and placed in Teflon® sample holders inside the class 

100 clean room of the CIMD laboratory located at the BeAM Facilty, Arizona State 

University. Teflon is a registered trade mark of Du Pont Corp., Wlimington, Delaware. In 

some instances, whole wafers were placed in Teflon wafer carriers. These samples were 

then transported to the Lawrence Semiconductor Research Laboratory, Tempe, Arizona, 

located about four miles away for analysis with the TMAFM. The following steps were 

followed during operation of the TMAFM for sample analysis: 

1. The SPM head was un-mounted from TMAFM. 

2. An ettched silicon tip was separated carefully under an optical microscope with 50x 

magnification from the wafer of tips obtained from Digital Instruments, Inc., Santa 

Barbara, CA. The separated tip was checked under microscope for damage. 

3. The new etched silicon tip was placed in the tip holder of the SPM head while the 

tip was dismounted. 

4. The SPM head was mounted back into place in the TMAFM. 

5. The tip was properly adjusted for focus with the help of the laser beam. 

6. The etched silicon tip was calibrated using the Nanoscope® version 4.10 software 

real-time commands. 

7. A Si(lOO) specimen was placed on the stage and the tip was calibrated with respect 

to the sample by adjusting the Z height. 

8. The enclosure was closed to avoid any external disturbance. 

9. The Si(lOO) surface was scanned and the image was saved. The software settings 

used for scanning are tabulated in Appendix C2 [27]. 
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10. The scanned image was analyzed using the Nanoscope® version 4.10 off-line 

commands. The top view, the surface profile, the roughness analysis, the power 

spectral density (PSD) versus wavelength analysis, and PSD vs. wavelength raw 

data were all obtained and saved. 

11. The saved images and data were later analyzed on a Power Macintosh 6100 with 

built-in DOS compatibility card. 

12. The enclosure was opened, the SPM head was raised and the sample was taken out. 

Figure 5.7 is an illustration of the analysis performed on the scanned image of sample 

VBl-Cl. VBI-Cl is a sample from the experiment VBl, and is an "As Received" sample 

from the wafer vendor characterized prior to chemical processing. The experiment VB I is 

described in Chapter 6. The analysis shown in Figure 5.7 was done for all the samples 

studied by TMAFM in this research. The Si(lOO) surface roughness was reported in terms 

of root-mean-square (RMS). It is a scalar representation of the average height deviation. 

RMS or Rj is defined by the following equations [30,31]; 

(5.1) 

and 
J N ^ 

(5.2) 

where, Zj height at point (x,y) 

the number of measurement 

N 

Z. ave average of the Z values within a given area 

number of points within the given area 
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5.2 Fourier Transform Infrared Spectroscopy in Attenuated Total 

Reflection Mode 

The foundations of modem Fourier Transform Infrared Spectroscopy (h i IK) were laid 

in the latter part of the nineteenth century by Michelson [32-35]. Soon after that Raleigh 

recognized the relationship of an interferogram to its spectrum by a Fourier Transformation 

[36]. It was not until the advent of reasonably priced computers and the fast Fourier 

algorithm that interferometry began to be applied to spectroscopic measurements in the 

1970s [37]. 

The vibrational motions of the chemically bound constituents of matter have frequencies 

in the infrared regime. The oscillations induced by certain vibrational modes provide a 

means for matter to couple with an impinging beam of infrared electromagnetic radiation 

and to exchange energy with it when the frequencies are in resonance [38-45]. In the 

infrared experiment, the intensity of a beam of infrared radiation is measured before (Iq) 

and after (I) it interacts with the sample as a function of light frequency, {wj. A plot of I/Iq 

versus frequency is the "infrared spectrum". The identities, the sample matrix, and the 

concentrations of elements in a specific chemically bonded configuration can be determined 

[38-45]. 

5.2.1 Components of a FTIR Spectrometer 

The intemal reflection experiments requires implementation of an internal reflection 

spectrophotometer or spectrometer [46]. At its most basic, an intemal reflection 

spectroscopic instrument consists of a source, a dispersion element or beamsplitter, some 

mirrors and/or lenses and a detector. Most general-use systems will cover the frequency 

region of 400 -4000 cm ' (25 - 2.5 ̂ m). Since the intemal reflection element (IRE) material 

will often be the limiting element, this is usually a sufficient spectral range [46]. 
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The basic optical component of Fourier transform spectrometers is the Michelson 

interferometer shown in simplified form in Figure 5.8 [44,47,48]. Light from an infrared 

source, a heated element or a glowbar, is collimated and incident on a beam splitter. An 

ideal beam splitter creates two separate optical paths by reflecting 50% of the incident light 

and transmitting the remaining 50% [32]. In the near and middle infrared region, 

germanium deposited on a KBr substrate is commonly used a beam splitter. In one path the 

beam is reflected by a fixed-position mirror back to the beam splitter where it is partially 

reflected to the source and partially transmitted to the detector. In the other leg of the 

interferometer, the beam is reflected by the movable mirror that is translated back and forth, 

and maintained parallel to itself [32]. The beam from the movable mirror is also returned to 

the beam splitter where it too is partially transmitted back to the source and partially 

reflected to the detector. Although the light from the source is incoherent, when it is split 

into two components by the beam splitter, the components are coherent and can produce 

interference phenomena when the beams are combined. The detector is typically a 

deuterated triglycene sulfate pyroelectric detector, and the movable mirror rides on an air 

bearing for good stability [32]. It is desirable to have a high-sensitivity detector, such as 

liquid-nitrogen-cooled HgCdTe for intemal reflection experiments, because the actual light 

intensity reaching the detector may be very low. To achieve high signal-to-noise ratio, it is 

usually necessary to significantly increase the gain of the detector amplification above that 

used for transmission work [46]. 

5.2.2 The Attenuated Total Reflection Mode 

A large number of methods and accessories have been developed to permit the infrared 

source to interact with the sample in appropriate ways. Some of the common approaches 

are Single-pass transmission. Reflection, Attenuated Total Reflection, Emission, and 
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Microscopy [38]. In this study, FTIR in attenuated total reflection (ATR) mode was used 

and thus, the future discussion will be limited to this technique. 

In the FTIR-ATR configuration, an Attenuated Total Reflection (ATR) crystal is used. 

An ATR crystal set up is illustrated in Figure 5.9 [38,46]. Typical materials used for FTIR-

ATR elements are summarized in the Appendix C3. The infrared beam is directed into the 

crystal. Exploiting the principles of a waveguide, the change in refi^tive index at the 

crystal surface causes the beam to be back-reflected several times as it propagates down the 

length of the crystal before it finally exits to the detector [38,49-53]. If the sample is put 

into contact with the crystal surface, the beam will interact weakly with the sample at 

several points. For extremely thin samples, this is a means of increasing the effective path 

length [38,49-53]. Since the propagating beam in the crystal barely penetrates through the 

surface of the sample adjacent to the crystal, signals at a sample surface can be enhanced as 

well. This also helps in the study of opaque samples. Approximately fivefold 

amplifications in signal are typical over a direct transmission experiment. The quality of the 

crystal-sample interface is critical, and variability in that interface can make ATR results 

very difficult to quantify [38]. 

The adaptations of a standard instrument for internal reflection spectroscopy are as 

follows: first, the light must be focussed onto the edge of the internal reflection element 

(IRE) [46]. This can sometimes be done with the use of a commercial ATR accessory, or 

else the internal reflection beam can be directed to a special optical bench as shown in 

Figure 5.10 [46]. If the input beam is larger than the IRE input edge, as is usual, then light 

which bypasses the IRE should be prevented from reaching the detector. This can be 

achieved by putting a baffle in the vicinity of the IRE which will absorb this extraneous 

light [46]. Once through the IRE and any other optical accessories such as polarizers, the 

light must be focussed onto a detector. Attenuated total reflectance attachments normally 
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include all of the optics to achieve this, otherwise, appropriate mirrors and/or lenses must 

be employed, as illustrated in Figxire 5.10 [46]. 

5.2.3 Basic Principles of the Infrared Spectrum 

Snell's Law 

When light approaches the interface between two media with differing refractive 

indices, the light will be partially or totally reflected. If both the propagating and 

approached media are transparent, the light which is not reflected will be transmitted and 

refracted according to Snell's law [54]: 

n,sin(6) = njSinCtp) (5.3) 

where 0 is the angle of incidence, cp is the angle of refraction, and n, and nj are the 

refractive indices of the propagating and approached media, respectively. When the angle cp 

achieves 90°, the incident light is totally reflected. At this condition, the incident angle 0 is 

called the critical angle, and Snell's law becomes: 

sin(0J = ^ (5.4) 

It can be seen that for total reflection to occur, the approached medium must of 

necessity be less optically dense, i.e. have a lower refractive index than the propagating 

medium [46]. When the propagating medium is a solid material, this phenomenon is called 
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total internal reflection. Fiber-optics, for example, rely on total internal reflection to 

transmit optical information over long distances. 

Electric Field 

Using Maxwell's relations, it is possible to calculate at the interface the electrical field 

amplitude induced by the reflecting light. This field exists not only in the propagating 

medium, but also extends into the approached medium, with exponentially decreasing 

amplitude [55]. The distance required for the electric field amplitude to decrease to 1/e of its 

value at the surface is given by [56,57]: 

<ip = ? — (5.3) 
0.5 

2;r(sin^ d - — 
" i .  

where X is the wavelength of the incident light. This distance or penetration depth is on the 

order of one-tenth the wavelength when 0 is near grazing, and becomes infinitely large as 0 

approaches 0^. Penetration depth increases with A, and as n2/n, approaches 1. The 

penetration depth can be used as an estimate of the thickness of the region in the 

approached medium which is sampled by the reflected light. 

Polarization 

The absorption of infirared light by a surface film is also strongly dependent on the 

polarization of the incident light. Light with field components parallel to the plane of 

incidence will interact with the species whose dipole component is normal to the interface, 

and light with field components perpendicular to the plane of incidence will interact with 
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dipole components parallel to the interface [46]. Reflection spectroscopy, then, can yield 

information not only on the concentration of a surface or interfacial species, since 

absorption is roughly proportional to concentration, but also depends on the orientation of 

the detected species with respect to the interface, when measurements with different 

polarizations are made [46]. 

Number of Internal Reflections 

The number of internal reflections within an internal reflection element (IRE) is given 

by the equation [46]: 

XT L 1 N = — X 
t tan d 

(5.6) 

where, L 

t 

0 

Length of the internal reflection element 

Thickness of the internal reflection element 

Angle of incidence 

The amount of light absorbed by the film or the material in contact with die internal 

reflection element (IRE) is proportional to the number of contact reflections [46]. For an 

IRE whose entire surface is coated with or comprised of the material of interest, for 

example, when immersed in liquid, the number of contact reflections is given by the 

expression as above. 

Transmittance, Reflectance, and Absorbance 

Defining I^ to be the intensity of the light incident upon the sample and I to be the 

intensity of the beam after it has interacted with the sample, the goal of an infrared 
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experiment is to determine the intensity ratio, I/Iq, as a fiinction of the angular frequency of 

the light (0)). A plot of this ratio versus the frequency is the infrared spectrum [38]. The 

infrared spectrum is commonly plotted in one of three formats: as transmittance, 

reflectance, or absorbance [38,54-57]. If one is measuring the fraction of light transmitted 

through the sample, this ratio is defined as: 

T = (D (5.7) 

where T„, is the transmittance of the sample at frequency co, and I, is the intensity of the 

transmitted light. Similarly, if one is measuring the light reflected from the surface of the 

sample, then the ratio is annotated as R^,, or the reflectance of spectrum, with I, being 

replaced with the intensity of the reflected light 1^. The third format, absorbance, is related 

to transmittance by the Beer-Lambert law [38]: 

= -logT, = (ej(bc) (5.8) 

where c is the concentration of chemical bonds responsible for the absorption of infrared 

radiation, b is the sample thickness, and is the frequency-dependent absorptivity, a 

proportionality constant that must be experimentally determined at each co by measuring the 

absorbance of samples with known values of be. As a first-order approximation the Beer-

Lambert law provides a simple foundation for quantitating FTIR spectra [38,54-57]. For 

this reason, it is easier to obtain quantitative results if one collects an absorbance spectrum. 
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as opposed to a reflectance spectrum. Prior to the introduction of FTIR 

spectrophotometers, infrared spectra were usually published in the transmittance format, 

because the goal of the experiment was to obtain qualitative information. With the growing 

use of FTIR spectrophotometer technology, a quantitative result is more often the goal. 

Today the absorbance format dominates, because to the first order it is a linear function of 

concentration [38]. An illustration of an aborbance spectrum is shown in the Figure 5.11. 

Signal position, integrated signal area, and fiill width half maximum CFWHM) are the three 

main characteristics or parameters that are typically analyzed for an FTIR spectrum [54-57]. 

The signal position is the most commonly exploited feature for chemical identification, 

because each chemical functional group displays peaks at a unique set of characteristic 

infrared frequencies [38]. To the first order, the integrated signal intensity is proportional to 

the concentration of absorbing bonds, whereas, the signal width, usually expressed as 

FWHM, is a function of the homogeneity of the chemical bonding. For the most part, 

factors like defects and bond strain are the major sources of leading to broadening of the 

signal width [38]. 

5.2.4 FTIR-ATR Analysis of Si(lOO) Surfaces 

Multiple reflection techniques, such as attenuated total reflection-Fourier transform 

infrared (ATR-FTIR) spectroscopy, have been used extensively for characterizing H-

terminated Si surfaces [58-63]. These measurements provide detailed information on the 

nature of silicon hydride (SiH,) bonding and hydrocarbon (CH^) contamination. The 

vibrational assignments for the SiH, bands have been published in several sources [64,65]. 

Appendix C4 summarizes the key signal locations that are of interest to the present study. 

The integrated areas of the SiH, signals provide a measure of the hydrogen coverage, and 

the relative amounts of monohydride (SiH), dihydride (SiHj), and trihydride (SiHj) 

bonding can be related to the surface topography [66,67]. Detecting hydrocarbon 
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contamination can be difficult if the reference sample has similar amounts of contamination 

[68]. Special precautions, such as using a UV/ozone clean, can be taken to insure that the 

reference is free of organic contamination. 

Implementation of ATR-MIK has, in most cases, been achieved by beveling small Si 

pieces to form a trapezoid [69]. A similar multiple reflection structure can be formed by 

masking and etching techniques [70]. Recently, the use of p-polarized grazing angle 

reflection for H-passivation studies has been reported [71,72]. A germanium (Ge) crystal 

clamped against the Si surface to make optical contact can also be used, and this approach 

was adopted for this work [73-75]. The key parameter controlling the spectral response is 

the optical contact between the Ge crystal and the Si wafer, which is affected by the applied 

pressure, wafer flatness, and particulates. The existence of surface irregularities will 

prevent perfect optical contact from being realized [76]. Using a pressure plate to apply 

high pressure will reduce the width of any air gaps. However, if adequate and reproducible 

contact is not made with the Si surface, it will be difficult to obtain quantitative data, as 

reported in the case of polymer studies [77]. 

A new accessory designed and manufactured by PIKE Technologies was used to make 

IR measurements on whole Si wafers ranging in size from 100 to 200 mm without cutting 

the wafer or performing any special processing to create a multiple reflection element [78]. 

To the best of the knowledge, according to the literature search, this is the first report of 

ATR-FTIR measurements on whole silicon wafers without special preparation [79]. The 

accessory was installed in the sample compartment of a Nicolet Model 800 Infrared 

Spectrometer equipped with a liquid-Nj-cooled, narrow-band, mercury-cadmium-telluride 

detector [80]. A 4 cm"' resolution was employed and 256 scans were co-added [75]. The 

samples were referenced against a wafer coated with a chemical oxide prepared by dipping 

the wafer for 10 minutes in SCI (4:1:1 H20:H202:NH40H) solution maintained at 80°C 
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[81]. The samples were stored in teflon holders and placed in laminated bags consisting of 

an aluminum layer sandwiched between two films of polyethylene and heat sealed after 

purging in nitrogen [82,83]. The samples were shipped to SEMATECH ovemight and 

FTTR-ATR analysis was performed within 24 hours following chemical treatment [75,84]. 

Because the Ge crystal can be contaminated or scratched over time, and due to issues 

involving making reproducible contact, the best comparisons were obtained for 

measurements performed on the same day and with the same experimental conditions [79]. 

An illustration of a typical absorption spectrum observed on a passivated Si(lOO) surface 

processed in the present research study is shown in Figure 5.12. The location of hydride 

and oxide peak signals are highlighted. It should also be mentioned that the oxide peak 

appears negative due the substraction of the signal from oxidized Si(lOO) used as the 

reference, whereas, all other peaks are positive [85]. The larger the negative peak means 

more oxide is removed firom the sample surface and the larger the positive peaks indicates 

an increase of the corresponding species [86]. 

5.3 Surface Wetting Measurements 

Chemicals must wet a surface before they can clean it [87]. The wettability of a solid 

surface depends upon the surface tension of both the solid and the solution [87,88]. When 

the surface tension of the solid is greater than or equal to the surface tension of the solution, 

it wets. If it is lower, it does not wet. Many common organic solvents have surface 

tensions which are lower than water. Many inorganic solutions have surface tensions 

which are greater than water. 

The surface tension of a silicon wafer surface is a function of its chemical nature [87]. 

In addition, the presence of contaminants on the wafer surface can change its surface 

tension. Organic contaminants in particular can drastically decrease the surface tension, 

hence rendering the surface less wettable [87]. Wetting agents, or surfactants, are 
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sometimes added to cleaning solutions to promote wetting. These surface active agents 

reduce the interfacial tension between the solution and the wafer surface, allowing the 

solution to spread evenly across the wafer [87]. The effectiveness of a surfactant to 

promote wetting is a function of its stmcture [89]. 

5.3.1 Classiflcation of Surfaces 

The surfaces can be broadly classified into two major classes based on their wetting 

nature. Surfaces that can be wetted with water are called "water loving" or "hydrophilic", 

Whereas, those that cannot be wetted with water are referred to as "water hating" or 

"hydrophobic". For example. Si wafer surfaces with a native oxide are hydrophilic and 

those without oxide are hydrophobic. Hydrophobic Si surfaces can be obtained by 

processing with HF solutions which generate hydrogen terminated surfaces, whereas, 

hydrophilic Si surfaces are formed due to native oxide presence and after processing with 

SCI and SC2 solutions [ 63,64,90] 

5.3.2 Roie of Contact Angle 

Contact Angle Phenomenon 

Surface wetting measurements help in determining the nature of a solid surface, viz., 

hydrophobic or hydrophilic. They also help with respect to determination of the 

contamination nature and thereby the source. The hydrophobic or hydrophilic nature of a 

surface can be quantified by the contact angle of a drop of water on that surface [88,91]. 

This quantity is closely related to surface tension. The contact angle, 0, is defined as the 

angle measured in the liquid that is formed at the junction of three phases, for example, at 

the solid-liquid-gas junction as shown in Figure 5.13 [88]. Although the surface tension is 

a property of the two phases which form the interface, the measurement of the contact 
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angle, 0, requires that three phases be specified for its characterization. A surface with a 

contact angle of zero degrees is completely hydrophilic, while a contact angle of 180° 

defines a completely hydrophobic surface. The contact angle of water with an HF-etched 

surface is approximately 66 to 85°, while that of buffered HF on a hydrophobic surface is 

around 70° [92,93]. 

Contact Angle Measurement 

The contact angle ranks with surface tension as an important parameter in the 

characterization of liquid surfaces [88]. Like surface tension, y, the contact angle, 0, must 

be measured with very clean samples and careful temperature control. Even when these 

requirements are met, the contact angle turns out to be quite difficult to evaluate uniquely 

[88]. The choice of a method to measure contact angles depends on the geometry of the 

sample. Contact angles can be measured either by static or dynamic methods. The dynamic 

method is more accurate, objective, and provides more information on surface energies 

than static methods [94]. 

A. Static Methods 

The static method include sessile drops or bubbles and adhering gas bubble techniques. 

The advantages of these techniques are: 

1. Only small quantities of liquid are required, 

2. Can use on small size samples. 

The sessile drop is obtained by placing a very small drop of liquid with the help of a 

micropipette on the solid sample placed on top a horizontal stage [94]. In the analysis of 
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most samples, water is used as the liquid of choice. If the drop is suspended from the 

sample, it is called a pendant drop or bubble [88]. In case of the adhering gas bubble 

method, a gas bubble is formed on the sample immersed horizontally in the liquid and held 

at the top of the chamber. The gas bubble is formed with the supply of controlled volume 

of gas or air through a small-tipped tube. In all these techniques, the angle at which the 

liquid adheres to the sample can be measured by taking a photograph of the drop. 

Alternatively, a telescope with a goniometer eyepiece may be used on the sample direcdy 

without recording the entire profile [88]. A light source illuminating of the drop from 

behind is used with the telescope/goniometer setup. A light filter to minimize heating by the 

light source and telescope with a protractor eyepiece are also used [94]. The relationship 

between surface tension, y, and the contact angle, 0, based on the above techniques, for a 

smooth solid surface is given by Young's Equation, which describes the equilibrium force 

balance as follows [88,94]: 

YlV ~ Ysv " YsL (5.9) 

where. Ysv solid-vapor interfacial free energy 

YSL solid-liquid interfacial free energy 

YLV liquid-vapor interfacial free energy 

0. equilibrium contact angle 

It should be noted that for most systems, it is not possible to measure the equilibrium 

contact angle state [94]. 
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B. Dynamic Methods 

The dynamic methcxi includes Wilhelmy plate and tilting plate techniques. In the tilting 

plate method, the angle of inclination of a smooth solid sample cutting the surface of a 

liquid is varied until an angle is found at which the liquid forms a horizontal contact with 

the solid [88]. Whereas, with the Wilhelmy plate method, the solid sample specimen, in the 

form of a plate, is suspended by a thin rod from an electrobalance into a beaker containing 

the liquid of choice [94]. The perimeter of the sample plate and the volume of liquid are 

maintained constant. The balance is usually interfaced with a computer and helps in 

recording the forces applied on the sample plate. By taking into account the weight of the 

sample plate, buoyancy forces, and the perimeter of the plate, the contact angle, 0, can be 

calculated by the following equation [94]: 

F = mg + Fp-Fb (5.10) 

where. Fp = PYLV COS 0 (5.11) 

Fb = pL^dg = pLgdtw (5.12) 

Using Equations 5.11 and 5.12, Equation 5.10 can be simplified to 

(5.13) 

In the above equations, the terms used are defined as follows: 
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F = total force acting on the sample plate 

Fp = downward force exerted on the sample plate 

F^ = buoyancy forces acting on the sample plate 

p = perimeter of the sample plate with a thickness, t, and width, w 

Ylv = surface tension of liquid 

0 = contact angle in degrees 

Pl = density of the liquid 

g = acceleration due to gravity 

Vj = volume of the sample plate immersed in the liquid 

d = sample plate immersion depth 

m = mass of the sample plate 

Based on the above equations, it is quite obvious that the biggest drawback of the 

Wilhelmy plate method is that y^v should be known from an independent experiment. Also, 

both the tilting plate and the Wilhelmy plate methods require larger volumes of liquid than 

is needed in the sessile or pendant drop static method [88]. Contact angles during 

immersion (advancing angle) and withdrawing (receding angle) processes can be measured 

more appropriately with dynamic methods when compared to static methods [88]. 

5.3.3 Surface Wetting Measurements for Si(lOO) Samples 

Changes on Si and SiOj surfaces can be detected by wetting measurements [79,90]. 

The contact angle of water droplets on H-terminated Si surfaces is modified by the presence 

of oxides, hydrocarbons, and fluoride contamination [95,96]. The procedure used for the 

present study is similar to that used by Utani et al., and similar to the tilting plate method 

described in Section 5.3.2 [97]. In this procedure, a droplet of water of constant volume is 
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placed on the Si surface, and the sample is tilted until the droplet falls off. A new tilting 

stage manufactured by PIKE Technologies was used and is shown in the Figure 5.14 

[98,99]. The tilt angle where the drop rolls off, 0, decreases and the contact angle 

increases with an increase in the amount of H-passivation [79]. Multiple 35 |il and 50 |jJ 

drops were placed on the wafer diameter along the tilt axis. A linear dependence was 

observed between the droplet volume and the tilt angle measured. The smaller droplet 

volume provided better sensitivity, but 50 ̂ il droplets were better for measuring hydrophilic 

surfaces [79]. The tilt angle measurement is a low-cost technique that is less subjective than 

a contact angle measurement. The technique worked best for well-passivated surfaces 

where the droplet was well-beaded. For surfaces with significant amounts of oxide, instead 

of rolling off when the sample was tilted, the droplet spread-out prior to tilting and slid 

down the surface, leaving behind a visible water track [79]. 

5.4 Determination of Defects by Chemical Etching 

The detection of crystalline defects in silicon and epitaxial layers may be performed 

with a variety of measurement techniques, each utilized for an inherent measurement 

advantage [100]. The most useful application of these techniques is to detect impurities, 

defects, and other properties that are significant for device operation, while ignoring 

insignificant properties [100]. Chemical etching to delineate defects is discussed in this 

section. The chemical etching technique was used in the present research smdy to determine 

the defects in the homoepitaxial films grown on passivated Si(lOO) wafers in the present 

research study. To get a better understanding of the role of chemical etching to determine 

the defects, this section is organized into the following sub-sections: 

1. Defects in semiconductor epitaxial films, and 

2. Chemical Etchants for defect determination. 
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5.4.1 Defects in Semiconductor Epitaxial Films 

Real crystals differ from the ideal in that they possess imperfections or defects [101]. 

Some, due to impurity dopant atoms used, are absolutely necessary for creating devices in 

the crystal. Other crystalline defects may be helpful if present in moderate density, such as 

gettering defects for instance. Most however, are undesirable, regardless of the density in 

which they may be found in the crystal [100]. Some defects which can negatively impact 

device performance are present in the starting material, but other defects which adversely 

alter device properties are induced by subsequent processing [101-103]. Among the most 

important device/material properties that are influenced by crystalline defects include [100]: 

1. Leakage currents in p-n junctions, 

2. Collector-emitter leakage currents in bipolar transistors, 

3. Minority carrier lifetimes, 

4. Gate-oxide quality, 

5. Threshold voltage uniformity in MOS devices, and 

6. Resistance to warpage by wafers during thermal process steps. 

Crystalline defects can be categorized into four groups and are listed as [100]: 

1. Zero-dimensional or point defects, 

2. One-dimensional or line defects, 

3. Two-dimensional or area defects, and 

4. Three-dimensional or volume defects. 

Various defects which fall under one of the above four categories are summarized in 

Table 5.1 according to their geometry [100,101,104-106]. During the epitaxial deposition, 

process-induced crystalline defects can occur in the film. These defects result from such 

diverse factors as [100]: 

1. Reactor contamination. 
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2. Substrate preparation, and 

3. Substrate imperfection. 

A noteworthy concept is that, in the case of silicon and most elemental semiconductors, 

the crystalline quality of the epitaxial layer caimot surpass that of the substrate [100]. This 

is not true in the case of GaAs and other compound semiconductors, where better 

stoichiometry and thus quality can be achieved in the film than in the substrate. Therefore, 

in the case of silicon, great care must be exercised in substrate preparation. A cleaning 

sequence prior to epitaxy is similar to the cleaning sequence used before furnace anneal, but 

including a wafer scrub, is required to remove particulates, and organic and inorganic 

contamination from the front and rear surfaces of the wafer. Often such cleaning 

procedures are not sufficient. In the case of deposition within a quartz tube, such as those 

used for oxidation or chemical vapor deposition (C\T)), an additional in-situ anhydrous 

HCl (1 - 5% HCl in H2) etch at temperamres in excess of process is required and removes 

remaining contaminants from the surface, especially Na and Fe [100]. Care must be taken 

to prevent etching of a significant thickness of the silicon substrate, since the etching rate 

increases rapidly with temperature. In the case of CVD, if lower temperatures of the order 

of 1050°C are required, in-situ etching with sulfur hexafluoride (SFg) has also been found 

to be a suitable alternative to HCl [100]. However, a recent study has shown that epitaxial 

material of excellent device quality can be grown on wafers that have only received a wet 

chemical clean prior to epitaxy [107]. These films were deposited from SiH4 and H, at 

temperatures as low as 900°C. This result also indicates that it is possible to grow high 

quality epitaxial layers thinner than 1 |im, with litde or no outdiffiision and/or autodoping 

[100]. A potential source of impurities within the reactor is the SiC-coated graphite 

susceptor, which may release metallic impurities if the SiC coating becomes cracked [108]. 

A high temperature HCl treatment of the susceptor substantially reduces these impurities. 
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5.4.2 Chemical Etchants for Defect Determination 

Chemical etching techniques can be used to rapidly and inexpensively evaluate the 

degree of crystal perfection, as well as to determine the presence and type of defects present 

in a crystal [100]. Optical microscopy is frequently used to look at and measure defect size, 

type, and density in semiconductors after delineation of the defects by etching [32]. 

Dislocations, stacking faults, swirls, and defect pits shaped as saucer are observable after 

chemical etching upon inspection by optical microscopy. The sample is typically etched in a 

oxidizing solution, that delineates defects, by preferentially etching the wafer where crystal 

defects have intersected the surface [100,32]. This process makes the defects visible 

through etch pits whose shape is characteristic of the defect present [32]. Reproducible 

measurements of the density and distribution of structural defects across the surface is 

obtained. The type of defect is inferred from the shape of the pits observed after the 

preferential etch [100]. A list of etchants that are currently used in the semiconductor 

industry is given in Table 5.2 [109-120]. The specific procedures for using these etching 

solutions are given in ASTM standards F47 and F26 [121,122]. To count the defects, a 

recommended procedure is to use an optical microscope with lOOx magnification and count 

the number of defects within a defined area. This is done on nine locations on the wafer 

and the readings are averaged [32]. Photographs showing many examples of defects and 

how they appear when viewed through a microscope are given in ASTM standard F154 

[123]. A cross-section and a top view of some defects in silicon are shown in Figure 5.15 

[32,124]. 

5.5 Ellipsometry 

Ellipsometry was used in the present research for measuring the thickness and 

refractive index of the oxide films grown on Si(lOO) surfaces [125]. Si(lOO) wafers were 
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processed according to the liquid phase procedure described in Chapter 6 [126]. An 

ellipsometer manufactured by Gaertner Scientific Corporation, Chicago, IL, and located in 

a clean room at The Center for Solid State Engineering Research (CSSER), Engineering 

Research Center, Arizona State University, Tempe, Arizona was used for this purpose 

[127]. This section is divided into the following four categories: 

1. Review of the principle of ellipsometry, 

2. Theoretical analysis of the ellipsometry, 

3. Ellipsometric measurement techniques, and 

4. Ellipsometry of oxidized silicon surfaces. 

5.5.1 Review of the Principle of Ellipsometry 

The technique of ellipsometry was introduced in the ISOOs, but until computers became 

available, it was painfully slow to perform [38,128]. Early work in ellipsometry focused 

on improving the technique, whereas attention now emphasizes applications to materials 

analysis [38]. New applications continue to be found, however, ellipsometry traditionally 

has been used predominantly to measure the thickness of thin dielectric films, in the range 1 

- 1000 nm, on highly absorbing substrates, but can also be used to determine the optical 

constants of films or substrates [32,38, 128-133]. It allows thickness measurements at 

least an order of magnitude smaller than interferometric methods [32]. Common systems 

that were analyzed by ellipsometry are oxide and nitride films on silicon wafers, dielectric 

films deposited on optical surfaces, and multilayer semiconductor stmctures [38]. 

Ellipsometry is based on measuring the state of polarization of polarized light [32]. In 

ellipsometry a coUimated polarized light beam is directed at the material under study, and 

the polarization state of the reflected light is determined using a second polarizer. To 

maximize sensitivity and accuracy, the angle that the light makes to the sample normal, the 

angle of incidence, and the wavelength are controlled [130-133]. The geometry of a typical 
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ellipsometry set up showing the reflection and refraction phenomena is illustrated in Figure 

5.16. 

Visible light is an electromagnetic wave with a wavelength ranging from 350 nm, blue 

radiation, to 750 nm, red radiation [134]. These waves have an associated electric (E) and 

magnetic (H) components that are related mathematically to each other, and thus one can 

limit calculations to the E component [38]. In general, when light is reflected from a single 

surface, it will generally be reduced in amplitude and shifted in phase. For surfaces with 

multiple reflection the various reflecting beams will further interfere and produce maxima 

and minima of interference which depends on the wavelength or incident angle [32]. 

Consider the plane-polarized light incident on a plane surface illustrated in Figure 5.17. 

The incident polarized light can be resolved into a component p, parallel to the plane of 

incidence and a component s, perpendicular to the plane of incidence [32]. If the material 

from which the wave is reflected has zero absorption, then only the amplitude of the 

reflected wave is affected. Then, linearly polarized light is reflected as linearly polarized 

light [32]. However, the two components experience different amplitudes and phase shifts 

upon reflection from absorbing materials and for multiple reflections in a thin layer between 

air and the substrate. The parallel component reflectance is always less than the vertical 

component reflectance for angles of incidences other than 0° and 90°. The two are equal at 

those two angles [32]. The phase-shift difference introduces an additional component 

polarized 90° to the incident beam rendering the reflected light elliptically polarized. 

Projected onto a plane perpendicular to the reflected beam, the resultant electric field vector 

of the elliptically polarized light traces out an ellipse [32]. In other words. Figure 5.18 (a) 

shows the electric field associated with linearly polarized light as it propagates in space and 

time, separated into its x- and y-vector components [38]. In the figure, the x- and y-

components are exactly in phase with each other, thus the electric vector oscillates in one 
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plane, and a projection onto a plane perpendicular to the beam propogation direction traces 

out a straight line, as shown in Figure 5.18 (a). When the vector components are not in 

phase with each other, the projection of the tip of the electric vector onto a plane 

perpendicular to the beam propagation direction traces out an ellipse, as shown in Figure 

5.18 (b) [38]. 

The key property of polarized light for ellipsometry is the change of plane-polarized 

light into elliptically polarized light or elliptically polarized light into plane-polarized light 

upon reflection [32]. A complete description of the polarization state includes [128]: 

1. The azimuthal angle of the electric field vector along the major axis of the ellipse, 

labeled as the angle a in Figure 5.18 (b), relative to a plane of reference, 

2. The degree of ellipticity, which is defined by the aspect ratio e = b/a, 

3. The handedness, i.e., righthanded rotation of the electric vector describes clockwise 

rotation when looking into the beam, 

4. The amplitude, which is defined by A = (a^ + b^)^, and 

5. The absolute phase of the vector components of the electric field. 

In ellipsometry only quantities 1 and 2, and sometimes 3, are determined. The absolute 

intensity or phase of the light doesn't need to be measured, which simplifies the 

instrumentation enormously [38]. The handedness information is normally not critical. 

5.5.2 Theoretical Analysis of the Ellipsometry 

All electromagnetic phenomena are govemed by Maxwell's equations, and one of the 

consequences is that certain mathematical relationships can be determined when the light 

encounters boundaries between media [128-134,136]. Light propagates as a fluctuation in 

electric and magnetic fields at right angles to the direction of propagation. The total electric 

field vector is given by [32]: 
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E = Epp + E,s (5.14) 

where, Ep and E, are the parallel and perpendicular components of the electric field and the 

symbols marked with a ^ represent unit vectors. 

Three important conclusions that result for ellipsometry are [38]: 

1. The angle of incidence equals the angle of reflectance 0, as shown in Figures 5.16, 

2. Snell's law holds: 

n, sin 0, = n^ sin 0^ (5.14a) 

where, n, and Ug are the complex indexes of refraction in media 1 and media 0, and 

the angles 0, and 0(, are shown in Figure 5.16, and 

3. The Fresnel reflection coefficients are: 

and 

E„ (reflected) 
K = —  ^ (5-15) 

E (incident) 

E„ (reflected) 
R = - ^  ( 5 . 1 6 )  

E (incident) 

where, s refers to the light vector component perpendicular to the plane of 

incidence, p refers to the component parallel to the plane of incidence, and r and i 

refer to reflected and incoming light. The plane of incidence is defined by the 

incoming and outgoing beams and the normal to the sample [38]. The relations Rp 
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and Rj are the complex Fresnel reflection coefficients and are not separately 

measurable [32,38]. However, the complex reflection ratio p, defined in terms of 

the reflection coefficients Rp and R, or the ellipsometric angles \j/ and A, 

is measurable [32,38]. Since p is a complex number, it may be expressed in terms of the 

amplitude factor tan \|/, and the phase factor exp jA or, more commonly, in terms of just 

and A [38]. Also, since p is the ratio of reflection coefficients, that is, the ratio of the 

intensities and the relative phase difference, it is not necessary to make absolute intensity 

and phase measurements [32]. Thus the measurements of \j/ and A are related to the 

properties of matter via Fresnel coefficients derived from the boundary conditions of 

electromagnetic theory [128-134,136]. 

The ellipsometric angles v|/ (0° < \|/ < 90°) and A (0° < A < 360°) are the most 

commonly used variables in ellipsometry and are defined as [32]; 

p = i = tan(v/') ej"" (5.17) 

/"R ^ 
\|/ = tan"' — 

. R .  ,  
(5.18) 

and 

A = differential phase change = Ap - A, (5.19) 
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\|/ and A determine the differential changes in amplitude and phase, respectively, 

experienced upon reflection by the component of the electric field vectors parallel and 

perpendicular to the plane of incidence [32]. There are several ellipsometric techniques used 

for determining \jf and A. They are discussed in Section 5.5.3. 

Determination of the sample's optical parameters using \|/ and A can be demonstrated 

with the help of the simple example of light reflected at an air-solid-absorbing substrate 

interface shown in Figure 5.19 [32]. The air is characterized by its index of refraction ng, 

and the sample is characterized by its complex index of refraction, n, - jk,, where n, is the 

index of refraction and k, the extinction coefficient [32]. Using Fresnel's equations, it can 

be shown that [137]: 

where p is given by Equation 5.17. The complex index of refraction of the sample can be 

determined if ng is known and if the ellipsometric ratio p is measured at the incidence 

angles ((). This case is easily calculated. 

Of considerable importance in ellipsometric measurements is a substrate covered by a 

thin film, firequendy a non-absorbing insulator [32]. A major application is the 

measurement of the thickness and the index of refraction of the thin films. For the air (ng)-

thin film (n,)-substrate (n, - jkj) system, the equations become much more complicated 

because they are dependent on the refractive indices, the film thickness, the angle of 

incidence, and the wavelength. If n2 and kj are known from an independent measurement 

(5.20) 
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and, if the film is transparent without absorption, then n, and film thickness may be 

calculated from the results of a single y and A measurement [32]. But the computation 

becomes very tedious. Detailed calculations of \|/ and A for the air-Si02-Si system at 

selected mercury and He-Ne laser spectral lines as a function of oxide thickness and 

refractive index are given in Reference 138. The only satisfactory way of handling the 

equations is by use of numerical techniques, as is commonly done in computer-controlled 

ellipsometers at the present times. 

A thin transparent layer on a substrate is shown in Figure 5.20. The two reflected rays 

interfere with one another, ranging from being completely in phase to being completely out 

of phase [32]. A consequence of this interference is the cyclical nature of thickness 

measurements, where \\f and A are cyclic functions of the film thickness. They repeat for 

the full-cycle film thickness defining the relationship [32]: 

Hence, for films thicker than the full-cycle thickness, one must have independent 

knowledge of the film thickness to within one full-cycle thickness [32]. There is, in 

principle, no limit to the thickness of the layer that can be determined. Films as thin as 10 A 
have been measured, as have films many thousands of angstroms (A) thick. Although 

ellipsometry gives numeric values, the results for very thin films are questionable. The 

model assumes uniform optical properties and a sharp planar film/substrate boundary [32]. 

Furthermore the ellipsometric equations are based on the macroscopic Maxwell's equations 

which generally do not apply to layers only a few atomic layers thick. Nevertheless, the 

A 
(5.21) t-
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measurements appear to give reasonable average thicknesses. Thick layers have a different 

problem. The interpretation becomes more difficult due to optical path lengths [32]. 

5.5.3 Ellipsometric Measurement Techniques 

Ellipsometry is a very powerful, simple, rapid, and nondestructive technique with 

excellent resolution (nm) for surface, thin-film, and interface analysis [38]. In contrast to a 

large class of surface techniques such as Electron Spectroscopy for Chemical Analysis 

(ESCA) and Auger Electron Spectroscopy (AES), ellipsometry can be performed in any 

ambient atmosphere including high-vacuum, air, aqueous and hostile environments like 

acids. Its principal uses are to determine the thickness of thin films in multilayered systems, 

optical constants of bulk and thin-film materials, surface and interfacial roughness, and 

material microstructures including constituent and void fractions in deposited or grown 

materials [38]. Ellipsometry is being used to make in-situ measurements during crystal 

growth or material deposition or processing, and attempts are being made to use 

ellipsometers with automated fast-acquisition in medical research [32,139-143]. The ability 

to smdy interfaces with liquids is a distinct advantage for many disciplines, including 

surface chemistry, biology and medicine, and corrosion engineering [38]. 

Simple one-wavelength ellipsometers are in common use in semiconductor processing, 

and use of full spectroscopic ellipsometers are being currently introduced [32,38]. Different 

types of ellipsometers have been built and used in academia, as well as industry and 

research laboratories. Ellipsometers can be classified into four types as [38]: 

1. Null ellipsometry, 

2. Polarization modulation ellipsometry, 

3. Rotating analyzer ellipsometry, and 

4. Rotating polarizer ellipsometry. 
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Manual null ellipsometry is accurate but infrequently done, due to the length of time 

needed to acquire sufficient data for any meaningful materials analysis. Automated null 

ellipsometers are used, for example, in the infrared, but are still slow [38], Polarization 

modulation, rotating analyzer, and rotating polarizer fall under the category of fast 

automated ellipsometers [128-130]. The most common of these fast ellipsometers are the 

rotating analyzer and rotating polarizer types[144]. In this section, the null and rotating 

analyzer ellipsometers are briefly described. 

Null Ellipsometry 

Most commercial ellipsometers are based on the null ellipsometric principle. The PCS A 

version (Polarizer-Compensator-Sample-Analyzer) is the most common null ellipsometer 

configuration [137,138,145]. The principle of operation is most easily explained with 

reference to the manual ellipsometer in Figure 5.19. A collimated beam of unpolarized 

monochromatic light, typically from a laser, is linearly polarized by the polarizer [32]. The 

Glan-Thompson prism, consisting of two sections of calcite cemented together, is a 

common polarizer. When unpolarized light is incident on such a polarizer, total internal 

reflection allows only linearly polarized light to exit. The compensator, also known as a 

retarder, changes the linearly polarized light to elliptically polarized light. The compensator 

contains a fast and a slow optical axis perpendicular to the direction of transmission [32]. 

The component of incident polarized light whose electric field is parallel to the slow axis is 

retarded in phase relative to the component parallel to the fast axis as the light passes 

through the compensator. When the relative retardation is 7t/2, the compensator is called a 

quarter-wave retarder or quarter-wave plate [32]. Linear quarter-wave retarders, made out 

of birefringent mica or quartz, are most commonly used in ellipsometers. 
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The angles P and C of the polarizer and the compensator can be adjusted to any state of 

polarization ranging from linear to circular [32]. The aim of an ellipsometry measurement is 

a null at the detector. This is attained by choosing P and C to give light of elliptical 

polarization, which, when reflected from the sample, becomes linearly polarized to be 

extinguished by the analyzer. The linearly polarized light is passed through the analyzer, 

which is similar to the polarizer, and the angle A is adjusted for minimum photodetector 

output [32]. The operator adjusts the polarizer and analyzer angles sequentially for 

minimum detector signal. Computer-controlled stepping motors have replaced manual 

adjustments on most modem instruments. The angular convention is that all angles are 

measured as positive counterclockwise from the plane of incidence when looking into the 

beam and that the polarizer angle is adjusted to zero when the plane of transmission is in the 

plane of incidence [32]. 

There are 32 combinations of P, C, and A that can result in a given pair of \j/ and A. 

Because any two angles of the polarizer, compensator, and analyzer that are 180° apart are 

optically identical, the number of combinations of P, C, and A settings giving any pair of \\f 

and A can be reduced to 16 if all angles are restricted to less than 180° [32]. The 16 pairs of 

linear equations relating \\f and A to P and A at null are summarized as [146]: 

and 

\|/: A, 180° - A 

A: 2P-90°, 2P-270°, (2m-l)90°±2P 

(5.22) 

(5.23) 
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where m = 1, 2, 3, or 4. 

The 16 equation pairs can be reduced to two pairs by restricting the compensator to one 

angle, for example, 45°, and the ranges of P and A to two zones, defined as [146]: 

Zone 2: -45° < Pj < 135°, 0°<A2<90°, C = 45° (5.24) 

and 

Zone 4: -135° <P,<45°, -90°<A4<0°, C = 45° (5.25) 

With P and A determined in each of these two zones, their relationship to \|/ and A is: 

\|/2 = Aj, \|/^ = - A^ (5.26) 

and 

Aj = 270° - P2, A, = 90° - 2P4 (5.27) 

Although equally valid measurements can be made in either zone, effects of 

imperfections in the compensator can be eliminated by making measurements in both zones 

and averaging the results to obtain the mean values [32]: 

2 2 

and 

A = = 180° - (P2 + Pj (5.29) 
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The angles are then used to calculate the optical parameters of the sample. 

Rotating Analyzer Ellipsometry 

Rotating analyzer ellipsometers fall within a class of ellipsometers known as 

photometric ellipsometers [32]. Such an ellipsometer consists of a light source, 

monochromator, collimating optics, and polarizer preceding the sample of Figure 5.16, and 

a rotating polarizer, called the analyzer, and detector following the sample [38]. In the 

rotating analyzer ellipsometer, linearly polarized light is incident on the sample and 

becomes elliptically polarized upon reflection [137,147,148]. The reflected beam passes 

through the analyzer, rotating around the beam axis at a constant angular velocity, to be 

detected by an optical detector. If the light incident on the analyzer were linearly polarized, 

the detected light would be a sine-squared function with a maximum and zero minimum per 

half rotation of the analyzer [32]. Unmodulated, uniform output results for circularly 

polarized light and sinusoidal output variations, similar to linearly polarized light, are 

observed for elliptically polarized light, but the maxima are smaller and the minima larger, 

making the amplitude variation smaller. The amplitude variation of the sinusoidal detector 

output is a function of the ellipticity of the reflected light. The output is generally Fourier 

analyzed to yield \j/ and A [32]. The intensity of the light measured at the detector oscillates 

sinusoidally according to the relation: 

I = I + a cos 2A + P sin 2A (5.30) 

where a and P are the Fourier coefficients, and A is the azimuthal angle between the 

analyzer "fast axis" and the plane of incidence [38]. There is a direct mathematical 
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relationship between the Fourier coefficients and the \j/ and A ellipsometric parameters. The 

actual experiment involves recording the relative light intensity versus A in a computer. The 

coefficients a and (3, and thus y and A, can then be determined [38]. By changing the 

angle of incidence and wavelength, the user can determine N sets of \|/j and A^ values for 

the regression analysis used to derive the unknown physical properties of the sample. 

The polarizer and analyzer azimuthai angles relative to the plane of incidence must be 

calibrated. A procedure for doing this is based on the minimum of signal that is observed 

when the fast axes of two polarizers are perpendicular to each other [144]. 

The major advantages of rotating analyzer ellipsometers lie in their higher speed and 

their increased accuracy [32]. Effects of noise and random errors are reduced since 

hundreds or thousands of light intensity samples constitute a single measurement. The lack 

of a compensator improves the measurement since errors associated with commercial 

compensators do not affect the measurement. The demands on the optical system, 

however, are more stringent [32]. Stray light must be carefully controlled, and the light 

source intensity should not change with time. The detector response must be linear to avoid 

generation of harmonics. Rotating analyzer elUpsometers are particularly suited to 

spectroscopic ellipsometric measurements because none of the wavelength-dispersive 

properties of the compensator can play a role if there is no compensator and because the 

data acquisition time can be short [32]. Nevertheless, the majority of commercial 

instruments is of the null ellipsometer type. 

5.5.4 Ellipsometry of Oxidized Silicon Surfaces 

Ellipsometiy provides a non-destructive optical technique for measuring the thickness 

of silicon oxide films, as well as the optical index of refraction at the measuring wavelength 
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[100]. Archer was the first to use this method, and a detailed analysis of the method is 

given in Reference 135. In general, the index of refraction, nj, of thermally grown SiOj is 

constant at a value of 1.46 at a wavelength of 5460 A. On the other hand, the value of U; for 

deposited films depends strongly on deposition conditions. As a result, thermal oxides 

usually require only a thickness measurement [100]. 

The ellipsometry technique makes use of the change of state of the polarization of light 

when it is reflected from a surface, in this case the oxidized Si/SiOj interface [32,38]. The 

state of polarization is determined by the relative amplitude of the parallel and perpendicular 

components of the radiation, and by the phase difference between these two components. 

The polarization change depends on the optical constants of the silicon, the angle of 

incidence of the light, the optical constants of the film, and the film thickness [32,38]. The 

optical constants of the film are the refractive index, nj, and the extinction coefficient, k. If 

the optical constants, n^ and k, of the substrate are known and the film is non-absorptive at 

the wavelength being used, k = 0, and the state of polarization of the reflected beam 

depends on U; and the thickness of the transparent film [100]. 

In the past, ellipsometry measurements required a delicate and experienced skill to 

determine the extinction points, which allow the state of polarization to be directly 

calculated [100]. Automated equipment, which directly outputs values of nj, and thickness 

has since been developed [38]. Such instruments are capable of measuring the oxide 

thickness and nj in 4 to 20 sec, in films which are 20 A to 60,000 A thick. Thickness 

measurement of ± 3 A in accuracy and ± 1 A in repeatabilty are possible, and the index of 

refraction can be determined to an accuracy of ± 0.005 units [100]. Such film thickness 

measuring systems are quite versatile, and they are routinely used to measure the thickness 

and index of refraction of other dielectric films including: (a) silicon nitride (Si3N4), (b) 

silicon oxynitride (SiO^Ny), and (c) aluminum oxide (AljOj) on silicon substrates. They 
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can also be used to determine the thickness of multilayer film structures, such as 

polysilicon on SiOj on Si, or photoresist on SiOj on Si [32,38,100]. 

5.6 Capacitance-Voltage Measurements 

The most challenging application of silicon oxidation is in the fabrication of MOS 

insulator oxides, because the oxide layer serves not only as a diffusion mask but as a 

critical part of the device [149]. Therefore, the electrical properties of the device depend on 

the properties of the oxide, which must be carefully controlled. Conversely, a sensitive 

way of measuring the properties of any oxide is to incorporate the oxide into a simple MOS 

device. Also, the kinds of charges and traps existing at the Si/SiOj interface play a key role 

[32,100]. Electrical measurements on various device structures is the most important 

method used to characterize the properties of the SiOj and the Si/SiOj interface.The device 

structures most widely employed to evaluate such properties are the metal-oxide-

semiconductor (MOS) capacitor and the MOS transistor [100]. MOS devices are generally 

characterized by Capacitance-Voltage (C-V) measurements. These measurements are also 

used for understanding the behavior of the deposited metal films, and ion implantation in 

semiconductor devices [149]. In the present study, passivated Si(lOO) samples were 

analyzed by C-V measurements after oxidation. In this section an attempt is made to give an 

insight into C-V measurements with an emphasis on application to oxidized silicon 

surfaces. The section is organized into the following categories: 

1. Properties of the Si/Si02 interface and oxide traps, 

2. Field effects on the carrier density for MOS devices, and 

3. Oxide behavior in metal-oxide-semiconductor devices. 
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5.6.1 Properties of the Si/SiOj Interface and Oxide Traps 

The SiOj and Si/Si02 interface both contain various charges and traps. These charges 

have profound effects on the properties of the devices fabricated in the underlying silicon 

[100]. Charges that exist in the oxide or near the Si/SiOj interface can be categorized into 

four types, as shown in Figure 5.21, based on the nomenclature standardized in 1978 

[32,100,150]: 

1. Fixed oxide charge, 

2. Mobile oxide charge, 

3. Oxide trapped charge, and 

4. Interface trapped charge. 

The abbreviations of the various charges are given in the discussions below for each 

type. For each tj^e of charge, three quantities can be defined. Q is the net effective charge 

per unit area at the SiOj-Si interface, CVcm*, N is the net number of charges per unit area at 

the Si02-Si interface, number/cm^, and Dj, is given in units of number/cm^ eV. N = IQ/ql, 

where Q can be positive or negative, but N is always positive and q is the magnitude of 

electron charge with a value of 1.6 x 10'" Coulombs [32]. The charges are described as 

[32,100,150]: 

Fixed Oxide Charge (Qj, N^) 

The field oxide charge, Qp is a positive charge, primarily due to strucmral defects such 

as ionized silicon in the oxide layer, and is located within 35 A from the Si/Si02 interface in 

the so-called transition region between silicon and SiOj [32,100]. The fixed oxide charge is 

not in electrical communication with the underlying silicon [32]. Thus, these charges do 

not change their charge state by exchange of mobile carriers with the silicon, hence the 

name fixed charge [100]. The charge centers are predominately positive, although some 
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negative, compensating centers may also be present. The fixed charge, Qj, is considered to 

be a sheet of charge at the Si/Si02 interface and is expressed as the number of charges per 

unit area, i.e. number/cm^ [100]. 

The density of the fixed oxide charge, whose origin is related to the oxidation process, 

depends on the oxidation ambient and temperature, on cooling conditions, and on silicon 

orientation. Since the fixed oxide charge cannot be determined unambiguously in the 

presence of moderate densities of interface traps, it is only measured after a low-

temperature, approximately 450°C, hydrogen anneal which minimizes the charge trapped at 

the interface [32]. 

It has been found that depends on the final oxidation temperamre. The higher the 

oxidation temperature, the lower is Qf. However, if it is not permissible to oxidize at high 

temperatures, it is possible to lower Qf by annealing the oxidized wafer in a nitrogen or 

argon ambient after oxidation [32]. This has resulted in the well-known 'Tteal Triangle" 

shown in Figure 5.22, which clearly shows the relationship between Qf and the oxidation 

and anneal treatments [151]. It shows that the processes are reversible, i.e. generation of 

fixed oxide charge and annealing is reversible. This has been challenged because Q 

depends upon the anneal temperature and there is a difference when the annealing ambient 

is nitrogen or an inert gas like argon is used [152,154]. During a anneal in nitrogen, Q 

reaches a minimum rapidly but then increases again. This is believed to be due to a reaction 

of nitrogen with silicon at the surface. The oxide fixed charge has often been designated by 

Qjj in the past [32]. 

Although, it is desirable to minimize the value of Qf, current VLSI MOS technology 

uses ion implantation to control the device threshold voltage, Vp which is the device 

parameter most impacted by Qf. Control of Vj by ion implantation allows for precise and 

uniform tailoring of the threshold voltage, rather than having to achieve uniform and low 
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values of Qf [100]. In spite of the ability to override small variations in Qp a low and 

reproducible value of needs to be achieved during fabrication. 

The value of Qf is determined by measuring the voltage shift of a high frequency 

capacitance-voltage (C-V) curve of a MOS capacitor test device [155]. The measurement 

are discussed in the next sections, 5.6.2 and 5.6.3. For the case of the oxide fixed charge 

at the interface, the flat-band voltage, Vpg, of the C-V curve is related to the oxide charge, 

Qf, oxide thickness, Xq, and work function difference between the gate electrode and the 

silicon, (j)^, according to the following equation [100]: 

a ^ (-VFB + (P j  gpx gp ^ 5  3 ^ ^  

q  q x o  

where is the dielectric constant of the SiOj with a value of 3.9, and Eg is the permittivity 

of free space. The capacitance per unit area of oxide is given by Q, = e,, / Xg. 

Interface Trapped Charge (Q-^ N-, DJ 

The interface trapped charge, Q;,, refers to a charge which is localized at the Si/SiOj 

interface [100]. These are positive or negative charges, due to [32]: 

1. structural, oxidation-induced defects, 

2. metallic impurities, and 

3. other defects caused by radiation or similar bond breaking processes, such as hot 

electrons. 

Unlike fixed, mobile, or oxide trapped charge, the interface trapped charge is in 

electrical conununication with the underlying silicon and can thus be charged or discharged. 
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depending on the surface potential [32]. In other words, these charges are located on the 

sites that can change their charge state by exchange of mobile carriers, electrons or holes, 

with the silicon. The charge state of the interface trap site changes with gate bias if the 

interface trap is moved past the Fermi level, causing its occupancy to change [100]. These 

traps have energy levels distributed throughout the silicon bandgap with a U-shaped 

distribution across the bandgap [156]. The minimum level at mid-gap is typically the 

concentration level used to characterize their presence. The density of these charges is 

expressed as the number/cm^ eV. In as-grown oxides, Q;, depends on the oxidation 

temperature, furnace ambient (wet vs. dry), oxygen partial pressure, and Si substrate 

orientation [100]. The value of Q^, is found to decrease with increasing temperature and 

[100] surfaces are found to have a lower density of traps than [111] surfaces [157,158]. 

Most of the interface trapped charge can be neutralized by a annealing at low-temperature, 

approximately 450°C, in a hydrogen ambient [32]. Two annealing techniques found to be 

effective in reducing Q^, to acceptably lower values are [100]: 

1. The low temperature post-metallization anneal, and 

2. The high temperature post-oxidation anneal. 

The interface trap density, Qj,, can be measured by several techniques including [100]: 

1. The conductance (I-V) method on a MOS transistor, 

2. High frequency (> 100 kHz) capacitance-voltage (C-V) measurement, 

3. Low frequency (< 1 kHz) C-V measurement, and 

4. Emission time spectroscopy, which is also termed deep level transient 

spectroscopy or DLTS. 

C-V measurements are discussed in the next Sections 5.6.2 and 5.6.3. The interface 

charge in the past has been called surface states, fast states, interface states, etc. It has been 

designated by N„, N,,, and other symbols in the past [32]. 
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Mobile Oxide Charge (NJ 

The mobile ionic charge, Q^, is caused primarily by the presence of ionic impurities, 

such as ionized alkali metal (Na^ Li^, K*), and possibly [32,100]. Negative ions and 

heavy metals may contribute to this charge even though they are not mobile below 500°C 

[32]. This type of charge is located either at the gate (metal or poIysiliconySiOj interface, 

where it often enters the oxide layer, or at the Si/SiOj interface, to where it drifts under the 

presence of an applied positive field to the gate [100]. The field-assisted drift across the 

oxide occurs even at room temperature, since these ions are extremely mobile in SiOj. The 

amount of mobile charge incorporated into the SiOj depends on the cleanliness of the 

oxidation process, and involves such components of the process as [100]: 

1. The furnace, 

2. Processing chemicals, 

3. The oxidizing ambient, 

4. The gate electrode material, and 

5. The wafer handling 

All of these factors are concerned with keeping Na out of the SiOj. The density of 

mobile charge varies between 10'° and 10'" cm'^. The presence of mobile charge can result 

in long term changes in the device threshold voltage, V^., as the ions drift from the gate to 

the Si/SiOj interface [100]. For this reason, low values of are necessary. 

The mobile ionic charge density is also measured with the use of the MOS C-V 

technique. In this method a C-V curve of a MOS capacitor is initially measured [100]. The 

MOS capacitor is then heated to 300°C, while the gate is subjected to a positive bias, i.e. an 

electric field of approximately 2 x 10® V/cm. This bias-temperature stress condition is 

maintained for approximately 30 minutes to insure that all the mobile charge has drifted to 
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the Si/SiOj interface. The capacitor is then cooled to room temperature with the bias still 

applied, and another C-V curve taken. The flat band voltage shift, AVpg, that is measured 

between the C-V curves before and after bias-temperature treatment is used to calculate the 

value of Qn, drifted at 300°C. Since drifted mobile ions pile-up as a sheet of charge at the 

interface, the value of is given by AVpg x C^^ [159]. Another technique for measuring 

is the triangular voltage sweep (TVS) method [160-162]. 

To eliminate mobile ionic charge, it is necessary to minimize the introduction of Na into 

the oxide. The major sources of Na during processing are [100]: 

1. Gate or contact metallization, 

2. Oxidation and annealing furnaces and gases, 

3. Diffusion fumaces and gases, 

4. Photoresist bake and incomplete resist stripping, and 

5. Contaminated chemicals used for wafer cleaning and/or oxidation. 

Cleaning oxidation tubes with an Oj-HCl mixture at elevated temperatures and growing 

SiOj in HCI-O2 or other CI containing gases, such as TCE or TCA, result in stable oxides 

with very low levels of Na. Chlorine, incorporated at the Si/SiO, interface, tends to 

neutralize the Na ions. Use of protective layers, such as phosphosilicate glass and plasma-

deposited silicon nitride, serve as an barrier layer to Na, thereby preventing Na penetration 

to the gate oxide [100]. 

Oxide Trapped Charge (Q„, NJ 

The oxide trapped charge, Q„,, due to bulk oxide traps can be located at the gate/SiOj 

interface, the Si/SiOj interface, as well as deep in the oxide [100]. The traps are associated 

with defects in the SiOj, such as impurities and broken bonds. Such traps are usually 
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uncharged, but can become positively or negatively charged, when electrons and holes are 

introduced into the bulk of the oxide and trapped at the trap site [32,100]. Trapping may 

result from ionizing radiation, avalanche injection, or other similar processes [32]. 

Avalanche injection introduces highly energetic electrons or holes (hot carriers) into the 

oxide [100]. These carriers develop when fields in the silicon exceed approximately 3 x 10^ 

V/cm, depending on doping level. Exposing the oxide to radiation envirorunents can also 

produce significant levels of trapped charges. There are two distinct ways in which devices 

are usually subjected to radiation [100]: 

1. The devices operate in a space environment, or in proximity to a nuclear reactor 

where radiation is readily available, and 

2. The VLSI processing itself exposes the oxide to electromagnetic radiation. 

VLSI processing that results in radiation damage to silicon devices includes [100]: 

1. E-beam evaporation, 

2. Sputtering, 

3. Plasma etching, 

4. Direct write e-beam and x-ray lithography, and 

5. Ion implantation. 

Highly energetic particles, such as y-rays from other space, can enter the oxide and 

create electron-hole pairs which can be trapped by oxide defects, thereby charging the 

defect [100]. Heavier particles, such as As^ ions from ion implantation, can possess 

sufficient energy to dislodge atoms from their sites, thereby creating defect centers and 

potential oxide trapping sites [100]. The value of Qot can range from 10' to 10'^ charges per 

cm^ depending on the environment the oxide has seen. The density of Q„, is also measured 

using MOS C-V techniques that are discussed in Sections 5.6.2 and 5.6.3. 
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The Nature of the Si/SiO^ Interface 

Numerous studies have been performed in order to elucidate the nature of the Si/SiOj 

interface. These studies have investigated the following interface characteristics [100]: 

1. The spatial location of the interface traps and the oxide fixed charge, 

2. The morphology of the interface boundary, 

3. The chemical composition of the SiOj near the boundary, and 

4. The width of the interface. 

Electrical measurements have shown that the fixed oxide charge and the interface traps 

exist in the oxide within 10 - 35 A of the Si/SiOj interface [163]. The interface traps occupy 

energy levels within the bandgap of the silicon, while the fixed charge occupies energy 

levels outside the bandgap. These charges and traps exist within a very narrow transition 

region between the Si and SiOj [100]. 

Grunthaner and Maserijian depict the interfacial region as consisting of single crystal 

silicon followed by [164]: 

1. A monolayer in which there is some SiOj, SijO,, and SijO - the last two are 

incompletely oxidized silicon or sub-stoichiometric structures, 

2. A strained region of SiOj approximately 10 - 40 A deep, and 

3. The remaining stoichiometric, strain-free, amorphous silicon dioxide, SiOj. 

During subsequent oxidations and anneals, defects form and are accumulated in the strained 

region. These defects act as sinks for impurities such as heavy metals (Au, Ni, Fe), alkali 

metals (Na, K), and chlorine. 

Interface traps can be formed in several ways and three different models have been 

proposed to explain their origin. In the Coulombic model, charges in the oxide are believed 

to induce potential wells in the silicon, and quantum levels within these wells are associated 

with interface trap levels [165]. The bond model proposes that the interface trap 

distribution is a result of the distribution of bond angles, or stretched bonds at the silicon 
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surface [166]. Local strain or local non-stoichiometry at the Si/SiOj interface could cause 

these bond distortions. The third model assumes that defects within or near the interfacial 

region cause interface trap levels. Defects responsible for causing interface traps include 

stacking faults and micropores, molecular fragments remaining from imperfect oxidation, 

excess silicon, excess oxygen, or impurities [100]. 

The positive fixed charge could result from the loss of an electron from non-bridging 

oxygen centers near the Si/Si02 interface to the silicon, making the center positively 

charged [156]. All of these models are speculative and research continues toward a more 

complete understanding of the interface and the origin of the charges and traps. 

5.6.2 Field Effects on Carrier Density for MOS Devices 

Doping a semiconductor is one way to change the concentration of charge carriers. 

Another is by applying an electric field. This is done by using the semiconductor as one 

electrode of a capacitor [149]. Figure 5.23 (a) shows a conventional capacitor, constructed 

of two metallic conductors separated by an insulating layer of thickness s. It can be said, 

based on elementary electrostatics, that in such a case, the application of a voltage V to the 

upper electrode leads to an accumulation of charge -i-QA on die upper electrode and a 

matching charge -QA on the lower electrode [167-169]. Here, Q represents a charge 

density per unit area, and A is the electrode area. Between the electrodes exists a field 

[149]: 

Q 
E = — (5.32) 

£ 

where e is the permittivity of the insulating layer and E represents the vector quantity of the 

electrical field. The potential drop A(() experienced in crossing the field region is given by 

integrating E over s to give; 
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(5.33) 

or 

(5.34) 

where C is the capacitance per unit area given by: 

s 
(5.35) 

The potential drop A(J) equals the applied voltage V, so that the second electrode remains at 

ground potential [167]. In the classic capacitor, the metallic conductors are abundant 

sources of charge carriers, and the charge appears in a very thin sheet at the conductor 

surface [168]. The figure shows the resulting charge distribution and electric potential. 

Figure 5.23 (b) shows a capacitor in which one electrode is a semiconductor. Such 

devices consist of a semiconductor, an insulating layer usually made of silicon oxide, and a 

metallic electrode. Therefore, they are called MOS (metal-oxide-semiconductor) or MIS 

(metal-insulator-semiconductor) devices [32,100,149,168,169], In the MOS capacitor, the 

supply of charge carriers is limited, and the compensating sheet of charge may appear at 

various depths within the semiconductor, depending on the applied voltage [149]. 

Therefore, before studying them, it is beneficial to expand Equation 5.34 to allow for a 

more complex charge distributions. 

If a sheet of charge is induced in the MOS device at a distance x from the metal-oxide 

interface, Equation 5.32 still gives the field, and integration for At)) gives [32]: 
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(5-36) 
0 

e(x') 

The charge may also be spread into a more complex distribution, which can be 

described by a charge density function p(x). In this case, the distribution is considered as 

composed of sheets of charge of areal density dQ = p(x)/dx, and their effect is summed. 

The field induced by the sheet of charge at a distance x is [32,149]: 

_ p(x) dx 
dE = (5.37) 

and thus the potential drop experienced due to the sheet is: 

f p(x) dx 
d0(x) = (5.38) 

Note that this integration is over x' and integrates the field between zero and x caused by 

the sheet of charge around x and no other charge. The overall potential drop is then found 

by integrating over x to sum up the charge distribution [32]: 

A(j> = J d0 
Distributon 

(5.39) 
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By the application of these formulas the charge distribution, capacitance, and potential 

behavior can be obtained in an MOS device in which an effective voltage V is applied to 

the metal electrode. Figure 5.23 (c) shows the effect when V' is negative, and the 

semiconductor is p-type [149]. The n-type case is identical except that the sign of the 

voltage is reversed. The implications of the "effective" applied voltage will be discussed in 

Section 5.6.3. Note that according to Figure 5.23 (c), the device is "forward biased", since 

the p-type material is more positive than the "no-type" metal electrode. The majority 

carriers, in this case holes, are attracted by the applied voltage, resulting in an accumulation 

of majority carriers at the semiconductor-insulator interface. In this accumulation regime, 

the MOS capacitor acts just like a conventional capacitor, with a layer of charge at the 

interface and a capacitance Cg given by [149]: 

e. 'OX 
Co (5.40) 

where Xq is the thickness of the oxide layer. 

The charge per unit area accumulated is given by [32,149]: 

= T. 
Qacc 

*^0 
(5.41) 

When the MOS c^acitor is "reverse-biased" by making V positive, accumulation gives 

way to depletion, as shown in Figure 5.23 (d). The field repels majority carriers and 
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creates a depletion region, similar to the one formed in a pn junction, in which no mobile 

charge carriers are found. The charge density in the depletion region is given by [149]: 

P = -qN^ (5.42) 

The potential drop through the oxide and semiconductor can be obtained by applying 

Equation 5.38 to obtain [32,149]: 

0 ^XT 0 ^ *d XT 
d0 = J dx' + J ^ ^ dx' (5.43) 

0 ^ox xo 

where Xj is the thickness of the depletion layer and Eg is the permittivity of the 

semiconductor. Carrying out the integration results in: 

Integration over all the charge in the depletion layer gives: 

A0 = X, + ^ x^ (5.45) 
L-o ^£5 

where the first term reflects the potential drop through the oxide, and the second, the drop 

within the depletion layer itself. The figure illustrates the resulting charge distribution and 

potential variation for the MOS capacitor in depletion. 
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When the semiconductor is depleted, any additional charge on the metal electrode 

results in a widening of the depletion region, so that compensating charge appears at depth 

Xj in the silicon [149]. As a result, the capacitance is the series capacitance of the oxide and 

the depletion layer: 

Thus, at zero voltage and below, the capacitance reaches smoothly to the value for 

accumulation. As the applied voltage becomes more negative, the depletion layer widens 

and the capacitance falls. The width of the depletion layer can be related to the applied 

voltage by solving Equation 5.45, realizing that A(j) must equal V [149]. 

Although the applied field repels majority carriers, it also attracts minority carriers 

[168,169]. At sufficiently large negative fields, this effect predominates and the 

semiconductor enters inversion, shown in Figure 5.23 (e). Inversion begins when there are 

as many electrons at the semiconductor surface as there were originally holes [149]. At this 

point, the surface has become effectively n-type. This happens when the Fermi level at the 

surface is as close to the valence band as the bulk Fermi level is to the conduction band, in 

other words, is intrinsic right at the surface exactiy compensating the initial amount of 

band-bending [32]. This condition, in terms of the Fermi potential (j)F, can be expressed as: 

C Co 
+ 

'depletion 

(5.46) 

(5.47) 
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Here A<j)j jj is the amount of band-bending, which is identical to the potential drop across 

the depletion layer, given by the second term on the right-hand side of Equation 5.45. 

It follows that the maximum width of the depletion layer, before inversion occurs, is 

given by [149]: 

Since A<|) equals V, Equation 5.47 defines the applied voltage at which inversion begins in 

terms of (t)p, which is determined by the doping density. 

Once inversion begins, additional charge on the metal electrode is balanced by electron 

charge in the semiconductor [32]. If the capacitance is tested using a low-frequency signal, 

die electrons will have time to migrate to the silicon surface, and the effective insulator 

thickness will again be Xq. In this case, the capacitance in inversion will be Cg. At 

higher frequencies, electron charges appear at the edge of the depletion layer, and the 

capacitance is given by Equation 5.46 with Xj = x,jj^. The electron charge contributes 

to a potential drop given by [149]: 

(5.48) 

(5.49) 

Adding this potential drop to the depletion-layer contribution given by Equation 5.44 and 

using Equation 5.47 for the depletion layer width gives an expression for Qj^^: 
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Qi.. = - TT [V - 2^] - (5.50) 

where the low-frequency value for was used. 

In summary, it can be said that the capacitance of an MOS capacitor varies with applied 

voltage because there are three separate modes of charge storage in the semiconductor 

[32,100,149,168,169]. Accumulation occurs for neagtive voltages, depletion for moderate 

positive voltages, and inversion predominates at higher positive voltages. Figure 5.24 

shows a capacitance-voltage (C-V) curve for a p-type MOS device, along with the voltage 

conditions, capacitance, charge distribution, and potential drop for each mode [149]. It will 

be shown in Section 5.6.3 that the characteristic shape of the C-V curve turns out to be 

very useful in monitoring the properties of oxides. 

5.6.3 Oxide Behavior in Metal-Oxide-Semiconductor Devices 

It was shown in Section 5.6.2 that the MOS device varied with the effective applied 

field V in a characteristic way. It was equal to the oxide capacitance Cq when V was 

negative for p-type silicon and decreased with increasing voltage as V' became positive. An 

attempt will be made in this section to show the effect of oxide properties on the 

relationship between the effective applied voltage V and the actual voltage on the metal 

electrode V. 

Given an oxidized semiconductor substrate, an array of simple MOS capacitors can be 

made by depositing a number of metal dots on the surface [32,149,168]. Each dot then 

becomes the metal electrode of an MOS capacitor. Figure 5.25 shows the cross-section and 

energy band diagram of an MOS capacitor [32]. The intrinsic energy level E, is taken as the 
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zero reference energy and zero reference potential. The surface potential is measured from 

this reference level. Contact is made to a dot with a probe, and a dc bias is applied. This 

bias determines the field penetrating the silicon. Then by applying a small additional ac 

signal, dV, to the electrode, the resulting change in charge per unit area, dQ, is measured. 

Then the measured capacitance per unit area is represented by [149]: 

C = ^ (5.51) 
dV 

A graph of this capacitance versus the applied DC voltage is a capacitance-voltage or C-V 

plot. The measurement frequency is normally chosen so that a high-frequency response is 

observed in the inversion region. The result is a characteristic sigmoid curve [149]. 

Figure 5.26 shows a typical C-V plot for a p-type MOS device [149]. Figure 5.26 (a) 

shows the ideal case discussed in Section 5.6.2. The boundary between accumulation and 

depletion occurs at V = V = 0. This voltage is called the flat-band voltage, Vpg, because 

with this applied voltage the valence and conduction bands are flat throughout the 

semiconductor. The flat-band voltage, Vpg, will be zero, and V will equal V, only if the 

oxide is a perfect, charge-free insulator [149]. In practice, this is not the case, and therefore 

the value of Vpg is a sensitive probe of the properties of the oxide. 

The flat-band voltage for real oxides can be obtained by summing up the effects of any 

oxide charge [32,149]. A sheet of surface charge, of density Q^, occurs at the oxide-silicon 

surface due to dangling bonds [168]. This charge creates an electric potential relative to the 

metal electrode, which can be evaluated using Equation 5.36. The resulting potential 

contribution Ac}) is [149]: 



= 7!- Q« 
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(5.52) 

where Q is the oxide capacitance. In addition, there is usually charge distributed within the 

oxide. One source of this charge is contamination by alkali metal ions, such as sodium, 

potassium, etc., which are ubiquitous in nature. Ionic charge is moveable charge, i.e., the 

ionic carriers can diffuse within the oxide at moderate temperatures. There can also be fixed 

oxide charge, which can result from various causes including radiation damage. If the 

charge distribution within the oxide layer is denoted by p(x), then the resulting contribution 

to the electric potential can be obtained by applying Equations 5.38 and 5.39, which leads 

to [149]: 

d0(p) = — p(x)dx (5.53) 
^OX 

and, using the definition of Cg, 

« *0 

^^(p) = 7^ j— p(x) dx (5.54) 
^0 0 *0 

Another adjustment to applied voltage results from the difference in work function between 

the metal and semiconductor electrodes. The work function is the potential energy in a 

conductor with respect to the energy of an electron in free space [32,149,168]. In general, 

this quantity differs from material to material and results in an electric potential between two 

dissimilar electrodes. This potential, in general, is designated By combining the 
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effects of oxide charge and work function, a realtionship between the actual applied voltage 

on the metal electrode, V, and the effective applied voltage, V, can be established 

according to the equations [32,149]: 

A change either in magnitude or position of the oxide charge will therefore change Vpg. 

Figure 5.26 (b) shows a C-V plot of a device with nonideal Vpg. Comparison with 

Figure 5.26 (a) reveals that oxide charge shows up as an overall shift of the C-V curve to 

the left. The magnimde and reproducibility of this shift are of vital concern for the 

manufacture of MOS devices [168,169]. MOS transistors utilize a voltage on the metal 

electrode to switch the underlying silicon in and out of depletion. Therefore, the switching 

or threshold voltage for MOS devices is closely related to the value of Vpg, and unpredicted 

changes in oxide charge can make a device inoperative [149]. 

The greatest danger to the device is posed by ionic charge, because it can move about 

under normal device temperatures and voltages [32]. The resulting change in threshold 

v = V - + A^(Q„) + A0(p) 

if Vx 1 
=> V' = V - <1.̂  ̂ -f — Q„ + J- p(x)dx 

n Xn ^0 V 0 *0 y 

(5.56) 

(5.55) 

The flat-band voltage is the applied voltage at which V is zero and is thus: 

(5.57) 
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voltage can make the device unreliable. Mobile oxide charge is monitored using the high-

temperature bias technique of C-V measurement [170,171]. 

As mentioned previously, in this method, an initial C-V plot is made using an oxide 

film, and the sample is then heated to about 300°C while a postive voltage, perhaps about 

10 V, is applied to the metal electrode. At this temperature, alkali ions are mobile, and they 

are driven to the silicon-oxide interface by the applied field. After about 15 minutes, the 

sample is cooled and the C-V characteristic redetermined. All ionic charge is now 

concentrated at x = Xg, and thus, according to Equation 5.57, Vpg, has become more 

negative. The result is a shift to the left in the C-V curve for p-type silicon. Figure 5.26 (c) 

shows the application of this method. The difference in flat-band voltage, AVpg, is a 

sensitive detector of mobile ion contamination and an early warning of potential device 

unreliability [149]. 

The capacitance method can be used for measuring oxide thickness, but requires the 

fabrication of a MOS capacitor. The oxide thickness, Xq, is given by [100]: 

X - (5.58) 

where, C^^ is the measured oxide capacitance, A^ is the area of the gate, is the dielectric 

constant of Si02, and e,, is the permittivity of free space. The metal electrode of the 

capacitor must be large compared to the oxide thickness in order to minimize capacitive 

fringing effects, which introduce errors in the measurement. The area of the metal electrode 

needs to be accurately known since it also enters into the calculation. The capacitance is 

measured with the capacitor biased so that the Si is in accumulation, which corresponds to 
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a negative voltage on gate for p-type silicon and vice versa. This insures that the silicon 

capacitance does not contribute to the measurement. 

With further refinement, additional oxide and silicon parameters can be deduced from 

C-V behavior, making it a diagnostic tool of unusual sensitivity and power [32,149]. 

Therefore, C-V plotting of oxide films is a routine part of oxide process control, whether or 

not the oxide is intended for use in a MOS device. Unexpected values of Vpg or AVpg, or 

changes in the shape of the C-V curve, signal problems in the oxidation process that are 

frequently undetectable by other means [149]. 
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Cantilever with tip 

Electrostatic charge 

Figure 5.1 Illustration of atomic force microscope adhesive forces - in contact AFM 
electrostatic and/or surface tension forces from the adsorbed gas layer pull the 
scanning tip toward the surface [13,17,21]. 
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Silicon Cantilever 
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Figure 5.2 Illustration of the block diagram for Tapping Mode Atomic Force Microscope 
(TMAFM) [13,17,21]. 
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Figure 5.3 Illustration of the tapping mode cantilever oscillation amplitude in free air and 
during scanning [13,17,21]. 
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Figure 5.4 Illustration of the laser beam's optical path inside a Dimension™ 3000 
scanning probe microscope head [25]. 
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Figure 5.5 Illustration of the electrode configuration used on the scanner piezo tube in the 
Dimension™ 3000 scanning probe microscope head [25]. 
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Figure 5.6 Dlustration of the theoretical tip shape of a etched silicon cantilever and probe 
[25]. 
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Figure 5.7 Illustration of the analysis steps used for interpreting TMAFM scans for VB ICl sample processed in the experiment 
VBl - a. Top plot, b. Surface plot, c. Roughness analysis, and d. 2D Isotropic PSD vs. Wavelength. 
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Figure 5.8 Simplified illustration of the Michelson interferometer - the basic optical 
component of Fourier transform infrared spectrometers [32]. 
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Figure 5.9 Typical beam path configuration for collecting an FTIR spectrum using an 
attenuated total reflectance element. Ig is the incident infrared beam and I is the 
exiting beam [38]. 
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Figure 5.10 Example of specialized optical configuration for implementation of multiple 
intemal reflection infrared spectroscopy [46]. 
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Figure 5.11 (a) The FTIR spectrum of the thin film of oxide deposited by CVD on silicon. 
Primary features are (a) asymmetric stretching mode of vibration, 
(b) bending mode of vibration, and (c) rocking mode of vibration [38]. 
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Figure 5.11 (b) Spectral parameters typically used in band shape analysis of an FTIR 
spectrum - peak position, integrated peak area, and FWHM [38]. 
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Figure 5.12 The FTIR spectrum of a hydrogen passivated Si(lOO) wafer processed by modified RCA chemical sequence 
followed by 1:9 HF/Methanol final passivation procedure in this research study. 
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(a) 

Figure 5.13 Schematic representation of the contact angle measurements in two different 
types of solid-liquid-gas systems - (a) sessile drops on a solid surface and 
(b) captive bubbles in a liquid underneath a solid surface [94]. 
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Figure 5.14 A photograph of the sample tilting stage manufactured by PIKE 
Technologies, Madison, Wisconsin, and used in this research study [98,99]. 
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Table 5.1 Qassification of the crystalline defects that are commonly observed in silicon 
samples [100,101,104-106]. 

TYPE DIMENSION EXAMPLES 

Point 0 Vacancy, Interstitial, Frenkel defects 

(Intrinsic - silicon self-interstitial) 

(Extrinsic - dopants, oxygen, carbon, metals) 

Line 1 Straight dislocations (edge or screw) 

Dislocation loops 

Area 2 Stacking faults 

Twins 

Grain boundaries 

Volume 3 Precipitates, Voids 

(Oxygen precipitates. Metal precipitates) 



Table 5.2 List of etches used for semiconductor defect delineation [32,109-120]. 

Semiconductor Etch Chemical Composition Application 

Si Sirtl Dissolve 50 gm CrOs in 100 ml 

H2O, immediately before using add 

1 part HF to 1 part of the solution 

by volume. 

Best applicable to {111}-oriented 

surfaces. 

Si Dash HFiHNOjiCHjCOOH (1:3:10) 

Dissolve 55 gm CUSO4 5 H2O in 

950 ml H2O, add 50 ml HF. 

Generally applicable for both n-Si 

and p-Si of {111} and {100} 

orientation, but works best for p-Si. 

Cu displacement etch; delineates 

defects by Cu decoration. 

Si Secco HF:K2Cr207 (0.15 M) 

(11 gm K2Cr207 in 250 ml H2O) 

i.e. 2:1 or HF:Cr03(0.15 M)2:l 

Generally applicable, but is 

particularly suitable for 

{100} orientation. 

Si Schimmel Add 75 gm CrOj to H2O to make 

1000 ml solution (0.75 M solution) 

For n-Si, p-Si, {100}, {111} 

For p > 0.2 fi-cm add 2 parts 

HF to 1 part solution. 

For p < 0.2 Q-cm add 2 parts 

HF to 1 part solution and 

1.5 parts H2O 

U) 
to 
o 



Table 5.2 (cont.) 

Semiconductor Etch Chemical Composition Application 

Si Wright HF:HN03:5MCr03:Cu(N03)2 SHjO: 

CHjCOOHiHzO 

2:1:1:2 gm:2:2 

Best results obtained by first 

dissolving the Cu(N03)2 in the 

H2O; otherwise, order of mixing 

not critical. 

For n-Si and p-Si, {100} and {111}; 

defect-free regions are not roughened 

following etching. 

Si Yang Add 150 gm Cr03 to 1000 ml HjO 

(1.5 M); add 1 part solution to 1 

part HF. 

Delineates various defects on {100}, 

{111}, and {110} surfaces without 

agitation. 
Si Seiter 9 parts of volume of a solution of 

120 gm Cr03 in 100 ml H2O and 

1 part HF (49%). 

Etches {100} planes 0.5 - 1 |i.m/min; 

20 - 60 sec etch time; delineates 

dislocations, stacking faults, swirl 

defects. 
GaAs KOH Molten KOH Sample immersed in molten KOH 

for 3 hrs at 350°C in covered Ni 

crucible. 

InP Huo et al. HBr:H202:H20:HCl (20:2:20:20) Reveals dislocations on {100} and 

{111} surfaces. 

Note; CH3COOH is glacial acetic acid. 



Figure 5.15 Some common etch patterns found in silicon when etched with some of the etches in Table 5.2 [32,124]. ^ 
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Figure 5.16 Planar structure assumed for ellipsometric analysis - no is the complex index 
of refraction for the ambient medium, n, is the complex index for the substrate 

medium, Bg is the value of the angles of incidence and reflection, which 
define the plane of incidence [38]. 
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Normal Reflected 

Figure 5.17 Schematic of polarized light reflection from a plane surface. Lines I-O and 

0-R define the plane of incidence, and ^ is the angle of incidence [32]. 
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Figure 5.18 (a) Representation of a linearly polarized beam in its x- and y- or (p- and s-) 
orthogonal component vectors. The projection plane is perpendicular to the 
propagation direction, (b) locus of projection of electric vector of light wave 
on the projection plane for elliptically polarized light - a and b are Ae major 

and minor axes of the ellipse, respectively, and a is the azimuthal angle 
relative to the x-axis [38]. 
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Figure 5.19 Ellipsometer schematic showing the simple example of light reflected at an air-
solid-absorbing substrate interface [32]. 
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Figure 5.20 Schematic showing multiple reflections for a thin transparent layer on a 
substrate [32]. 
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Figure 5.21 Illustration of four general types of charges associated with the SiOj-Si 
system and their location for thermally oxidized silicon [32]. 



329 

.iv •" 

• .. fV?- . • 

.O 

10 

7 

6 

5 

4 

2 

' r '  

0 

•  ̂V-; -

£- -'. i!:* 

•;-/^, ?..i: '•» y • 

Figure 5.22 "Deal triangle" showing the reversibility of heat treatment effects on Qf -
Oxide fixed charge density as a function of annealing temperature for times of 
one hour or less [32,151]. 
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Figure 5.23 Charge distribution, field, and potential in classical and p-type MOS 
capacitors - (a) The classical capacitor, (b) Structure of an MOS capacitor, 
(c) Accumulation: charge stored as accumulated majority carriers, 
(d) Depletion: charge stored as a depletion zone, and (e) Inversion: charge 
stored both in depletion zone and in minority carriers [149]. 
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Figure 5.24 Capacitance-voltage characteristic of an MOS device with important properties 
of the accumulation, depletion, and inversion regimes [149]. 
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Figure 5.25 Cross-section and energy (potential) band diagram of an MOS capacitor [32]. 
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Figure 5.26 Capacitance-voltage characteristic of a p-type MOS capacitor - (a) Ideal case: 
VpB = 0, depletion approximation, (b) Nonideal case, and (c) Vpg shift after 
high-temperature bias [149]. 
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CHAPTER 6 

H-PASSIVATION OF SILICON (100) SURFACES 

The passivation of Si(lCX)) surfaces by either liquid or vapor processing is described in 

this chapter. Si( 100) was characterized by DBA, TMAFM, FTIR in ATR mode, and surface 

wetting measurements prior to treatment, after each processing step and after final 

passivation. The first goal of characterization was to measure the impurity concentrations 

on Si(lOO) surfaces by EBA. Second, functional groups on the Si(lOO) surfaces were 

characterized by FTIR in ATR mode. Third, an attempt was made to correlate the number 

of unregistered Si atom concentration at the surface with surface roughness measured by 

TMAFM. The hydrophobic or hydrophilic character of the surfaces were quantified by 

surface wetting measurements. 

The chapter is divided into two major sections: 

1. H-passivation of Si(lOO) surfaces by liquid phase chemical processing. 

2. H-passivation of Si( 100) surfaces by vapor phase chemical processing. 

Liquid and vapor phase passivation processes are compared in the last section. 

6 .1  H-Pass iva t ion  o f  S i ( lOO)  Surfaces  by  Liqu id  Phase  Chemica l  

Processing 

This section describes surface preparation of Si(lOO) samples by chemical processing 

in the liquid phase in order to obtain H-terminated surfaces, and is divided into the 

following sub-sections: 

1. Description of chemical process flow. 

2. Effect of pre-cleaning on H-passivation of Si(lOO) surfaces. 

3. Characterization of composition and structure of H-passivated Si(lOO) surfaces by 

IB A. 
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4. Characterization of roughness of H-passivated Si( 100) surfaces by TMAFM. 

5. Characterization of chemical composition of H-passivated Si(lOO) surfaces by 

FTIR. 

6. Characterization of hydrophobic nature of H-passivated Si(lOO) surfaces by surface 

wetting measurements. 

6 .1 .1  Descr ip t ion  o f  Chemica l  Process  F low 

In a liquid phase chemical cleaning, chemicals are used in the solution form. The 

surface treatment can be achieved either by immersing ("dipping") the substrate into the 

solution or by applying the solution onto the substrate. These applications are referred to as 

immersion (or "dipping") and spin (or "spray") processes, respectively. The purpose of a 

cleaning process is the removal of surface contamination. This removal is critical as 50% of 

yield losses during semiconductor manufacturing are attributed to microcontamination. 

Metallic contamination on the surface especially can diffuse into the critical active zones of 

the semiconductor device and cause loss of yield or chip function reliability [1]. 

Sequential Chemical Processing 

In this work, Si(lOO) wafers underwent two sequential chemical processes. They were: 

1. Pre-cleaning process. 

2. Passivation process. 

The first processing sequence, referred to here as a pre-passivation or pre-cleaning 

process, was used to remove metallic and organic contaminants and also grow a new native 

oxide layer. This is a modified version of the cleaning process standard to the 

semiconductor industry, known as "RCA cleaning" [2]. The second processing sequence, 

referred to as a passivation step, was used to passivate the Si(lOO) surface. 
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Experiments were performed in a chemical laminar flow hood, constructed of 

polypropylene, located in a class 100 clean room [3]. The chemical hood is described in 

Chapter 3. The processing steps involved in the liquid phase chemical treatment are listed in 

the flow chart shown in Figure 6.1. Boron-doped, p-type, 100 mm. diameter Si(lOO) 

wafers, with a resistivity of 10 - 14 ohm-cm. were used for this project [4]. Wafers were 

first manually cut by a diamond scribe into several 1 inch x 1 inch square pieces, in a class 

100 laminar hood. The 1 inch x 1 inch square pieces were transferred via a teflon carrier 

between chemical treatments [5]. 

A. Pre-Cleaning Process - Modified RCA Cleaning: 

The teflon carrier supporting the Si(lOO) pieces was first immersed into a so-called SCI 

(RCA Standard Clean 1) solution at 80°C for 10 minutes. The SCI solution was used to 

remove organic and metallic contaminants, and is sometimes referred to as "organic" or 

degreasing solution [1]. This refers to its primary job, which is to remove hydrocarbons. 

The chemical composition of SCI was akin to drain cleaner - 4:1:1 by volume of 

H20:H202:NH40H. This was followed by an immersion in a deionized water tank purged 

with nitrogen for 5 minutes to rinse off any residues from the SCI solution. The SCI 

solution has an oxidizing character due to the use of HjO,, so that after the ammonia has 

removed the organic solvents, the growing chemical oxide imbeds metallic impurities 

present on the surface. The next step was unique to our process. The substrate was 

immersed in HF/H2O (2:98) solution at room temperature till the surface became completely 

hydrophobic, or in other words, emerge dry from the etching solution. The dilution of the 

HF used to make the etching solution was 49%. Visual inspection of the wafers shows that 

the surface turns hydrophobic after 2 minutes of inmiersion in HFrHjO (2:98) solution. 

The pupose of this intermediate etching was to remove the native oxide, thereby, removing 



337 

any contaminants imbedded in the initial surface and now imbedded in the chemical oxide 

layer. The substrate underwent a deionized water rinse for 5 minutes followed by an 

immersion in a so-called SC2 ( RCA Standard Clean 2) solution for 10 minutes at 80°C. 

The chemical composition of SC2 was 4:1:1 of H20:H202:HC1 and is strongly oxidizing. 

This step regrows chemically an oxide layer while reducing any other metallic or organic 

contaminants [1]. It is therefore often referred to as the "ionic clean", as it removes further 

contamination by consuming a fraction of the top Si surface, several nm, into a new oxide 

to be etched. The SC2 step was followed by an immersion in a deionized water tank purged 

with nitrogen for 5 minutes to rinse off any residues from the SC2 solution. 

30% hydrogen peroxide was used to make SCI and SC2 solutions. The SCI and SC2 

solutions were heated to 80°C in pyrex glass containers placed in 18.3 MQ deionized (D.I.) 

water filled tanks fabricated with flame retardant PVDF material and equipped with 4 kW 

teflon coated immersion heaters [6]. The tanks were monitored by Microtemp model 

#1215a Controllers [7]. The processing in HF/HjO solution were carried out at room 

temperature in teflon tanks also located inside the hood. 

B. Passivation Process 

After the above rinsing in deionized water for 5 minutes, the substrate was finally 

passivated with a solution of HF:alcohol. Three different alcohols were used in this study, 

methanol, ethanol and isopropanol (IPA). Different durations of immersion and solution 

concentrations were investigated. This step removes the oxide grown by SC2 and 

passivates the surface [6]. The processing in HF/alcohol solutions were carried out at room 

temperature in teflon tanks located inside the hood. 
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C. Final Rinse 

The final rinse was usually carried out by dipping the sample in the pure alcohol 

solution used for preparing the passivation solution. The final rinses were varied in this 

study to establish the effect of the rinsing solutions. Three different rinses were used in this 

study: 

1. Pure alcohol for 5 minutes, 

2. Nitrogen purged deionized water for 5 minutes, and 

3. quick dip in nitrogen purged deionized water tank. 

The rinsing was followed by blow drying with nitrogen gun for the first two rinses and 

by drying in atmosphere by holding the sample in a vertical position for the last rinse. The 

final rinsing helps in removing any residuals left over from precious steps. 

D. Chemicals Used 

All chemicals used in this study, except ethanol, were of parts per billion grade and 

were ranked as class 10 grade by the vendor [8,9,10]. Class 10 indicates that the chemicals 

are certified for use in class 10 clean rooms. Ethanol of analytical grade was used. More 

details on the substrates and chemicals used in this project are given in Chapter 3. 

E. Sample Analysis 

At each step of the cleaning procedure, samples were taken for characterization. The 

pieces were stored in 2 inch diameter teflon sample holders prior to further analysis 

[11,12]. The samples were analyzed by different analytical techniques for surface 

impurities, topography, and chemical species. For M IK analysis, whole wafers were used 

as samples [13]. The passivated wafers were also used for depositing either an epitaxial 

layer or growing an oxide by a rapid thermal processing. Analysis of epitaxial films grown 

on H-passivated Si(lOO) samples is given in Chapter 8, whereas, for oxide films is given 
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in Chapter 7. The following sections summarize the results obtained by the surface analysis 

of the passivated Si(lOO) samples. 

6 .1 .2  Ef fec t  o f  Pre -CIean  on  H-Pass iva t ion  o f  S i ( lOO)  Surfaces  

Two sets of experiments, called VB 1 and SDW, were done to investigate the following 

effects [14,15]: 

1. Effect of a modified RCA type pre-cleaning on hydrogen passivation, 

2. Effect of the composition of the final HF/alcohol solution on hydrogen passivation, 

3. Effect of passivation solution storing tank material on final hydrogen passivation, 

and 

4. Effect of inmiersion time in the final HF/alcohol solution on hydrogen passivation. 

In the experiment VBl, Si(IOO) wafers underwent sequentially each step of the 

complete modified RCA cleaning and finally H-passivation as shown in the flow chart in 

Section 6.1.1. In the experiment SDW, the samples did not undergo the pre-cleaning 

sequence, also known as the modified RCA cleaning. A HFrmethanol passivating solution 

was used in both the experiments. The chemical formula for methanol is CH3OH. Teflon 

containers were used for storing HFrmethanol solution in the VB 1 experiment. In the SDW 

experiment, both teflon and polypropylene containers were used and compared. Methanol 

was used for the final rinse in ail experiments. Samples were analyzed after each 

processing step. 

To understand the effect of pre-cleaning on final passivation, the results from these two 

experiments are compared. In both experiments, the surface coverage of unregistered Si, 

C, O, H, and the crystalline order were measured by Ion Beam Analysis (IBA) using 

ion channeling method. A detailed description of Ion Beam Analysis of Si(lOO) surfaces is 

given in Chapter 4. The surface coverage for unregistered Si, C, and O are given in 
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atoms/cm^. Hydrogen is given as the fraction of the hydrogen detected in the polystyrene 

standard. The surface roughness is measured as a function of scan area by TMAFM. The 

roughness values are reported - (1) for the whole image and (2) for an area named "Box" 

free of background noise and foreign particles that are not part of the actual surface. The 

effect of the choice of materials for storing tanks on the final passivation obtained was 

detected in the experiment SDW. The results are organized in the following sections: 

1. H-Passivation of Si( 100) with pre-cleaning. 

2. H-Passivation of Si(lOO) without pre-cleaning. 

3. Comparison of H-Passivation with and without pre-cleaning. 

6 .1 .2 .1  H-Pass iva t ion  o f  S i ( lOO)  Surfaces  With  Pre -Clean ing  

Si(lOO) samples passivated with hydrogen after a pre-cleaning by a modified RCA 

solution were produced in the VBl experiment and are described in the Table 6.1. Two 

identical samples were generated for each experimental condition. One set of samples was 

used for DBA analysis and the other set was used for TMAFM. Samples VB1-C2 thru 

VB1-C4 were generated after each step during the pre-cleaning process. Samples VBl-Rl 

thru VB1-R3 underwent a different final passivation after having undergone the same initial 

pre-cleaning. The concentrations of the passivation solution and the duration of immersion 

were varied for the final passivation steps. The goals of this study were: 

1. To determine the sensitivity and the resolution of IDA for detecting the changes in 

concentrations of surface impurities and crystalline order as a function of chemical 

treatment, 

2. To determine the capability of TMAFM for detecting the changes in morphology 

and topology on the samples that underwent different chemical treatments. 
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3. To investigate the effect of pre-cleaning on the degree of H-passivation of Si( 100) 

samples, and 

4. To develop a theoretical model to determine the contribution of unregistered Si 

atoms towards the formation of SiO, SiOj and surface roughness. 

The areal densities of C and O were obtained by nuclear resonance analysis combined 

with ion channeling in <111> directions. Channeling spectra were gathered by aligning the 

incident beam with a <111> direction of the sample, whereas, the rotating random 

spectra were acquired by rotating continuously the sample about the above alignment 

direction during data collection. 

The areal densities are calculated by using the elemental peaks gathered in these two 

spectra and are referred to as either "Rotating Random Mode" or "<111> Channeling 

Mode". The areal densities obtained in both modes are then compared. The amount of the 

crystalline order below the Si(lOO) surface is measured via the using either the counts 

obtained in an area of the signal or the height of the signal. The values obtained from either 

area or height are also compared. The unregistered Si areal density was calculated by 

using the area under the Si surface peak obtained in the spectrum gathered by aligning the 

sample in a <111> direction and substracting background contribution. The H fraction on 

the sample surface was obtained by elastic recoil detection using polystyrene as a standard. 

A review of ion beam analysis is given in Chapter 4. 

Carbon Areal Densities 

The areal densities of surface C are calculated by using the equations given in Chapter 

4. The areal densities and relative error are reported as a function of chemical treatment in 

Appendix Dl. Three tables shown in Appendix D1 give the following information - (1) 

Areal densities calculated based on the peak area from rotating random spectrum, (2) Areal 
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densities calculated based on the peak area from <111> channeling spectrum, and (3) 

Percent difference and ratio factor for the areal density values based on rotating random and 

channeling spectra. Error factors are calculated based on the formulae given in Chapter 4. 

The following formulae are used for calculating the percent difference and ratio factors: 

Percent Difference = 
(N4., . Ran. 

(Nt) 
xlOO (6.1) 

Chan. 

and 

Ratio Factor = 
(Nt) 

(6.2) 
Chan. 

where, Nt => Areal Density in atoms/cm^ 

Rot. Ran. => Rotating Random 

Chan. => <111> Channeling 

It should be noted that these measurements detect the amount of ordering of the oxygen 

and carbon after passivation. This unexpected discovery leads to the conclusion that these 

wafers, contrary to common opinion, are ordered to a high degree [16,17]. Since these 

measurements include a surface peak they do not correspond to a , but rattier to an 

upper limit on the disordered fraction. Hence the ratio factor corresponds to the inverse of 

the maximum disordered fraction in the film. 

Computer simulations of ion channeling spectra testing crystal structures for this new 

long range order phase of Si02 are beyond the scope of the present dissertation and 

presently being pursued by another doctoral candidate [18]. In the mean time, the ratio 

factor can be used as a meaningful measure of minimum order, with I being the maximum 
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disorder (100%) and values > 1 representing a number of atoms aligned with a periodic 

structure in the oxide. 

Effect of Pre-Cleaning and Passivation on Carbon Coverage 

Figure 6.2 depicts the carbon coverage for experiment VB1 as a function of chemical 

treatment. The values are listed in Appendix Dl. Based on this data, it is obvious that both 

rotating random and<1 Il> channeling measurements follow the same trends. The carbon 

coverages measured by <11I> channeling are always lower than the rotating random 

within a percent range of 50% to 112% and in the ratio factor range of 1.50 to 2.12 with an 

average value of 1.7. The average error on the coverage measured are 7.15 x lO'"* 

atoms/cm" for the <111> channeling and 1.37 x 10'^ atoms/cm^ for the rotating random. 

This shows that the accuracy of the measurement increased by a factor of 2 in the 

channeling mode. 

The ordering observed in the carbon signal can be interpreted as chemisorption of 

hydrocarbon molecules on partially registered sites. The corresporuling disordered fraction 

of 0.70 is too high to correspond to true epitaxy, especially for the amount of C involved. 

It is worthwhile to notice that the highest order, ratio factor of almost 4, are found for 

oxygen, for the thinnest and cleanest, best passivated surfaces, samples VBI-C3 and VB I-

R3. This feature will be discussed here below. 

As expected, there is a significant decrease in carbon coverage after immersion in 

SCI solution. The native oxide etching solution (sample VB1-C3), HF/HjO (2:98), and 

the passivating solution (sample VB1-R3), HF/CH3OH (1:9), have the same effects on 

carbon coverage. The most dilute HF/CH3OH (1:99), samples VBl-Rl and VB1-R2, did 

not have much effect on carbon even after immersion for longer durations. In the rotating 

random mode, the largest decrease in total carbon coverage by a factor of 1.69, is found 
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between the as-received Si(lOO) sample, VBl-CI, and after final passivation processing in 

1:9 HF/CH3OH, VB1-R3. The smallest decrease by a factor of only 0.95 is found between 

VB1-C2, after SCI, and VB1-C3, after 2:98 HF:H20. 

The coverage measured in a <111> charmeling direction showed the biggest difference, 

by a factor of 2.27, between the as-received Si(lOO) sample, VB 1-Cl, and after immersion 

in SCI, VB1-C2, which may indicate significant reordering of the hydrocarbon layer after 

SCI inmiersion. Similar to rotating random, the smallest difference is seen between 

Si(lOO) after immersion in SCI, sample VB1-C2, and Si(lOO) after immersion in 2:98 

HF:H20, sample VB 1-C3. The ratio factors between samples are given in Appendix D2. 

By comparing, sample VB 1-C3, processed with HF/HjO (2:98) and sample VB 1-R3, 

processed with HF/CH3OH (1:9), it can be concluded that an aqueous solution of HF is 

equally good or better than alcohol solutions in removing the carbon present as organic 

impurities. Table 6.2 gives the comparison of adsorption and desorption levels for 

disordered Si, C, O, and H on Si(lOO) surfaces for the samples generated in the VBl 

experiment. Only the samples after final passivation are considered in this table. These 

samples represent Si(lOO) surfaces that underwent the whole cleaning process including 

both pre-clean and final passivation steps. The data indicates that the surface C is removed 

during pre-cleaning, as well as during the final passivation steps for all samples. Less C is 

removed from the VBl-Rl and VB1-R2 samples during the final passivation steps when 

compared to pre-cleaning processing. The amount of carbon removed during final step 

increased by 65% for sample VB1-R2 with respect to VBl-Rl, due to an increase in 

immersion time by 4 minutes in 1:99 HF:CH30H. It is obvious by comparing samples 

VBl-Rl and VB1-R3 that there is an increase of 216% in surface C when the HF 

concentration increases from 1:99 to 1:9 in HF:CH30H solution. 
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Oxygen Areal Densities 

The areal densities and the corresponding error factors for surface O coverages as a 

function of chemical treatment are given in Appendix D3. The areal densities are calculated 

using the equations given in Chapter 4 and are based on the peak area measured from 

rotating random and <111> channeling spectra. The percent difference and ratio factor for 

the areal densities are again calculated using Eqns. 6.1 and 6.2. These areal densities are 

plotted in Figure 6.3 as a function of chemical treatment. The data show that both rotating 

random and <1I1> channeling measurements follow similar trends. The areal densities 

measured in a <111> channeling direction are always lower than the rotating random, but 

this time by a much more significant amount than for carbon. The percentage difference 

ranges from 115% to 294%. The ratio factor ranges from 2.15 to 3.94 and has an average 

value of almost 3, which corresponds to an average disordered fraction of less than 30%. 

This is a very significant amount of ordering and is well beyond what would be expected 

from chemisorption as observed in carbon. The average error factors, which represent the 

accuracy of the measurement, are 6.71 x 10'"* atoms/cm^ for a <111> channeling direction 

and 1.36 x 10'^ atoms/cm^ for the rotating random measurements. This shows again that 

the sensitivity of the measurement increased by a factor of more than 2 in a <111> 

channeling direction. As expected, the O coverage decreases less than the C content after 

immersion in the SCI solution. SCI solution is used in the semiconductor industry 

mainly for removing the metallic and organic impurities, not oxygen [2]. The HF solutions 

are meant to remove surface oxides, rather than SCI solution. 

We observe that the aqueous HF solution, HF/HjO (2:98), and the more dilute alcohol 

HF solution, HF/CH3OH (1:99), removed less oxygen compared to the less dilute alcohol 

solution, HF/CH3OH (1:9). The residual oxygen coverage decreases from 4.42 ± 0.73 x 
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10" to 3.49 ± 0.95 X 10'^ atoms/cm^ after immersion in SC2 solution, sample VB1-C4, 

and after a 1 min. of etching in the dilute HF in alcohol solution, HF/CH3OH (1:99), 

sample VBl-Rl. It decreases a little bit further to 3.16 ± 0.66 x 10'^ atoms/cm^ after a 

longer etching of 5 min. in the more dilute, 1:99 HF/CH3OH, alcohol solution as shown 

for sample VBI-R2. However, when a less dilute solution was used, i.e. HF/CH3OH (1:9) 

for 1 min., the oxygen coverage decreases to as little as 1.95 ± 0.39 x 10'^ atoms/cm^ 

which is significantly less than what is detected after etching in an aqueous HF/H2O (2:98) 

solution, where a surface concentration of 2.25 ± 0.64 x 10'^ atoms/cm^ is obtained. Note 

that these observations will be shown to be repeated in three other experiments, AS 1, AS2, 

and AS3, discussed later in this chapter. 

The SC2 solution is very effective in growing oxide film. Referring to Appendix D2, 

rotating random measurements show that the largest difference by a factor of 1.59 is 

between as-received Si(lOO), sample VB I-CI, and after passivated in the least dilute HF in 

alcohol solution, 1:9 HF/CH3OH, sample VBI-R3. The smallest difference, by a factor of 

1.02, is found between after 2:98 HF/HjO, sample VB1-C2, and after SC2, sample VBl-

C4. 

Similar to observations made on rotating random measurements, coverages in a 

channeling direction showed the largest difference, by a factor of 2.79, between as-

received Si(lOO), sample VBl-Cl, and after immersion in the least dilute HF in alcohol 

solution, 1:9 HF/CH3OH solution, sample VB1-R3. The smallest difference is seen 

between Si(lOO) after immersion in SCI and Si(lOO) after immersion in SC2, similar to the 

trend observed in the rotating random mode. 

As reported in Table 6.2, the amount of oxygen removed during pre-cleaning process is 

larger than that during final passivation process for more dilute HF in alcohol solutions and 
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shorter smaller immersion times. O decreases with increasing in immersion times and when 

least dilute HFrCHjOH solutions are used. 

It can be concluded that the rate of oxygen removal increases with increasing in 

immersion time and concentration for HF/CH3OH solutions. It can also be stated that 

aqueous HF solution is less effective than HFralcohol solution in removing the surface 

oxygen mostly present as silicon oxide. In addition, the most dramatic ordering is observed 

for the smallest oxide coverages, samples VB1-C3 and VB1-R3, and is as low as 25%. 

Unregistered Si Areal Densities 

The areal densities and associated error factors calculated based on the discussion given 

in Chapter 4 for unregistered Si surface atoms are given in Appendix D4. Figure 6.4 

illustrates the trends observed as a function of chemical treatment of Si(lOO) samples. SCI 

and SC2 solutions increased the amount of unregistered Si surface atoms on Si(lOO) 

samples when compared to as-received Si(lOO) wafers and the wafers immersed in 

aqueous HF solution, 2:98 HF/HjO. The unregistered Si areal density on Si(lOO) 

immersed in SCI solution is 1.61 ± 0.05 x 10'® atoms/cm^. After immersion in SC2 

solution, it drops to 1.40 ± 0.05 x 10'® atoms/cm^ even though the same amount of 

oxygen is present, showing that the Si(lOO) surface after SC2 is more ordered. Among the 

samples immersed in HF solutions, aqueous HF (2:98 HF/HjO) and the more dilute HF in 

alcohol solution (1:99 HF/CH3OH) showed the lowest amount of unregistered Si atoms 

with density values of 1.27 ± 0.04 x 10'® atoms/cm^ and 1.25 ± 0.04 x 10'® atoms/cm^, 

respectively. When the immersion time and the concentration for alcoholic HF solutions 

were increased, the amount of uiu^egistered Si atoms decreased. The average error on the 

areal density of disordered Si atoms on the samples generated in the experiment VB 1 is 
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4.77 X 10'"* atoms/cm^. Based on the Appendix D2, the largest decrease in disordered Si is 

observed between VBl-Rl and VB1-R2 with a ratio factor of 1.36, and the smallest 

difference is found between VBl-Cl and VB1-C2 with a ratio factor of 0.98. Overall, 

longer immersion times and less dilute HF solutions are required to obtain a measurable 

decrease in unregistered Si stoms. Table 6.2 indicates that the areal density of unregistered 

Si atoms decreases during pre-cleaning and increases with immersion in HF solutions. The 

less dilute HF solutions or longer immersion times in HF solutions, tend to decrease more 

amount of the unregistered Si atoms. Based on Table 6.2 and Figure 6.4, the duration of 

immersion times appears to play a dominant important role in reducing the areal densities of 

unregistered Si atoms. Peroxide solutions tend to increase the areal densities of 

unregistered Si atoms, whereas, HF solutions have a reverse effect whether aqueous or 

organic. 

Hydrogen Surface Coverage 

The surface coverage of hydrogen for the samples generated in the experiment VB1 are 

given Appendix D4. The surface coverage are reported as a percentage fraction with respect 

to a polystyrene standard with a thin film coverage calibrated in Chapter 4. The fraction is 

calculated using the formulae given in Chapter 4. The error is calculated based on the 

discussion given in Chapter 4. The percentage fractions are depicted in the Figure 6.4 as a 

fiinction of chemical treatment. The hydrogen fraction decreases with immersion in SCI 

and SC2 solutions, whereas, all HF solutions increase the hydrogen coverage. The 

hydrogen percentage fractions after immersion in SCI solution, sample VB1-C2, is 0.50 ± 

0.03 and SC2 solution, sample VB1-C4, is 0.37 ± 0.03. Sample VB1-R3, after chemical 

treatment in the less dilute 1:9 HF:CH30H alcohol solution for 1 minute exhibited the 
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highest hydrogen coverage, almost three times as high as after immersion in SC2, 1.16 ± 

0.05. The hydrogen surface coverage increased with immersion time and HF concentration 

when HF solutions are used. Based on Appendix D2, the largest difference in hydrogen 

coverage is found between the as-received Si(lOO) sample, VBI-Cl, and after immersion 

in SC2, VB1-C4. The smallest difference in hydrogen coverage is seen between the sample 

inunersed in SC2 solution, sample VB1-C4, and the sample immersed in 1:9 HF:CH30H 

solution, sample VB1-R3. Based on Table 6.2, it can be stated that the hydrogen content 

decreased during the pre-cleaning process for all the samples. For the sample immersed in 

1:99 HF:CH30H solution for 1 minute, sample VBl-Rl, hydrogen increased very littie 

during final passivation. The final hydrogen content is lower than the one measured on the 

as-received Si(lOO), sample VBl-Cl. With increasing immersion time from 1 minute to 5 

minutes in the 1:99 HF:CH30H solution, sample VB1-R2, the hydrogen coverage 

increases to be slightly more than that observed on the as-received Si(lOO), sample VBl-

Cl. The largest increase in hydrogen coverage is seen with an immersion in the least dilute 

1:9 HF:CH30H solution, sample VB 1-R3, and increases very significantly by about 50%. 

These measurements establish the absolute necessity to increase the concentration of HF in 

the final passivation solution in order to achieve significant passivation on Si(lOO). 

Si( 100) Crystalline Order (Xmm) Correlation to Surface Impurities 

The crystalline order of Si(lOO) substrate is measured by calculating in ion 

channeling. A decreasing Corresponds to a ordered material. Xmi„. can be calculated via 

two different methods - (1) based on signal height, and (2) based on signal area. A 

detailed description of these calculations is given in Chapter 4. Xmin. calculated via these two 
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methods for the samples generated in the experiment VB I are given in Appendix D5. Error 

factors are calculated via the formulae given in Chapter 4. The percent difference and ratio 

factors between the coverage measured in the rotating random mode and channeling 

direction are also given in the appendix. In a manner similar to surface C and O areal 

densities, the percent difference and ratio factor for Xmin. values are calculated via the 

following equations: 

Percent Difference = 
C^min-Xeii Height 

TTT VA mm. /Hei 

x lOO (6.3) 
Height 

and 

Ratio Factor = 
(y . ) 
V^rain./ 

(^min-juei 

Area (6.4) 
Height 

Figures 6.5 depicts the Xma values shown in Appendix D4 as a fiinction of chemical 

treatment. The Xmin values calculated by either method follow similar trends. The percent 

difference between area and height methods ranges between 12.39% to 33.32%. The ratio 

factor, ranges between 1.12 to 1.33. For all samples, the Xmin. values calculated based on 

the signal height are lower than those calculated based on the signal area. This makes sense 

since the true Xmin by definition the lowest normalized yield in the channeling spectra, 

and is typically found, right below the surface peak, as the height of the signal, and thus 

corresponds to one signal in one channel - which reaches a specific height. Using an area 

means averaging over several channels. Thus it includes always higher signal yields, but it 

is more accurate statistically. This is reflected in the average error which are 0.3214 for the 
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height measurements and 0.1605 for calculations based on the signal area. This means that 

the accuracy increased by a factor of 2 based on area method. The lowest value of 2.8955, 

based on the signal area, is found in samples inunersed in 2:98 HF/HjO solution. The 

values calculated based on the signal area method ranged between 4.2606 for VB 1-Rl and 

3.8362 for VB 1-R3 for HFiCHjOH alcohol solutions. With an increase in immersion time 

or HF concentration for HFiCHjOH solution, the Xmin. values are seen to decrease. The 

VBl-Rl sample showed larger Xmn. values than the as-received silicon sample, VBl-Cl. 

The samples immersed in the 2:98 HF:H20 aqueous solution showed Xmin values lower 

than those samples immersed in 1:99 HF:CH30H alcohol solution for 1 minute by a factor 

of 0.68 based on the signal area method. A similar trend is found for calculations based on 

signal height with a factor of 0.79. In general, samples immersed in alcohol solutions show 

lower Xmin. samples immersed in either aqueous HF or SC2 solutions. Comparison of 

different samples is given in Appendix D2. 

Figure 6.4 gives the variation in concentrations of surface impurities and Xmin values as 

a function of chemical treatment. Unregistered Si atoms concentration and Xnun values are 

found to follow similar trends as a function of chemical treatment, with a slight variation 

for samples VB1-R2 and VB1-R3. The aqueous 2:98 HF:H20 solution showed lower 

coverage in unregistered Si atoms and in , whereas, immersion in 1:99 HF:CH30H 

solution for 1 minute increased these variables. At the same time, as seen in Figure 6.4, it 

is observed that an increase in HF:CH30H concentration and immersion time decreased 

both Xmin. unregistered Si coverage. Both aqueous and organic HF solutions 

showed similar effects on the surface concentration of oxygen. Si(lOO) samples immersed 
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in 1:9 HFiCHjOH solution for 1 minute show the lowest amount of oxygen surface 

coverage, whereas, the aqueous 2:98 HF:H20 solution increases, while the HF:CH30H 

solutions decreases the surface carbon concentration. All HF solutions help increase the 

hydrogen coverage. But, the hydrogen coverage increases more for HF:CH30H alcohol 

solutions, especially, with increasing immersion time and HF concentrations. The samples 

exhibit an increase in H-coverage matching closely the observed decrease in oxygen 

coverage. An increase in oxygen coverage with a decreasing hydrogen coverage seen in 

SCI and SC2 solutions is expected given the chemistry of SCI and SC2 solutions. The 

SCI solution removes the organic and metallic contaminants while growing an oxide layer. 

SC2 is a strongly oxidizing solution. 

TMAFM Analysis and Correlation of Unregistered Si Atoms to Surface Roughness 

The topography of the surface of the samples generated in the experiment VB1 was 

characterized by TMAFM. A review of TMAFM and the data analysis used in this study are 

given in Chapter 5. Image analysis by Nanoscope software provided root mean square, 

RMS, values [19]. 

A. Methodology 

Five different scan sizes were used in this study - 20 x 20 |xm^, 10x10 |im", 5x5 

|xm^, 2x2 |im^, and 1 x 1 |im^, to establish the effect of scan size on absolute roughness 

values. The top view of the scanned images for the VB 1 samples is given in Appendices 

D6 through D12. The RMS values are shown for the whole image scans, as well as for an 

area visually selected as particulate-free and called "Box" in Appendix D13. The "Box" is 

an area of the surface expected to yield a RMS more representative of the surface 

smoothness. 
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The RMS based on the whole image yields values representative of the total topography 

of the images, whereas, the RMS based on box image is unaffected by background noise 

and particulates on the surface. The RMS in the box is assumed to yield the net roughness 

resulting caused by chemical treatment. The percentage difference between "Whole Image" 

and "Box" is also reported in Appendix D13. The data indicates that RMS values for the 

"Whole Image" are always larger than for "Box". 

B. RMS Results 

The plot in Figure 6.6 shows the difference in the RMS values for the whole image and 

the box area for a scan size of 20 x 20 pim^. According to this graph, the RMS values range 

between 0.193 nm. to 0.750 nm. over the "Whole Image", whereas, they range from 

0.073 nm. to 0.509 nm. within the box area. This clearly indicates that RMS values based 

on box area are less affected by particulates on the surface and more representative of the 

true surface roughness. The SCI and 2:98 HFrHjO solutions were observed to smoothen 

the surfaces in all the scan sizes. In average, SC2 solution slightly increased the roughness 

and all the HFiCHjOH solutions roughened the surface in a noticeable fashion. The 

average percentage difference between "Whole Image" and "Box" is seen to decrease with 

decrease in scan size. The percentage differences range between 90.75% for a scan size of 

20 X 20 (im^ and 34.91% for a 1 x I |im^ scan size. Since the area of the box varies from 

scan to scan, the RMS values obtained in a box are normalized with respect to the original 

box area. To define a normalization constant, the area of the box for different samples is 

normalized with respect to the area used for "As-Received" Si(lOO), sample VB 1-Cl. The 

calculations involved in the normalization process are shown in Table 6.3. Appendix D14 

gives a summary of the RMS values for the box area with and without normalization. There 

is no systematic difference between the original box area and the normalized box area. The 
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original box area is larger than the normalized box for some samples and smaller for others. 

Figures 6.7 through 6.9 gives correlation between the disordered Si areal density and the 

RMS values obtained for the "Whole Image", the "Box", and the "Normalized Box". It is 

clear from the data that as the scanned area decrease, the RMS values decrease, and no 

significant difference in roughness is found between the surfaces prior and after 

passivation. This demonstrates clearly that the increase in RMS seen in larger scanning 

area's is due to an increase in surface particulates rather than intrinsic surface roughness. 

RMS values correlate well with scan size for the "Whole Image" and the "Box". The same 

is not true for the "Normalized Box". It can also be concluded that no correlation exists 

between the disordered Si areal density and surface roughness for all three cases - "Whole 

Image", "Box", and "Normalized Box". 

Measurement of Surface Disorder 

A measurement of surface disorder can be obtained from the Si surface peak measurements 

shown in Appendix D4 based on the fairly well-established chemistry and strucmre of the 

Si(100)/amorphous SiOj interface. Grovemor and Cerezo have clearly demonstrated back 

in the eighties that an intermediate layer of Si monoxide is present between SiO, and 

Si(lOO) to bridge the cubic diamond structure of Si(lOO) with that of the fourfold 

coordinated network of silica, using atomic probe microscopy [20]. Figure 6.10 is an 

illustration of the findings reported by Grovemor et al. These results were in agreement 

with other work in the literature. Detailed analysis of formation of oxides on Si substrate by 

XPS were also reported in the literature during the last decade [21]. These studies indicate 

Si suboxides are formed prior to the growth of stoichiometric SiOj on top of the Si 

substrate. More recently, Ourmazd was able to image on very flat, almost ideal surfaces, 

the Si-0 dimers constituting the single monoxide silicon layer [22]. These observations 

enables one to construct a model, as shown in Figure 6.11, for the idealized interface/SiOj 
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layer and for a realistic interface where disorder and roughness contribute additional 

displaced atoms. This model is more sophisticated than the one proposed by Feldman et 

al., where an abrupt transition at the Si/SiOj interface is proposed with Si disordered at the 

interface [23,24]. The model proposed in this study, accounts for a larger number of Si 

atoms being displaced from lattice positions, due to the 1:1 stoichiometry of the monoxide. 

From this model one can thus deduce the net number of displaced Si atoms once the 

contributions to the SiOj and SiO interfacial layer are substracted, using the following 

equation 

Surface Peak = [SiJjjo^ + [^^Isio [^Hbuiic ^ Net Disorct (6.5) 

with [SiLetDisordx = ^ in the ideal case (6.6) 

[Silsuik ~ [SiJsio ~ 6.8 X 10''' atoms/cm^ without SiOj (6.7) 

where [Si]B„„j is the number of atoms/cm^ terminating the atomic row on the cubic diamond 

lattice [23]. 

The results of these calculations based on the experimental data in Appendices D3 and 

D4 are shown in Figures 6.12 and 6.13 for silicon and oxygen, respectively. The 

corresponding calculations are given in Appendix D15. It can be clearly seen that a 

significant firaction of the displaced Si atoms is not due to oxide or monoxide formation. 

These data demonstrate that one can deduce surface disorder based on this model. This 

amount of unregistered surface Si atoms can be correlated to the surface roughness. 

However, by comparison of Appendices D13 through D15 and also Figures 6.6 through 

6.9 with Figure 6.12, it is quite obvious there is no correlation between the calculated 
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amount of unregistered Si atoms and RMS values obtained for "Whole Image" and "Box" 

regions, indicating that the sensitivity to atomic displacement in TMAFM does not match 

yet that of ion channeling. 

6 .1 .2 .2  H-Pass iva t ion  o f  S i ( lOO)  Surfaces  Without  Pre -Clean ing  

A second experiment called SDW, was performed to test H-passivation of Si(lOO) 

surfaces when no prior chemical pre-treatment such as modified RCA cleaning is used. The 

samples generated in the experiment SDW are described in the Table 6.4. For each 

chemical processing step, two samples were generated. The odd numbered samples were 

used for TMAFM analysis, whereas, the even numbered samples were used for Ion Beam 

Analysis (IBA). Samples SDW-S3 thru SDW-SIO underwent only final passivation 

chemical treatments, and no chemical pre-cleaning. Samples SDW-S3 thru SDW-S6 were 

treated with a passivation solution stored in a teflon tank, whereas, samples SDW-S7 thru 

SDW-SIO were treated with a passivation solution stored in a polypropylene tank. In this 

study, a 1:9 HF:methanol solution was used as the passivating solution. Since it yielded the 

best passivation in the previous VB1 experiment. The chemical formula for methanol is 

CH3OH. The key goals of this study were to understand the following issues: 

1. Effect of no chemical pre-treatment on H-passivation of Si( 100) samples, 

2. Effect of passivating solution storing tank material on H-passivation of Si(lOO) 

samples, and 

3. Effect of final rinse in methanol on H-Passivation of Si( 100) samples. 

The data from this study are analyzed in the same manner as for the VB I experiment. In 

addition, the effect of the final rinse is investigated in this experiment. 
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Carbon Areal Densities 

The carbon areal densities and corresponding error factors are reported as a function of 

chemical treatment in Appendix D16. Figure 6.14 illustrates the values given in Appendix 

D16 as a function of chemical treatment. Based on this data, it is obvious that both 

measurements in the rotating random mode and a <111> channeling direction follow a 

similar trend. As with the results from the experiment VB1, the carbon areal densities 

measured in a <111> channeling direction are always lower than the rotating random mode 

by a percentage of 63% to 90% and by a ratio factor ranging between 1.64 to 1.90. The 

average error factors are 4.53 x 10'"* atoms/cm^ for a <111> channeling direction and 1.29 

X 10'^ atoms/cm^ for the rotating random mode. This indicates that the sensitivity of the 

measurement increased by a factor of 2.85 in the channeling direction. As expected, the 

carbon coverage decreases significantly for samples SDW-S4 and SDW-S8 after 1 minute 

immersion in 1:9 HFrCHjOH solution stored in teflon and polypropylene tanks, 

respectively. Samples SDW-S6 and SDW-SIO showed a slight increase in carbon coverage 

when immersion in passivation solution was followed by a 5 minute rinse in CH3OH 

solution. This may be due to redeposition of carbon on the sample surface following poor 

drying of the samples. It is also observed that teflon tanks tend to leave more surface 

carbon when compared to polypropylene tanks. This is unexpected, as teflon is known for 

its chemical stability and purity and is supposed to be superior to polypropylene in this 

respect [25-28]. 

In the rotating random mode, the largest difference, by a factor of 2.07, is noticed 

between as-received Si(lOG), sample SDW-S2, and after passivation in 1:9 HF:CH30H 

stored in polypropylene tank, sample SDW-S8, whereas, the smallest difference, by a 

factor of 1.06, is noticed between SDW-S4, after passivation in 1:9 HF:CH30H stored in 
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teflon tank, and SDW-SIO, after passivation in 1:9 HF:CH30H stored in polypropylene 

tank followed by a 5 minutes rinse in CHjOH solution. 

The <111> channeling mode showed the largest difference by a factor of 1.90 between 

the as-received Si(lOO), sample SDW-S2, and after treatment in 1:9 HF:CH30H stored in a 

polypropylene tank, sample SDW-S8. Similar to the rotating random, the smallest 

difference is seen between passivation in 1:9 HF:CH30H stored in a teflon tank, sample 

SDW-S4, and passivation in 1:9 HF:CH30H stored in a polypropylene tank followed by a 

5 minutes rinse in CH3OH solution, sample SDW-SIO. The ratio factors between the 

samples are listed in Appendix D17. 

Table 6.5 gives the comparison of adsorption and desorption for disordered Si, C, O, 

and H on Si(lOO) surfaces in the SDW experiment. Only samples after final passivation are 

considered in this table. The data indicates that more surface C is removed by 1:9 

HF;CH30H solution stored in a polypropylene tank, samples SDW-S8 and SDW-S10. The 

difference is about 0.91 x 10'^ atoms/cm^ between surface carbon removal in 

polypropylene and teflon tanks, with and without final CH3OH rinse. A similar decrease in 

surface carbon, 0.61 x 10'^ atoms/cm^, is found when rinsing in CH3OH solution was 

used. 

Oxygen Areal Densities 

The areal densities and the errors for surface oxygen as a function of chemical 

processing are given in Appendix D18. The oxygen coverage is graphed in Figure 6.15 as 

a function of chemical processing step. The data follow similar trends for both 

measurements in the rotating random mode and in a <111> channeling direction for the 

same 1:9 HF:CH30H solution in the same storing tank. As with surface carbon coverage, 

the oxygen areal densities measured in a <111> channeling direction are always lower than 
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in the rotating random mode within a percentage range of 119% to 244% and in the ratio 

factor range of 2.19 to 3.44. The oxygen signal exhibits much significant channeling effect 

than C and corresponds to an average channeled fi-action of 30%. The accuracy of the 

measurement of oxygen coverage are 7.90 x lO'** atoms/cm^ in a <111> channeling 

direction and 1.75 x 10'^ atoms/cm^ in the rotating random mode. This indicates that the 

sensitivity of measurement increased by a factor of 2.22 in a <111> channeling direction. 

The total oxygen coverage, which is measured in the rotating random mode, decreases 

more with the 1:9 HFiCHjOH solution stored in a teflon tank, sample SDW-S4, than when 

a polypropylene tank was used, sample SDW-S8. This difference disappears after a final 

rinse in CH3OH solution for 5 minutes, as observed for samples SDW-S6 and SDW-SIO, 

whereas, the measurements done in a <111> channeling direction showed a reverse trend 

and thus increased order when the 1:9 HF.CHjOH solution used for passivation was stored 

in a polypropylene tank, sample SDW-S8, as compared to when a teflon tank was used, 

sample SDW-S4. The final rinse is found to have the most effect on sample SDW-S6 

rinsed in a teflon tank, which showed the least oxygen areal density in channeling of 2.82 

X 10'® atoms/cm^. Referring to Appendix D17, in the rotating random mode, the largest 

difference, by a factor of 1.35, is observed between as-received Si(lOO), sample SDW-S2, 

and after passivation in a 1:9 HF/CH3OH solution stored in a polypropylene tank followed 

by a 5 minute rinse in CH3OH, sample SDW-SIO, whereas, the smallest insignificant 

difference, by a factor of 1.03, is observed between samples SDW-S4 and SDW-SIO, and 

also between SDW-S6 and SDW-SIO. The channeling data exhibited the largest decrease, 

by a factor of 1.99, between the as-received Si(lOO), sample SDW-S2, and after 

passivation in 1:9 HF/CH3OH solution stored in a teflon tank followed by 5 minutes rinse 

in CH3OH solution, sample SDW-S6. This sample also shows the least total oxygen 
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coverage and the lowest channeled fraction. The smallest difference is seen between 

samples SDW-S8 and SDW-SIO, which compares passivation in 1:9 HFrCHjOH solution 

stored in a polypropylene tank followed by either no CH3OH rinse or a 5 minutes rinse 

with CH3OH solution. As shown in Table 6.5, the amount of oxygen removed is higher 

when a final CH3OH rinse followed passivation in 1:9 HFtCHjOH solution stored in either 

tanks, unlike with surface carbon. Although more oxygen, as seen with sample SDW-S6, 

is removed for the case of a teflon tank with final rinse, about 0.63 x 10'^ atoms/cm^, the 

1:9 HFrCHjOH solution stored in a polypropylene tank without final rinse removes more 

surface oxygen about 0.79 x 10'^ atoms/cm^ as shown for sample SDW-S8. 

Unregistered Si Areal Densities 

The areal densities and experimental error factors calculated for unregistered Si atoms 

are given in Appendix D19. Figure 6.16 illustrates the trends observed as a function of 

chemical treatment of Si(lOO) samples. When compared to as-received Si(lOO), sample 

SDW-S2, the sample passivated with 1:9 HF:CH30H solution stored in a teflon tank 

without a final rinse, sample SDW-S4, reduced the amount of unregistered Si atoms by 

0.09 X 10'® atoms/cm^ and sample SDW-S6, after a rinse by CH3OH for 5 minutes, 

reduced the unregistered Si atoms by 0.16 x 10'® atoms/cm^. The total unregistered Si 

atoms detected on as-received Si(lOO), sample SDW-S2, were decreased by 0.14 x 10'® 

atoms/cm^ when passivated with 1:9 HF:CH30H solution stored in a polypropylene tank 

followed by no final rinse, sample SDW-S8, and by 0.18 x 10'® atoms/cm^ with a final in 

CH3OH for 5 minutes, sample SDW-SIO. The decrease in oxygen between 5.59 % to 

11.18%, is not significant enough to conclude that the use of polypropylene tanks yields a 
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reduction of unregistered Si atoms. Without a final CH3OH rinse, the use of a 

polypropylene tank is only 3.10% more efficient than a teflon tank which is unsignificant. 

Using a final CH3OH rinse, the use of a polypropylene tank yields only a 1.24% difference 

when compared to a teflon tank. These differences are insignificant. Based on Table 6.5, 

sample SDW-S4, passivated with the 1:9 HFiCHjOH solution stored in a teflon tank 

exhibited the lowest reduction in unregistered Si atoms, 9 x 10'"* atoms/cm^, from the 

Si(lOO) surface. The lowest amount of uru-egistered Si atoms, 1.43 x 10'® atoms/cm", was 

obtained via passivation of a Si(lOO) surface by 1:9 HFrCHjOH solution stored in a 

polypropylene tank followed by a 5 minutes rinse with CH3OH solution, sample SDW-

SIO. This passivation is the most efficient with a reduction of 1.8 x 10'^ atoms/cm" in 

unregistered Si atoms from the Si(lOO) surface. Similar to oxygen areal density and unlike 

for carbon areal density, the final rinse by CH3OH for 5 minutes helps in lowering the 

amount of unregistered Si atoms. The final rinse helped in increasing the reduction by 

insignificant amounts of 4.35% and 2.48% for unregistered Si atoms in addition to those 

obtained by chemical processing done with passivation solutions stored in teflon and 

polypropylene tanks, respectively. The average error on disordered Si atoms on the 

samples generated in the experiment SDW is 4.81 x 10''* atoms/cm^. In terms of ratio 

factor, the largest difference of 1.13 is noticed between SDW-S2 and SDW-SIO and the 

smallest difference of 0.99 is noticed between SDW-S6 and SDW-S8. These differences 

are very significant. Appendix D17 summarizes the ratio factors between different samples 

generated in the experiment SDW. 
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Hydrogen Concentrations 

The surface concentrations of hydrogen for the samples generated in the experiment 

SDW are given Appendix D19. The percentage fractions are plotted in the Figure 6.16 as a 

function of chemical processing. The data shows an increase in hydrogen fraction with 

passivation in a 1:9 HFcCHjOH solution stored in teflon or polypropylene tanks. An 

increase in percentage fraction of 0.0572 with a teflon tank and 0.0275 with a 

polypropylene tank are noticed. When a 5 minutes CHjOH final rinse was used, additional 

hydrogen of 0.0293 percentage for processing in a teflon tank and 0.0343 percentage for 

processing in a polypropylene tank are added to Si(lOO) surface. Based on Appendix D17, 

the largest difference in hydrogen coverage is observed between the as-received Si(lOO), 

sample SDW-S2, and after immersion in 1:9 HFrCHjOH solution stored in a teflon tank 

followed by a 5 minutes rinse with CHjOH , sample SDW-S6. The smallest difference in 

hydrogen coverage is seen between the sample immersed in 1:9 HFrCHjOH solution stored 

in a teflon tank, sample SDW-S4, and that immersed in 1:9 HFrCHjOH solution stored in a 

polypropylene tank followed by a rinse with CH3OH for 5 minutes, sample SDW-SIO. 

According to the calculations given in Table 6.5, it can be said that the highest hydrogen 

content of 0.7118 on Si(lOO) surface is obtained by sample SDW-S6 which underwent 

chemical passivation by 1:9 HF:CH30H solution stored in a teflon tank followed by a 5 

minutes rinse with CHjOH solution. This translates into an increase of 0.0865 percent 

fraction when compared to as-received Si(lOO) sample. The lowest increase is seen after 

passivation in 1:9 HF:CH30H stored in a polypropylene tank. The best increase in H 

coverage thus correlates with the lowest coverage in oxygen, sample SDW-S6, and most 

significant ordering. 
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Si( 100) Crystalline Order (Xmm) Correlation to Surface Impurities 

The crystalline order in the Si(lOO) substrates is measured by calculating the 

values for the samples generated in the experiment SDW and are given in Appendix D20. 

Figures 6.17 is a plot of the values shown in Appendix D20 as a function of chemical 

processing step. The values calculated by either height or area method follow very 

similar trends. The percentage difference between area and height methods range between 

11.09% and 15.96%. For all samples, the Xmin. values calculated using height method are 

lower than those calculated using area method, but the average error on the Xmin. ^ 

0.3487% and 0.1606% for calculations based on height and area methods. This implies 

that the accuracy improves by a factor of 2.17 when the area method is used. The lowest 

Xmin.. 3.4219, measured based on the area method, is shown for the sample passivated by 

1:9 HFrCHjOH solution stored in a polypropylene tank followed by a 5 minutes rinse with 

CH3OH. The Xmin. calculated based on the area method ranged between 4.5029 for sample 

SDW-S4 and 3.4219 for sample SDW-SIO across all the samples. With final rinse of 

CH3OH for 5 minutes, the Xmin. values are seen to decrease and are lower than that for the 

as-received Si(lOO), sample SDW-S2, whereas, the Xmin. value for samples, SDW-S4 and 

SDW-S8, are larger than that for the as-received Si(IOO), sample SDW-S2. This implies 

that passivation process for Si(lOO) samples without final rinse does affect ordering at the 

surface. The samples inmiersed in 1:9 HFcCHjOH solution stored in a teflon tank showed 

Xmin. values higher than those samples immersed in 1:9 HF:CH30H solution stored in a 

polypropylene tank by a factor of 1.14 based on the area method calculations, whereas, 
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based on height method calculations the ratio factor is 1.13. These ratio factors are within 

the experimental error limits and can be neglected as insignificant. The largest difference is 

noticed between the samples SDW-S4 and SDW-SIO based on both area and height 

method calculations. The smallest difference is observed between the samples SDW-S2 and 

SDW-S6 for area method calculation and between SDW-S6 and SDW-SIO for height 

method calculation. Comparison of different samples is given in Appendix D17. 

Figure 6.16 gives the variation in concentrations of surface impurities and Xnun. ^ ^ 

function of chemical processing step. The number of unregistered Si atoms and Xmin ^ 

seen to follow different trends as a function of chemical treatment. Sample SDW-SIO 

treated in 1:9 HFrCHjOH solution stored in a polypropylene tank followed by a 5 minute 

rinse in CH3OH showed the lowest amount of unregistered Si atoms and also the lowest 

%iiiin. for the samples analyzed in this study. The number of unregistered Si atoms decreased 

after passivation and decreased further with rinsing, whereas, Xmin. increases most for 

Si(lOO) samples passivated without subsequent rinsing and decreases below the value for 

as-received Si(lOO) after passivation followed by final rinsing process. The oxygen areal 

density followed the same trends as found for unregistered Si atoms. But, the carbon areal 

densities follow an opposite trend when compared to the . Hydrogen surface coverage 

changes very little after 1:9 HF:CH30H passivation chemical treatment and after a final 

rinse for 5 minutes by CH3OH, and is found to fluctuate within the error bars of the 

experiment. This data of H coverage as a function of chemical passivation, shows clearly 

that even though the total amount of oxygen decreases, the lack of a modified RCA pre-

cleaning leads to very poor passivation results - the amount ofH is pretty much the same as 

before passivation. 
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TMAFM Analysis and Correlation of Unregistered Si Atoms to Surface Roughness 

The TMAFM scanning images and roughness analysis obtained on the samples 

generated in the experiment SDW are given in Appendices D21 through D26. Similarly to 

the experiment VB1, five different scanning area's were used - 20 x 20 ̂ im^, 10x10 jim^, 

5x5 |im^, 2x2 and 1 x 1 |im^, to establish the effect of scanning area's on RMS 

values. The top view of the scanning images for the SDW samples is given in Appendices 

D21 through D25. A comparison of the RMS values for whole image scans, as well as for 

an user selected area called "Box", which is particulate free, are given in Appendix D26. As 

explained during the discussion of experiment VB 1 in the Section 6.1.2.1, the selected box 

is chosen as the particulate and noise-free area of the scanned image and is more likely to 

yield a RMS more representative of the surface filtering away the effect of surface particles. 

The data indicates that the RMS values for the "Whole Image" are always larger than for the 

"Box". The average percentage difference in RMS values between "Whole Image" and 

"Box" across all the samples ranged between 586.94% and 99.35%. No correlation is 

found between the scanned image size and the average percentage difference. Across all the 

samples, the RMS values varied between 0.078 nm to 4.530 nm for "Whole Images", and 

from 0.073 nm to 0.353 nm for the "Box" area. 

The lower values for the RMS in the box area indicate that the contribution from 

particulates is filtered out. Overall, the passivation chemical treatment is observed to 

systematically roughen the Si(lOO) surfaces, for all the scanning areas, as was observed in 

the VB I experiment. This is shown for both "Whole Image" and "Box" regions. 

By comparing Figures 6.18 and 6.19, a better correlation is obtained for the RMS in 

the "Boxed Area" with chemical treatment compared to the RMS in the "Whole Image". 

This is quite compelling, demonstrating clearly again as for VBl, that elimination of 

particulates yield more meaningful RMS. 
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The difference in trends between the RMS for the whole image and the RMS for the 

box e d  r e g i o n  d e m o n s t r a t e s  c l e a r l y  t h a t  t h e  R M S  f o r  t h e  w h o l e  i m a g e  i s  a g a i n ,  a s  i n  V B l ,  

strongly c^ected by particulated The RMS for the boxed region after passivation remains 

much closer to the RMS for the as-received sample, being much less c^ected by 

particulates. Rinsing always seems to reduce RMS for all scanning sizes and appears to 

reduce RMS to the original levels. As such, rinsing appears to be critical to maximize 

smoothness. 

Effect of Normalization 

The comparison between the RMS in regions of "Box" and "Normalized Box", which 

takes into account the magnitude of the area scanned, is given in Appendix D27. For all 

scan sizes, except 1 x 1 |j.m^, the RMS values for "Normalized Box" are greater than those 

for "Box". For 1 x 1 p.m^, the RMS for the boxed region is larger than the RMS for the 

normalized box by 19.30%. Table 6.6 summarizes the calculations for obtaining the RMS 

values for the "Normalized Box" area for the experiment SDW. From the graphs shown in 

Figures 6.18 through 6.20, no correlation is seen between the RMS and disordered Si areal 

density for the "Whole Image" and "Normalized Box" regions. However, the RMS 

obtained for the "Box" region, correlates samples after passivation, with and without 

rinsing. The RMS for the normalized boxed region show poorer correlation to the chemical 

treatments, as found for the whole images. 

Measurement of Surface Disorder 

The discussion and Equations 6.5 through 6.7 given in Section 6.1.2.1 has led to the 

development of a theoretical model for the measurement of surface disorder and the 

incorporation of unregistered Si atoms into SiO and Si02. This method was applied to the 
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data of the experiment SDW in Appendix D28, based on the data in Appendices D18 and 

D19. Figures 6.21 and 6.22 show the surface coverage based on that model for disordered 

silicon and oxygen. It can be clearly seen that a significant fraction of the displaced Si 

atoms is not due to oxide or monoxide formation. It is also quite obvious that there is no 

correlation between the RMS values and the calculated amount of unregistered Si atoms. 

6.1.2.3 Comparison of H-Passivation of Si(lOO) Surfaces With and 

Witliout Modifled RCA Pre-CIeaning 

The effect of a modified RCA pre-cleaning on the H-passivation of Si(IOO) surfaces 

can be clearly established by comparing the experiments VB1 and SDW. Samples having 

undergone the same passivation with, experiment VB 1, and without, experiment SDW, 

pre-clening can be compared to quantify the effect. The "Modified RCA" pre-cleaning was 

used prior to passivation in the experiment VB 1. Its effect is investigated by comparing the 

samples in the experiment VBl to the samples passivated without pre-cleaning in the 

experiment SDW. The samples of interest are: 

1. "As-Received" samples from Motorola Inc. 

• VB 1 -C1 from the experiment VB 1. 

• SDW-S1 and SDW-S2 from the experiment SDW. 

2. Treated in 1:9 HF:CH30H passivation solution stored in a teflon tank followed by 

final CH3OH rinse for 5 minutes 

• VB 1-R3 from the experiment VB 1. 

• SDW-S5 and SDW-S6 from the experiment SDW. 

A pair of two identical samples with the same reference number were processed for 

each of the above two experimental conditions, samples VBl-CI and VB1-R3, in the 

experiment VBl. One sample of the pair was used for TMAFM analysis and the other for 
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IBA analysis. In the same manner, SDW-Sl and SDW-S5 were used for TMAFM 

analysis, whereas, SDW-S2 and SDW-S6 were used for IBA analysis. The samples from 

both experiments are compared for the following measurements: 

1. Surface concentrations of unregistered Si atoms, carbon, oxygen, and hydrogen, 

2. Crystalline nature measured in terms of values, and 

3. Surface roughness reported as RMS values. 

Table 6.7 sununarizes the measured data for the samples generated in the experiments 

VBl and SDW for the two processing sequence mentioned above. The difference in 

surface coverage for disordered Si, C, O, and H between VBl and SDW experiments is 

given under the column referred to as "Delta". The surface coverages of unregistered Si 

atoms, carbon, oxygen, and hydrogen are calculated using the signal area. Except for 

hydrogen, the peak areas obtained from the spectra gathered in a <111> channeUng 

direction are used for the calculation of surface coverage. As mentioned before in Section 

6.1.2.1, the hydrogen coverage is reported as a percentage fraction with respect to the 

hydrogen coverage on a thin film of polystyrene used as the standard surface. The 

crystalline order in the substrate is measured via the which is calculated using the two 

methods explained in Chapter 4. The area method is the most commonly used by 

researchers [29-32]. The RMS are compared for the 20 x 20 jim^ scans obtained by 

TMAFM in both the experiments, for both RMS measured in the "Whole Image" and 

"Box" regions. 

A. Disordered Si, O, and C Coverage 

Based on the results summarized in Table 6.7, it can be concluded that samples from 

the experiment SDW, when compared to those from experiment VBl, all show higher 
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absolute surface coverage of unregistered Si atoms, surface carbon, and surface oxygen. 

However, both experiments do show a marked decrease in surface disorder and impurity 

coverage with chemical treatment. "As-Received" samples from SDW experiment exhibit a 

similar amounts of unregistered Si atoms, surface carbon, and surface oxygen by 1.89%, 

7.99%, and 3.13%, respectively, when compared to the "as-received" sample in the VBI 

experiment. These values are close to be within the experimental errors for RBS 

measurements and are thus not statistically significant. This observation reinforce the 

conclusions - initially both sets of wafers from the two experiments are similar in surface 

coverages of unregistered Si, C, and O, whereas, after chemical treatment, the surface 

coverage difference increased to 8.21% for unregistered Si atoms, 44.58% for carbon, and 

44.62% for oxygen. A "Modified RCA" pre-clean in the VB1 experiment reduces more 

effectively amounts of surface carbon and oxygen, and unregistered Si atoms. 

In the case of hydrogen, VBI exhibited higher coverages when compared to SDW. 

Both experiments showed an increase in surface hydrogen with chemical treatment. 

Initially, the wafers used in the VBI exhibited 4.97% more surface hydrogen than the 

SDW experiment, which is within the experimental error. After chemical treatment, the 

surface hydrogen coverage difference increased to 57.62% between SDW and VBI 

samples, with VB 1 samples having more surface hydrogen. This shows that the "Modified 

RCA" pre-cleaning played a major role in increasing the final surface hydrogen coverage. 

B. Crystalline Order (Xuin) 

In Table 6.7, the crystalline order is reported based on the two methods of calculation 

used earlier. One uses the area measured within five channels below the minimum, which 

is below the Si surface peak, and the other uses the value of the minimum, as explained in 

Chapter 4. Xtma. values exhibit a larger decrease in the VBI experiment after passivation. 
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Based on the area method, were lower in the initial "As-Received" sample in the SDW 

experiment when compared to the VBl experiment. After passivation the difference 

decreased to 8.31% with the sample from the SDW experiment being lower. From this 

argument, it is evident that the samples cleaned with the "Modified RCA" used in the VBl 

experiment were better channeled. This is also apparent in the calculations using height 

method, with the samples from SDW showing higher . The percentage differences was 

negligible for "As-Received", 0.97%, and 8.57% after chemical treatment, the latter may be 

significant. 

C. Roughness 

Based on the surface roughness measurements, samples from the VB1 experiment are 

found to yield higher RMS in comparison to those from SDW, for ElMS measured for both 

the "Whole Image" and "Box" regions.The percentage differences between VB 1 and SDW 

for "As-Received" sample are +27.82% for the "Whole Image" and -49.31% for the "Box" 

regions. The negative sign means that the RMS value in SDW is larger than for VBl. 

Referring back to the data given for all the samples from the experiment VB 1 mentioned in 

Section 6.1.2.1, the absolute value of 0.073 nm for "As-Received" in the "Box" region is 

questionable. Hence, the RMS values will only be discussed in relative terms. After 

chemical treatment, the percentage differences increased to 48.81% and 131.37%, 

respectively. This indicates that the "Modified RCA" pre-clean step is detrimental for 

surface smoothness. 

D. Summary 

Overall, it can be be concluded that the use of the "Modified RCA" pre-clean prior to 

the final passivation step does effectively reduces the number of unregistered Si atoms, and 
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the coverage of carbon, and oxygen. It definitely helps increase the hydrogen coverage by 

an average of 55%. However, the RMS measured on Si(lOO) surfaces increase, which may 

be attributed either to increased roughness or to an increase on particulates. Recent 

measurements by high resolution cross section TEM show that, in fact, the surface are 

smoother, and that the RMS values are controlled by particulates counts. It can be 

concluded with high confidence that the "Modified RCA" pre-cleaning process step is very 

useful for the H-passivation of Si(lOO) surfaces. 

6.1.3. Characterization of H-Passivated Si(lOO) Surfaces by IB A Analysis 

Three experiments, ASl, AS2, and AS3, were performed to address the following 

objectives: 

1. Comparison of H-passivation obtained by three different alcohols, 

2. Comparison of three different methods for the final rinse, 

3. Reproducibility of O, C, and H surface coverages produced by a given surface 

processing, and 

4. Effect of the immersion time for the final passivation step upon final H-coverage. 

Two identical experiments, ASl and AS2, were conducted to reach the first three goals, 

whereas, die third experiment, AS3, was used to reach the last goal. All the samples were 

processed in a laminar chemical hood located in a class 100 clean room [33]. The clean 

room is part of the Combined Ion and Molecular Beam Deposition (CIMD) laboratory 

located in the Goldwater Research Center, Arizona State University, Tempe, Arizona [34]. 

1 inch X I inch pieces were used in this study and manually cut from a 100 mm wafer by a 

diamond scribe in a class 100 laminar hood located in the clean room. The 1 inch x 1 inch 

pieces were transferred between chemical treatments in a teflon carrier [5]. At each step of 

the cleaning, samples were taken out of the set and stored in teflon sample holders for 
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characterization. The sample pieces were processed by parts per billion grade chemicals [8-

10]. EBA was conducted in a 10"^ Torr vacuum chamber located outside the clean room in 

the BeAM Facility, Goldwater Research Center, Arizona State University, Tempe, 

Arizona [35]. The chemically processed 1 inch x 1 inch pieces were cut again into two 0.5 

inch X 0.5 inch pieces in a laminar hood located next to the chamber. One 0.5 inch x 0.5 

inch piece was loaded onto a sample holder and inserted into the vacuum chamber. 

Laboratory facilities and chemicals used in this study are described in Chapter 3. A review 

of IB A is given in Chapter 4. The discussion of the results obtained from the experiments 

ASl, AS2, and AS3 is organized in the next sections as follows: 

1. Comparison between HFralcohoI passivation solutions and between final rinsing. 

2. Reproducibility of O, C, and H surface coverages. 

3. Effect of immersion time in the final passivation solution on the final H-coverage. 

6.1.3.1 Comparisoii of HF:Alcohol Passivation Solutions and Final Rinse 

Procedures 

The first set of experiments, ASl, compares the H coverage obtained with three 

different alcohols and the effect of the final rinse procedure. Three alcohols, methanol 

(CHjOH), ethanol (CjHjOH), and isopropanol (C3H7OH) of increasing molecular weights 

were selected for their low oxidizing nature [25]. Three different procedures for the final 

rinse after passivation were investigated - a) 5 minutes rinse in the same alcohol as the 

passivation solution, b) 5 minutes in 18.3 MQ deionized (DI) water purged with nitrogen, 

and c) dewetting of the passivating solution in air by holding the sample vertical followed 

by a quick dip in running DI water purged with nitrogen. All samples were blown dry after 

rinsing, using dry nitrogen from a teflon gun equipped with a filter to avoid particles. The 

samples generated at each step in the ASl experiment are described in Table 6.8. All 
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samples are characterized by IBA in the rotating random mode exclusively, with a sample 

tilt of 75°, to measure the surface coverages of carbon, oxygen, and hydrogen. The results 

are surrmiarized in Appendices D29, D31, and D32 for carbon, oxygen, and hydrogen, 

respectively. Figure 6.23 shows the measured surface coverages as a function of chemical 

treatments described in Table 6.8. Sample ASl-Sl was analyzed also with a smaller sample 

tilt of 54.75° to compare to the data from sample tilt of 75°. The results, as reported in 

Appendices D29, D31, and D32, show a lower areal densities for carbon and oxygen by 

3.67% and 6.14%, respectively, with a sample tilt of 54.75° when compared to 75°, 

whereas, the hydrogen percentage fraction is higher by 6.28%. Thus, the error associated 

with two different masurements made at different angle is less than a few percent. 

A. Carbon Areal Density 

Among the samples that were chemically treated, the carbon areal density exhibited the 

lowest coverage of 5.33 ± 1.12 x 10'^ atoms/cm^ for sample AS1-S2 after treatment with 

the SCI solution at 80° for 10 minutes. The highest carbon coverage of 9.18 ± 2.04 x 10'^ 

atoms/cm" was measured in sample AS 1-S4 after treatment with the SC2 oxidizing solution 

at 80° for 10 minutes, which exhibits also the thickest oxide. Hence, all the samples treated 

with HF solutions showed areal densities within this range. Variations between the 

measured carbon coverage after the SCI step in the modified RCA cleaning are fairly 

unsignificant. These two observations are expected based on the chemistry of the RCA 

clean and demonstrates that our experimental method adequately detects the two extremes 

of the range of impurity coverage in these experiments. 

Sample AS1-S3 treated with 2:98 HFiHjO had 6.63 ± 1.66 x 10'^ carbon atoms/cm^. 

The samples, AS1-S5 through AS1-S13, passivated by various HF in alcohol solutions. 
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exhibited coverages between 6.12 ± 1.07 x 10'^ atoms/cm^ and 7.26 ± 1.80 x 10'^ 

atoms/cm^. The lowest carbon coverage is measured after treatment with 1:9 HF/ethanoI 

solution for 1 minute followed by 5 minutes rinse in running deionized water purged with 

pure nitrogen. The highest amount is measured after 1:9 HF/methanol solution for 1 minute 

followed by 5 minutes rinse in methanol. The rinsing procedure appears to have a small 

affect. 

HF/methanol passivation solution treatment exhibited 7.26 ± 1.80 x 10'® atoms/cm^, 

6.69 ± 1.31 X 10'® atoms/cm^, or 6.89 ± 1.21 x 10'' atoms/cm^ surface carbon depending 

on the final rinse - a) 5 minutes in methanol, b) dewetting in air by holding the sample 

vertical followed by a quick dip in running deionized water purged with pure nitrogen, and 

c) 5 minutes in running deionized water purged with pure nitrogen, respectively. In the 

case of isopropanol, HF/IPA passivation solutions left a carbon coverage of 7.03 ± 1.18 x 

10'® atoms/cm^ 6.41 ± 1.73 x 10'® atoms/cm^ and 6.31 ±0.988 x 10'® atoms/cm" for the 

same three rinsing procedures, respectively. The absolute carbon coverages left after using 

HF/ethanol passivation solutions are 6.29 ± 1.24 x 10'® atoms/cm^ 6.96 ± 1.27 x 10'® 

atoms/cm^, and 6.12 ± 1.07 x 10'® atoms/cm^, respectively. The final rinses used for 

HF/IPA and HF/ethanol were same as those for HF/methanol except that EPA and ethanol 

were used instead of methanol. The average error factor across all the samples is 1.52 x 

10'® atoms/cm^. Thus, the differences measured between all 9 samples compared is well 

within the error bars, except maybe for the rinses in methanol and isopropanol, where a 

slightly larger carbon coverage maybe left. Overall, the residual carbon coverage is not 

affected very much by the choice of alcohol or rinsing procedure. This means that selection 
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of these alcohols can be ruled by other considerations, such as H-coverage and particulates 

collection. 

Appendix D30 summarizes this comparison between the different samples processed in 

the ASl experiment by comparing carbon coverage ratio's. The largest difference is seen 

between ASl-SI, "As-Received" sample, and AS1-S2, after processing with SCI solution 

at 80° for 10 minutes, with a ratio factor of 2.12. The difference between AS1-S3, treated 

with 2:98 HF/HjO, and ASI-S6, treated with 1:9 HF/methanol solution for 1 minute 

followed by dewetting in air by holding the sample vertical and a quick dip in running 

deionized water purged with pure nitrogen, is the smallest with a ratio factor of 0.99. Table 

6.9 gives a summary of adsorption and desorption levels for C, O, and H on Si(lOO) 

surfaces for the samples generated in the experiment ASl. During final passivation, sample 

AS I-S13, after treatment with 1:9 HF/ethanol solution for 1 minute followed by 5 minutes 

rinse in running deionized water purged with pure nitrogen had the largest amount of 

carbon removal of 3.06 x 10'^ atoms/cm^ and, sample AS1-S5, after treatment with 1:9 

HF/methanol solution for 1 minute followed by 5 minutes rinse in methanol showed the 

lowest amount of removed carbon of 1.92 x 10'^ atoms/cm^. The latter is lower than the 

amount of carbon removed by the "Modified RCA" clean, 2.12 x 10'^ atoms/cm". 

B. Oxygen Coverage 

The oxygen areal density, as expected, decreases after using the SCI and 2:98 HF/HjO 

solutions, by about half to 6.33 x 10'' atoms/cm^ from 1.21 x 10'® atoms/cm^ for the as-

received Si. There is an increase of 32.65% after etching with 2:98 HF/HjO and using the 

oxidizing SC2 solution. The oxygen coverage reaches a value of 9.40 x 10'^ atoms/cm^. 
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The oxygen coverages for all the samples after passivation in HF/alcohol solutions are 

lower than those measured during the modified RCA cleaning. Samples AS 1-SI2 and 

AS1-S9, are etched with 1:9 HF/ethanol and 1:9 HF/IPA solutions for 1 minute followed 

by dewetting in air by holding the sample vertical followed by a quick dip in running 

deionized water purged with pure nitrogen. They exhibited the largest and lowest oxygen 

surface coverages of 5.36 x 10'^ atoms/cm^ and 3.94 x 10'^ atoms/cm^, respectively. This 

difference is just above the significance level, as the average error factor is 1.14 x 10'^ 

atoms/cm^. Based on the Appendix D30, the difference between samples ASl-Sl and ASl-

S9 is the largest with a ratio of 3.07 and that between the samples AS 1-S8 and AS 1-S11 is 

the smallest with a ratio of 0.99. Definitions of the samples are given in Table 6.8. The 

removal of oxygen during the modified RCA cleaning is less efficient than that during the 

final passivation step for all alcohol and rinsing procedures. During the modified RCA 

cleaning, 2.71 x 10" atoms/cm^ oxygen was removed, or about 30%. Sample ASI-S9, 

was etched in 1:9 HF/IPA solution for 1 minute followed by dewetting in air by holding the 

sample vertical and a quick dip in running deionized water purged with pure nitrogen. For 

this sample, 5.45 x 10'^ atoms/cm^ of oxygen was removed. The lowest amount of 4.04 x 

10'^ atoms/cm' was removed in sample AS1-S12 after etching with 1:9 HF/ethanol 

solution and using the same rinsing procedure as for sample AS 1-S9. 

C. H-Coverage 

The coverage of hydrogen on Si(lOO) surfaces is summarized in Appendix D32. The 

SCI and SC2 solutions reduced the hydrogen surface coverage, whereas, all the HF 

solutions increased the H coverage. The amount of H coverage decreased by 27.84% and 

42.33%, from that of the as-received Si, after etching with SCI and SC2 solutions. The 
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aqueous 2:98 HF/HjO solution led to a lower hydrogen coverage when compared to 

HF/alcohol solutions. When compared to the 0.7863 percent fraction of hydrogen coverage 

measured on sample ASl-Sl, the as-received Si(lOO) surface, the 2:98 HF/HjO treated 

surface, sample ASI-S3, exhibits a 10% lower coverage, i.e. 0.7119 percent fraction. This 

drop in hydrogen coverage is caused by SCI solution. After comparing in the SCI 

solution, the hydrogen coverage actually increases by 25.47% when a 2:98 HF/HjO 

solution is used. For the Si(lOO) samples treated with 1:9 HF/alcohol solutions, samples 

AS1-S6 and AS1-S8 showed the lowest and highest hydrogen surface coverages. The 

percentage fraction of hydrogen coverages are 0.8133 and 1.1051, respectively. Sample 

AS1-S6 was etched, after the modified RCA cleaning, in a 1:9 HF/methanol solution for 1 

minute followed by dewetting in air by holding the sample vertical and a quick dip in 

running deionized water purged with pure nitrogen. The sample AS 1-S8, after the modified 

RCA cleaning, was etched with a 1:9 HF/IPA solution for 1 minute followed by 5 minutes 

rinse in IPA. The average error on the H coverage across all the samples is 0.0380, or 5% 

of the total coverage. The largest difference is noticed between samples ASl-SI and ASl-

S4. There is no difference observed between samples AS1-S6 and AS 1-SlO. The samples 

are compared in Appendix D30. A description of the samples is given in Table 6.8. A 

summary of H removal and passivation is given in Table 6.9. The removal of H during the 

modified RCA cleaning is 0.3328 percent fraction, or about half of the coverage. The 

lowest passivation of 0.0270 is observed on sample ASI-S6, after processing with a dip in 

1:9 HF/methanol solution for I minute followed by dewetting in air by holding the sample 

vertical and a quick dip in running deionized water purged with pure nitrogen, and the 

largest passivation of 0.3188 is measured on sample AS1-S8, after treatment with a dip in 

1:9 HF/IPA solution for 1 minute followed by 5 minutes rinse in IPA. 
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6.1.3.2 Reproducibility of C, O, and H Surface Concentrations 

A determination of the reproducibility of C, O, and H surfaces obtained by surface 

processing, as measured by IBA was done by performing two comparisons. In the first 

comparison, a second experiment, AS2, entirely similar to AS I was conducted. This tested 

the capability of IBA to detect variations between three different HFralcohol passivation 

solutions and three different final rinse procedures. The removal and passivation coverages 

were also compared. Samples were also compared to identify the largest and smallest final 

differences in surface coverages of C, O, and H. The second comparison was done mainly 

by summarizing the IBA results for similar samples across all the experiments performed 

(ASl, AS2, AS3, VBl, and SDW) to establish a statistical variation by calculating mean 

and standard deviation values. 

Reproducibility Between ASl And AS2 Experiments 

Figures 6.24 through 6.27 show the surface coverages for C, O, and H measured by 

BBA for the samples generated in the two experiments AS 1 and AS2. The corresponding 

relevant data are shown in Tables 6.10, Table 6.11, and in Appendices D33 through D41. 

Figures 6.24 and 6.26 show the C and O areal densities determined using the peak area 

from the rotating random spectra obtained by nuclear resonance analysis (NRA). Figure 

6.27 shows the hydrogen coverages obtained by ERD. Figure 6.25 is the mean coverages 

for C, O, and H in the experiments ASl and AS2. The corresponding values are 

summarized in Appendix D34. As described before, all the analyses were done at a sample 

tilt angle of 75°. The absolute coverage obtained in rotating random spectra for C and O 

exhibits a systematic deviation factor to higher values than in <111> channeling 

measurements, as discussed in Sections 6.1.2.1 and 6.1.2.2. This can be attributed to the 

lower signal-to-noise ratio for rotating random measurements. Also the relative variations 

in C and O coverages measured in random and channeUng spectra track each other 
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reproducibly. The absolute coverages scale with the data in Figures 6.24 and 6.26, by a 

factor 0.71 for C and by 0.35 for O [36,37]. The reproducibility of the IB A measurements 

in the less accurate rotating random spectra is very good. The average variations in C and 

O coverage of Si(lOO) surfaces after H-passivation are 1.97 x lO''* atoms/cm^ and 3.56 x 

10'^ atoms/cm^, respectively. After taking into consideration the correction factor for 

variation between rotating random and <111> channeling measurements, the areal densities 

for C and O are 1.4 x lO'"* atoms/cm^ and 1.25 x 10'"* atoms/cm^ respectively. The H 

coverage is reproducible within 5.51%. Based on the mean measured values for C, O, and 

H given in Figure 6.25, the surface coverage of each species measured decreases after 

processing in SCI solution. After etching in aqueous HF, the C and H coverages increase, 

whereas as expected, the O coverage decreases. Most probably, C leached from the teflon 

container contributes to the increase of C on the Si(lOO) surface. Experiments with 

different polymer containers are reported in Section 6.1.2.2, and show an even higher 

increase of C with other polymers. SC2 being an oxidizing solution, the amount of O 

increases while C and H coverages decrease. All HF: alcohol solutions, when compared 

with aqueous HF show an average increase of H by a factor of 1.42, an average decrease 

of O by a factor of 0.62, and fluctuations in C coverages within a range of 0.89 to 1.10. 

Based on the mean values shown in Figure 6.25 and reported in Appendix D34, a 60-

second etch in HF/ethanol followed by a 5-minute rinse in deionized water is more effective 

in removing surface carbon and lowers it to an average value of 5.79 x 10'^ atoms/cm^, 

whereas, a 60-second etch in HF/IPA followed by dewetting in air and quick rinse in 

deionized water, removed more surface oxygen and lowers O to to an average value of 

4.17 x 10'^ atoms/cm^. The corresponding absolute values after correction for C and O are 

4.11 X 10'^ atoms/cm^ and 1.46 x 10'^ atoms/cm^ respectively. Si(lOO) etched for 60 
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seconds in HF/IPA followed by a 5 minutes rinse in IPA yields the highest amount of 

hydrogen. 

The absolute difference in the surface coverages measured in both experiments AS 1 and 

AS2 are summarized in Table 6.10. The difference is calculated by substracting the surface 

concentrations observed in the experiment AS2 from those in the experiment AS 1. Positive 

values indicate that the coverage measured in AS 1 is greater than AS2. The reverse is true 

for negative values. The largest and smallest differences for surface carbon coverage are 

found for samples S12 and SB, and are 6.71 x 10''* atoms/cm^ and 1.56 x 10''* atoms/cm^ 

respectively. The description of samples is given in Table 6.8. The average difference in 

surface carbon coverage across all the samples is 3.13 x 10'"* atoms/cm^. In most cases, the 

values measured in experiment AS 1 are larger than those measured in experiment AS 2. In 

the case of oxygen, the respective differences are -8.50 x 10'"* atoms/cm^ and -1.15 x 10'^ 

atoms/cm^, for samples S11 and S4 respectively. The average difference between all the 

samples is -7.12 x ID''* atoms/cm^. The oxygen areal densities for all the samples in AS2 

are greater than those in AS 1. The same is also true for hydrogen surface coverage. The 

highest and lowest differences in hydrogen surface coverage are observed again for 

samples S4 and Sll, respectively. The respective percent fractions are -0.2248 and 

-0.0447. Across all the samples, the average difference is -0.1026 percent fraction. 

The removal and passivation levels, based on mean surface coverages for experiments 

ASl and AS2, are given in Table 6.11. Except for samples 85 and S8, all the samples 

showed high removal of carbon during the final passivation step during the modified RCA 

clean. The total removal of carbon during the modified RCA clean is -2.18 x 10'^ 

atoms/cm^. The negative value indicates removal. Samples S13 and S5 showed the highest 
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and lowest average removal of carbon during the final passivation process with -3.13 x 

10'^ atoms/cm^ and -1.52 x 10'^ atoms/cm^, respectively. In the case of oxygen, the 

average amount of removal is -5.80 x 10'^ atoms/cm^ and -4.34 x 10'^ atoms/cm^ for 

samples S9 and SI2, respectively. A higher degree of oxygen is removed during the final 

passivation step with HF in alcohol for all the samples than during the modified RCA 

cleaning with an average removal of -2.83 x 10'^ atoms/cm^. Hydrogen is removed during 

the modified RCA cleaning, while in the final passivation increases the H coverage onto the 

Si(lOO) surfaces for the samples generated in the experiments ASl and AS2. The 

percentage fraction of hydrogen coverage removed during the modified RCA clean is 

-0.2579. Samples S8 and S10 showed the highest and lowest hydrogen surface coverages 

of 0.5148 and 0.2889 percentage fractions, respectively. The removal and passivation 

levels for samples generated only in the experiment AS2 are given in Appendix D35, 

whereas, the levels based on the difference in values from experiments AS 1 and AS2 are 

given in Appendix D36. In both cases, the trends are very similar to those discussed above 

for surface coverage levels calculated using the mean values. 

A comparison of samples generated in experiments AS 1 and AS2 for surface coverages 

of C, O, and H, in terms of ratio of coverages, is given in Appendices D37, D39, and D41, 

respectively. The comparison, by ratio, is based on individual experiments, as well as on 

the mean and difference in the surface coverages from individual experiments. The 

comparison based on difference is referred to as "Delta". Surface carbon coverages showed 

consistently the largest difference between samples S1 and S2 for all the comparisons, as 

expected from the effect of the SCI treatment. The ratios are 2.12, 2.02, 2.07, and-15.12 

for ASl, AS2, mean value and delta, respectively. The negative value indicates that the 

areal density from experiment AS2 is greater than AS 1. The least difference is noticed to be 
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no difference across all the comparisons. No differences, with a ratio factor of 1.00, 

areobserved for different sets of samples for different comparisons. The sample sets are 

SIO/SII, S6/S9, S7/S12, and S4/S6 for ASl, AS2, mean, and delta comparisons, 

respectively. The comparisons for surface oxygen are reported in Appendix D39. The 

largest difference is observed between SI and S9 for ASl, AS2, and mean comparison, 

whereas, the largest difference is observed between samples S2 and SIO for delta 

comparison. Very little difference, with a ratio factor 0.99, is noticed in the sample sets 

S8/S11 and S10/S13 in the experiment AS 1. Similar difference is noticed in the experiment 

AS2 for the sample sets S5/S10 and S7/S11. The smallest difference based on mean values 

is noticed for sample sets S5/S11 and S7/S10 with a ratio factor of 1.01 and 0.99, 

respectively. In the case of delta difference, no difference is noticed between the samples 

S5 and S9. The comparisons based on surface hydrogen concentration are given in 

Appendix D41. The largest differences are observed for sample sets S1/S4, S5/S10, 

S1/S4, and S7/S11 for ASl, AS2, mean, and delta comparisons, respectively. The 

corresponding ratio factors are 1.73, 1.28, 1.46, and 4.79, respectively. No differences 

are observed in the sample sets S6/S10 and S 10/S 13 for comparisons based on ASl and 

AS2, respectively, whereas, multiple sample sets showed similar lowest differences of 

0.98 and 1.02 based on mean surface concentration values. 

In other words, both comparisons for absolute coverages and their ratio's indicate that 

the alcohol used are equivalent in terms of the residue left on the surface. Other criteria can 

thus be used in selecting an alcohol. 

Reproducibility For Identically Processed Samples 

In this section, identically processed samples from four different experiments VBl, 

ASl, AS2, and AS3 are compared. Experiment AS3 is discussed in detail in a later section 

numbered 6.1.3.3. Table 6.12 gives a summary of this comparison along with sample 
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descriptions. Five different similar samples, processed identically and labeled SI through 

S5, are compared. The mean and standard deviation values for an identically processed 

sample are calculated across all the four experiments. Also, the mean of all means and 

standard deviations are also calculated. All the samples, except S2, showed a much larger 

variation in surface oxygen coverage when compared to surface carbon coverage. The 

surface oxygen coverages varied between 7.09 x 10''* atoms/cm^ and 1.64 x 10'^ 

atoms/cm^. The averaged mean and standard deviation are 9.58 x 10'^ atoms/cm^ and 1 x 

10'^ atoms/cm^ respectively. In the case of surface carbon, the coverage varied between 

3.87 X 10'"* atoms/cm^ and 1.05 x 10'^ atoms/cm^ with an average mean and standard 

deviation of 7.97 x 10'^ atoms/cm^ and 7.05 x 10'"* atoms/cm^ respectively, whereas, the 

range for hydrogen coverage is 0.0706 to 0.1305 percentage fraction. The percentage 

fraction average mean and standard deviation values are 0.7185 and 0.0925, respectively. 

It can be concluded, based on the data given in Table 6.12, that the variation in surface 

coverages measured between identically processed sample is within the statistical 

significance range of the IBA measurement, and does not deviate from the experimental 

error in the measurements for five identically processed samples. Thus, it can be stated, 

based on these figures, that IBA measurements are reproducible and a reliable measure of 

the surface composition, and that the surface processing yields reproducible surfaces. 

6.1.3.3 Effect of Immersion Time on Passivation 

A third experiment, AS3, was performed to understand the effect of etching time in 

passivation solutions upon the final hydrogen coverage. The samples in this experiment 

underwent the "Modified RCA" pre-cleaning followed by a final passivation and rinse 

procedure as described in Section 6.1.1 and shown in Figure 6.1. The composition of the 
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final passivation solution chosen for this experiment was 1:9 HF/methanoI. Methanol was 

used for final rinsing. The description of the samples generated in the experiment AS3 is 

given in Table 6.13. Four different durations for etching in the final passivation solution 

were used - 30 seconds, I minute, 2 minutes, and 5 minutes. The final rinse in methanol 

lasted for 5 minutes. A summary of the surface O, C, and H coverages obtained by IBA is 

given in Appendix D42 and plotted in Figure 6.28. The measured surface coverages for C, 

O, and H match closely the values obtained in the experiments ASl and AS2 for the 

identically processed samples, as discussed above in Sections 6.1.3.1 and 6.1.3.2. 

Samples AS3-S1 through AS3-S4, generated after each of the "Modified RCA" cleaning 

steps, and also for samples AS3-S5 through AS3-S8, after passivation in HF:methanol, are 

compared to those firom experiments AS 1 and AS2, demonstrating again that the values of 

C, O, and H surface coverages are reproducible in rotating random spectra at a sample tilt 

angle of 75°, even though they are less accurate than in channeling [36,37]. A more detailed 

discussion about the differences between rotating random and <lll> channehng 

measurements is given in Section 6.1.2. The data shows that H-passivation increases 

monotonically with the time of immersion in 1:9 HF/methanol. H increases up to a factor 3 

after 5 minutes while the absolute coverages of C and O show littie decrease and reach 

values of 3.47 x 10'^ atoms/cm^ and 2.27 x 10'^ atoms/cm^ respectively. The average 

errors for C, O, and H are 9.53 x 10"* atoms/cm\ 1.54 x 10'^ atoms/cm^, and 0.0502 

percent fraction, respectively. The absolute coverages are calculated from the amounts 

reported, obtained from the rotating random spectra, in Appendix D42 by multiplying with 

a factor 0.71 for C and 0.35 for O [36,37]. The data in Figure 6.28 shows that residual 

oxygen is always sufficient to form a continuous layer of Si monoxide with a 

discontinuous layer of SiOj for all samples, AS3-S5 through AS3-S8, passivated in 

HF:alcohol [36]. The calculation of contribution of oxygen for formation of Si oxides is 
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discussed in Section 6.1.2. The residual oxygen is found to be present on samples that 

underwent passivation by HF/alcohol in the experiment AS3, as well as in the previous 

experiments VBl, AS I, and AS2. These observations demonstrate that 

1. a significant amount of oxygen is always present on a passivated Si(lOO) surfaces, 

and 

2. lead to the argument that Si(l(X)) after H-passivation in HF/alcohol likely has a 

significant amount of Si-O-H termination rather than mostly Si-H as reported for 

Si(lll) [38]. 

In this experiment, AS3, as well as in the previous experiments, VBl, ASl, and AS2, 

a larger surface hydrogen coverage is detected after passivation with HF/alcohol solutions 

when compared to aqueous HF solution. This difference between passivation in aqueous 

HF and HF/methanol is also supported by the following argument - the lack of formation 

of a continuous SiOj layer can also explain why the ordered (Ixl)Si(lOO) surfaces 

obtained in the present study with HF/methanol require temperatures of about 550°C for 

desorption [38-41]. This is higher than the desorption temperature of 200°C reported for 

Si(lll) [42-45]. But it is also a much lower temperature than 9(X)°C, which is the 

temperature required to desorb the oxide for Si(lOO) passivated with aqueous HF. The data 

from the previous experiments, VBl, ASl, and AS2, as well as from the present study, 

demonstrates that the O coverage is always higher after passivation in 2:98 aqueous HF 

solution, sample AS3-S3, than after passivation in HFralcohol solutions, samples AS3-S5 

and above. The larger amount of O likely corresponds to the presence of a continuous layer 

of SiOj after passivation in aqueous HF which requires temeperatures greater than 9(X)°C 

for desorption prior to processing for epitaxy [38,39]. The adsorption and desorption 

levels seen in the experiment AS3 are summarized in Table 6.14. More C and O are 

desorbed during the final passivation when compared to the "Modified RCA" cleaning. 
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After 30 seconds, the final passivation etching in 1:9 HF/methanol solution remove 

69.68% and 45.16% more C and O. The removal increases with increase in etching 

duration in the final passivation solution. After 5 minutes of etching, the amounts of C and 

O removed during the final passivation step increased to 130.19% and 150.00%, 

respectively. It is also observed that about 1.08% and 18.15% more C than O are removed 

during the modified RCA cleaning and after 30 seconds treatment in 1:9 HF/methanol 

solution, respectively. The trend reverses with increasing etching duration and more O is 

removed than C. For etching durations of 1 to 5 minutes, the removal of oxygen more than 

carbon drops to insignificant levels ranging between 2.22% and 7.39%. Surface hydrogen 

is removed during the "Modified RCA" cleaning and increases during the final passivation 

process. The hydrogen surface coverage increases with increasing etching duration in 1:9 

HF/methanol final passivation. During the modified RCA cleaning, 30.29% of surface 

hydrogen is removed. The percentage of surface hydrogen coverage removed ranged 

between 73.30% and 206.52% for etching durations increasing from 30 seconds to 5 

minutes in 1:9 HF/methanol solution followed by a 5-minute rinse with methanol. The 

same observations were made in the experiments VBl, ASl, and AS2, discussed 

previously. The comparison of samples generated in this experiment, AS3, are summarized 

in Appendix D43. The largest difference in C and O surface coverages is observed between 

sample AS3-S1, the as-received Si(lOO) surface, and sample AS3-S8, which was etched in 

1:9 HF/methanol solution for 5 minutes followed by a 5-niinute rinse in methanol. The 

ratio factor for C is 2.27 and 2.00 for O. The lowest difference for C is observed between 

sample AS3-S3, which was etched in 2:98 aqueous HF solution followed by a 5-minute 

rinse in nitrogen purged running deionized water, and sample AS3-S6, which was etched 

in 1:9 HF/methanol solution for 1 minute followed by a 5-minute rinse in methanol 

solution, with a 1.02 ratio. The lowestt difference for O is between samples AS3-S3 and 

AS3-S5 with a ratio factor of 0.98. The sample AS3-S5 underwent 30 seconds immersion 
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in 1:9 HF/methanol solution. The largest difference in surface H coverage is observed in 

the sample set AS3-S1/AS3-S4, which indicates that the chemical oxide after SC2 is 

heavily hydrogenated compared to the native oxide, and the smallest difference is seen in 

the sample set AS3-S7/AS3-S8, which demonstrates that there is litde difference between 

hydrogenation with methanol and EPA. The respective corresponding ratio factors are 1.44 

and 0.92. 

6.1.4 Characterization of H-Passivated Si(lOO) Surfaces by TMAFM 

Once the chemical reproducibility of the processing sequence used for passivation was 

established, another experiment, ASS, was conducted to measure this time the effect of 

passivation on the roughness of Si(lOO) surfaces [46,47]. A description of the samples 

generated in this experiment is given in Table 6.15. Samples were taken out after each step 

of the modified RCA cleaning, as well as after the final passivation step in different 

HF/alcohol solutions. Three different 1:9 HF/alcohol solutions were used, made up of the 

same three alcohols as used before. These were methanol, IP A, and ethanol. The same 

three different final rinsing procedures were tested. 

The etching duration in HF/methanol and HF/lPA passivation solutions on Si(IOO) 

samples surface roughness was also investigated. The same durations as used in AS3 were 

investigated. The durations were 30 seconds, 1 minute, 2 minutes, and 5 minutes. The 

RMS values obtained by TMAFM for the samples generated in this experiment are given in 

Appendix D44 [47]. The TMAFM top view scans for these samples are shown in 

Appendices D45 through D48. Images were scanned over an area of 2 x 2 |im^. As done in 

the VB1 and SDW experiments, RMS values are given for the whole area, referred to as 

"Image", and for a smaller particulate-finee area, referred to as "Box". To account for 

variation in the size of the "Box" area in different scans, the RMS values are normalized 
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with respect to the "As-Received" sample, AS5-S1, based on the area of the box for that 

sample. The normalized values are given in Table 6.16. The RMS values are given as a 

function of chemical treatment is given in Figure 6.29. The "Image" and "Box" 

measurements showed parallel trends, whereas, the normalized RMS values differed for 

some samples. The RMS values reported for the image are always greater than for the box 

with percentage difference ranging between 1.20% and 471.36%, and an average 

difference of 104.65%. In terms of ratio, these differences correspond to 1.01, 5.71, and 

1.27, respectively. 

This can be explained by the fact that the RMS in the image increases with the absolute 

number of particulates found in larger scanned areas rather than due to an actual change in 

the Si surface roughness. This can also be demonstrated by correlating the RMS with the 

number of disordered Si atoms at the surface measured by IB A as discussed in Section 

6.1.2. The "Box" RMS values are larger than "Normalized Box" values for 18 out of 20 

samples. For the remaining two samples, either the RMS values are equal or slightly larger 

for "Normalized Box". Taking the above facts into account, surfaces treated in 1:9 

HF/alcohol followed by various rinses show similar RMS values when compared to the 

2:98 aqueous HF solution followed by a water rinse. But sample, AS5-S17, which was 

etched with aqueous HF of the same dilution as the alcohol solutions, i.e. 1:9 parts of HF, 

and was rinsed in methanol rinse for 5 minutes exhibited the overall largest RMS. This 

indicates that the combination of aqueous HF etching followed by an alcohol rinse probably 

increases the number of surface particulates. This combination is thus not to be 

recommended for surface processing. Based on Figure 6.29, it can also be concluded that 

rinsing in deionized water after treatment with HF/alcohol solution makes a Si(lOO) surface 

slighdy more rough. This is observed for all three HF/alcohol solutions with a little 

variation. The HF/methanol solution did not show much of an increase in RMS with 

increasing etching duration. HF/IPA solution showed an increase in RMS for upto 2 
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minutes of etching duration followed by a decrease after the longest etching duration, 5 

minutes. 

6.1.5 Characterization of H-Passivated Si(lOO) Surfaces by FTIR 

Multiple reflection techniques, such as Attenuated Total Refelection - Fourier 

Transform Infrared (ATR-hllK) spectroscopy, have been used extensively for 

characterizing H-terminated Si(lll) surfaces [48,56]. These measurements provide 

detailed information on the nature of silicon hydride (SiH^) bonding and hydrocarbon 

(CH^) contamination [57]. The integrated areas of the SiH^ stretching peaks provide a 

measure of the hydrogen coverage, and the relative amounts of monohydride (SiH), 

dihydride (SiHj), and trihydride (SiHj) bonding can be related to the surface topography 

[42,58]. 

Experimental Procedure 

In this study, the samples generated from four different experiments, AS6, AS7, AS9, 

and AS 16, were analyzed by ATR-FTIR spectroscopy [13,59]. This was done to measure 

the degree of H-passivation on Si(lOO) surfaces after etching in three types of HF/alcohol 

solutions, as well as a two-step etching process using HF/HjO followed by HF/methanol. 

The two-step etching process has been reported as to help in eliminating "haze" on epitaxial 

Si layers grown at very low temperature and improving the dielectric integrity of thin gate 

oxides [60,61]. Post-etch rinses in pure alcohol were compared with a standard water 

rinse. The wafer samples were prepared according to the chemical procedure given in 

Section 6.1.1. The main difference between the experiments was the final passivation step. 

HF/methanol and HF/IPA passivation solutions were used in the experiments AS6 and 

AS7, respectively. Three different HF/alcohol solutions, 1:9 HF/methanol, 1:9 HF/IPA, 

and 1:9 HF/ethanol, were compared in the experiment AS9. The two-step final passivation 
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process was used in the experiment AS 16. Wafer samples from all the experiments were 

treated by the "Modified RCA" cleaning prior to the final passivation step as described in 

Section 6.1.1. The same type of alcohol was used both in the etch and rinse steps. Wafer 

samples were taken out after each step of the modified RCA cleaning, as well as after the 

final passivation process for ATR-FHR analysis. 

Wafers were immediately put into single-wafer teflon carriers or holders. The carriers 

were then heat-sealed in laminated bags consisting of an aluminum layer sandwiched 

between two films of polyethylene to reduce exposure of the passivated wafer surface to 

ambient during the overnight transport to SEMATECH, Austin, Texas, for ATR-FITR 

analysis [13,62]. Ideally, the complete cleaning and bagging process should be done under 

Nj ambient. It was found, however, that purging the single-wafer carriers and the bags 

during the sealing procedure with Nj from a hand-held blower was adequate to preserve the 

surface for IR analysis. The stability in air of H-terminated surfaces after standard wet HF 

processing and 950°C Hj annealing were compared using ellipsometry [63]. Based on the 

results from this study, the single-wafer carriers and the aluminum laminated polyethylene 

bags with carriers were purged with pure Nj from a hand-held teflon gun in a class 100 

clean room prior to shipment. As discussed in Chapter 5, M IK-ATR measurements were 

performed at SEMATECH, Austin, Texas, on a Nicolet Model 800 spectrometer equipped 

with a liquid nitrogen cooled narrow band mercury-cadmium-telluride (HgCdTe) detector 

[13,64]. The spectrometer is equipped with an accessory that holds whole Si wafers 

ranging in diameter from 100 to 200 mm without cutting the wafer or processing to create a 

multiple reflection element [65]. The ATR accessory was equipped with a 60° Ge ATR 

(Attenuated Total Reflection) crystal, and p-polarized radiation with 4 cm ' resolution were 

used with the spectrometer. It should be noted that in p-polarization, incident light is 
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polarized normal to the incident beam i.e. at 90° [50]. By using p-polarized radiation with a 

60° Ge ATR element, components perpendicular to the surface are preferentially excited. 

The intensity enhancement obtained using p-polarization is approximately a factor of 2.4 

greater than unpolarized radiation [57]. 256 scans are co-added to achieve a high signal-to-

noise ratio. Samples are referenced against a wafer chemically oxidized in a SC1 solution. 

The spectra for the as-received Si(lOO) sample, as well as that for the sample treated in SCI 

solution are not given and discussed in this study. When subtracting the reference 

spectrum, the SiO, absorbance signals are all negative and hydride signals are positive so 

that an increase in absorbance corresponds to an increase in surface concentration. Spectral 

analysis is performed using the Omnic software [66]. Because the Ge crystal can be 

contaminated or damaged overtime along with the difficulty of making reproducible 

contact, the best comparisons are obtained for FTIR performed on the same day [57,67]. 

Measurements are averaged across the wafer diameter. The main goals of this studied were: 

1. To identify the prominent functional groups on the Si(lOO) surfaces by figuring out 

the peak locations in terms of wave lengths, as a function of chemical treatment, 

2. To quantify the intensities of SiH^ and SiO^^ peaks, based on the area under the 

peak, in order to determine the extent of H-passivation as a function of chemical 

treatment, and 

3. To calculate the SiH^ Absorbed/SiO^ desorbed intensity ratio to determine the 

affinity of Si(lOO) surface for either H or O as a function of chemical treatment. 

Though SiO^ terminology is used to be more generic, die most prominent silicon oxide 

signal observed is SiOj. The results obtained by ATR-FTIR on the Si(lOO) surfaces 

processed by three different HF/alcohol solutions are summarized in the following 

sections. 
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6.1.5.1 HF/Methanol Passivation System 

An experiment, AS6, was performed to generate passivated Si(lOO) surfaces using a 

HF/methanol solution as the passivation solution. In this experiment, HF/methanoI solution 

was used as a passivation solution. Two different dilutions, 1:9 and 1:99 HF/methanol, 

and four different etching durations - 30 seconds, 1 minute, 2 minutes, and 5 minutes, 

were used. After etching in the HF/methanol solution, the wafers were rinsed by the three 

different rinsing procedures tested in the previous experiment. 

After rinsing, wafers were always blow dried with pure nitrogen from a hand-held 

teflon gun. Table 6.17 gives a description of the samples generated in the AS6 experiment. 

As discussed above, these wafer surfaces were latter analyzed with an ATR-FTIR. The 

locations of the prominent absorption signals observed by FTIR spectra are shown in 

Figure 6.30. Due to a lack of spectral data, the information for samples treated with 1:99 

HF/methanol is not plotted. Monohydrides, dihydrides and trihydrides are typically 

detected at wave numbers at 2091 cm ', 2111 cm"' and 2140 cm ' respectively. A splitting 

in the dihydride peak into symmetric and anti-symmetric is very apparent. The SiOj and 

SiOH absorption signals are topically detected around 1216 cm' and 3374 cm', 

respectively. Other signals are detected at other wavelengths of 970 cm"', 1133 cm"', 1299 

cm ', 1379 cm ', 1448 cm"', 1667 cm"', and 2264 cm"'. The peak positions are reported as 

an average value of the positions obtained with different spectra on the same sample. No 

single sample exhibited all the above-mentioned peaks. As reported in Appendix D49, a 

larger variation in absorption signal position, with a standard deviation of 8 cm"' is seen for 

the SiOjj, when compared to the SiH, signals with a standard deviation of 2 cm"' based on 

the dihydride peak. The standard deviation for the location of the SiOH peak variation is 12 

cm"'. These variations are attributed to the differences in contact between Si(lOO) substrate 

and Ge crystal. 
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In the figures, the absorption signals corresponding to different functional groups, are 

annotated by a symbol, as well as a letter. The english alphabet is used to annotate 

prominent non-SiH, functional groups, for example, SiO^. The greek letters is used to 

identify the SiH, functional groups. All other signals are annotated via roman numerals. 

Results 

No SiH, signals are observed for sample AS6-S4, after treatment in SC2 solution. 

Since H recoil demonstrates that the chemical oxide grown in the SC2 is hydrogen-rich, 

this hydrogen is clearly bound to the SiO, phase than to Si thus litde SiH^ is expected. In 

the remaining samples, the monohydride is only observed on sample AS6-S3, etched with 

2:98 HF/HjO passivation solution. No SiO, signal is observed for sample AS6-S10, after a 

etch in 1:9 HF/methanol solution for 5 minutes followed by a 5-minute rinse in methanol. 

This can be explained by either absence of SiO^ hands on the Si(lOO) surface and the 

formation of SiOH type bonds across the whole surface or by poor contact between 

Si(lOO) wafer and the ATR crystal. 

The CH, signal is noticed on all the samples indicating that hydrocarbon contamination 

was present on the Si(lOO) surfaces. The source of hydrocarbon contamination is not 

known. The hydride and oxide signal intensities are plotted in Figures 6.31 and 6.32. The 

corresponding data is reported in Appendix D50. Based on Figure 6.31, it can be 

concluded that the intensity of the monohydride signal is very weak. Also, the dihydride 

signal is stronger than the trihydride by an average factor 2.57 across all the samples. The 

total hydride signal intensity is obtained as a sum of individual hydride intensities. An 

increase in the hydride signal area corresponds to an increase in hydride concentration 

while an increase in the negative value of the oxide signal area corresponds to an increase in 

the amount of oxide removed. The variation in signal intensities for the hydride peaks is 

very low compared to the oxide peak. The variations are reported as standard deviations. 
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Figure 6.32 is a plot of intensity of the total hydride and oxide signals along with the ratio 

of the two signals. The total hydride intensity decreased with etching duration in 

HF/methanol solution, as shown in samples AS6-S8 through AS6-S10. The amount of 

oxide removed decreased with increasing immersion time. The effect of the final rinse is 

understood by comparing the samples AS6-S5 through AS6-S7. The final rinse, which 

was most minimal, involves dewetting in air by holding the sample vertical and a quick dip 

in running deionized water purged with pure nitrogen. The sample AS6-S6, which 

underwent this minimal rinse, showed the highest hydride intensity. A somewhat lower 

intensity is observed after rinsing with pure methanol for 5 minutes, sample AS6-S5, and 

the lowest intensity is obtained after rinsing with deionized water for 5 minutes, sample 

AS6-S7. The oxide removal is shown to be least after rinsing with methanol for 5 minutes 

and maximum after rinsing with pure deionized water. Etching with 2:98 HF/H^O 

passivation, sample AS6-S3, led to higher hydride signal intensity, sample AS6-S3, than 

sample AS6-S9, etched in HF/methanol. The oxide removed is about the same. Sample 

AS6-S4, etched in the SC2 solution, showed no hydride peaks and low amount of oxide 

removed, as expected since the SC2 solution is used for growing an oxide, but as noted 

above, the KllK demonstrates that little H is bound to Si, while H recoil detects a large 

amount of H probably bonded to SiO. The ratio between the absorbed hydride to the oxide 

desorbed has the lowest value, 0.00, for sample AS6-S4, which was etched in the SC2 

solution, and the highest value, 1.89, for sample AS6-S5, which was etched with a 1:9 

HF/methanol solution followed by 5-minute rinse in methanol. The average ratio value 

across all the samples is 1.07. The ratios are multiplied by 100 to make the values 

significant. 
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6.1.5.2 HF/IPA Passivation Solutions 

ATR-FTIR analyses of Si(lOO) surfaces etched in HF/IPA solutions, experiment AS7, 

are described in this section. Two different solutions, 1:9 and 1:99 HF/IPA were used. The 

samples were etched following the same procedure used for HF/methanol as discussed in 

Section 6.1.5.1. Description of the samples generated in this experiment is given in the 

Table 6.18. 

The signal locations of the prominent functional groups are shown in Figure 6.33. 

Spectral data is missing for samples etched with 1:99 HF/IPA. Appendix D51 lists the data 

in a tabular form. No monohydrides were detected on the Si(lOO) surfaces etched with 

HF/IPA solutions. Dihydrides and trihydrides axe more prominent at 2111 cm ' and 2142 

cm"', respectively. Splitting of the dihydride peak into symmetric (2105 cm ') and anti

symmetric (2114 cm"') is very apparent. SiOj and SiOH absorption signals are detected 

around 1210 cm"' and 3391 cm"', respectively. Other prominent peaks are observed at 

wavelengths of 966 cm"', 1044 cm"', 1454 cm"', and 1658 cm"'. The total number of 

functional groups detected on Si(lOO) samples treated with HF/IPA is lower than those 

observed with HF/methanol passivation solution. Also, as with HF/methanol passivation 

solution, all the detected peaks mentioned above are not seen, all at once, for any particular 

sample. The mean peak positions obtained with different spectra on the same sample are 

shown. A larger variation in the absorption signal position, with a standard deviation of 3 

cm"' is seen for SiO^, when compared to SiH^^ signals with a maximum standard deviation 

of 1 cm"' measured for the dihydride peak. The largest standard deviation variation of 60 

cm"' is measured for SiOH adsorption signal. These shifts in signal position are attributed 

to the variability in contact between the Si(lOO) substrate and the Ge crystal. The symbols 

and letter annotations used for the different signals are the same as those used for 

experiment AS6 with HF/methanol passivation discussed in Section 6.1.5.1. 
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Similarly to the samples etched in HF/methanol, no SiH, signals are detected for 

sample AS7-S4, after etched in SC2 solution due to its role as an oxidizing solution. The 

presence of hydrocarbon contamination on the Si(lOO) surfaces is observed in the form of 

CH,. Figures 6.34 and 6.35 depict the intensities of hydrides absorbed and oxide 

desorbed. The corresponding data is reported in Appendix D52. The intensity of the 

dihydride signal is larger than trihydride signal by an average factor 2.59 across all the 

samples. The variation for the hydride peaks intensity is very small compared to the oxide 

peak. The variations are reported in terms of standard deviations. When compared to the 

data obtained when etching with HF/methanol is used, the signal intensities are lower by an 

average factor of 0.19 for both dihydride and trihydride. The factor variation ranged 

between 0.13 and 0.34 for dihydride, where as, it is between 0.12 and 0.28 for trihydride. 

The ratio between the hydride absorbed and the oxide removed is shown as a fiinction of 

chemical processing in Figure 6.35. The total hydride intensity decreased with etching 

duration in HF/IPA solution, as shown in samples AS7-S8 through AS7-S10. The amount 

of oxide removed increased with an increase in etching duration. Sample AS7-S6, which 

was rinsed by dewetting in air holding the sample vertical and a quick dip in running 

deionized water purged with pure nitrogen, shows again the highest hydride intensity. A 

somewhat lower intensity is measured after rinsing with deionized water for 5 minutes, 

sample AS7-S7, and the lowest intensity is observed after rinsing with IPA for 5 minutes, 

sample AS7-S5. Less oxide is removal after rinsing with methanol for 5 minutes and more 

oxide is removed after rinsing with pure deionized water. More oxide is removed when 

etching with a 2:98 HF/HjO, sample AS7-S3, is used and more hydride is also detected, 

when compared to etching in HF/EPA, sample AS7-S9. Sample AS7-S4 treated with SC2 

solution showed no hydride signals. In some cases, SC2 solution appears more effective 

than HF/IPA solution for the removal of oxide, which is inconsistent with both BBA and 

the expected chemistry. After multiplying by 100 to make the values significant, the ratio of 
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absorbed hydride to oxide desorbed showed the lowest value of 0.00 for sample AS7-S4, 

which was etched in a SC2 solution, and the highest value of 1.11 for sample AS7-S6, 

which was etched with 1:9 HF/IPA followed by dewetting in air by holding the sample 

vertical and a quick dip in running deionized water purged with pure nitrogen. The average 

ratio across all the samples is 0.73. 

6.1.5.3 Comparison of HF/Alcohol Solutions for Passivation 

Experimental Procedure 

Another experiment, AS9, was performed to compare three different 1:9 HF/alcohol 

passivation solutions. The Si(lOO) samples, generated on the same day to maintain the 

experimental uniformity, were measured by ATR-MIK. The contact to the Ge crystal for 

attenuated total reflection is not reproducible due to contamination or damage over time. 

Thus, it is highly recommended to compare results from the measurements done on the 

same day [57,67]. This also avoids the fluctuations in aging when processing is done on 

different days. The solutions studied in this experiment were HF/methanol, HF/IPA, and 

HF/ethanol. The samples were processed in a similar way to that of experiments AS6 and 

AS7. The effect of etching durations in HF/alcohol solutions and the final rinse procedures 

were compared. Similarly to experiments AS6 and AS7, four different etching durations -

30 seconds, 1 minute, 2 minutes, and 5 minutes, were used. The final rinse was carried out 

by the usual three different procedures as used in previous experiments. 

Table 6.19 gives a description of the samples generated in the experiment AS9. 

Samples AS9-S1 through AS9-S4 went through the "Modified RCA" cleaning. Samples 

AS9-S5 through AS9-S10, AS9-SI1 through AS9-S16, and AS9-S17 through AS9-S22 

were etched after the modified RCA cleaning with HF/methanol, HF/IPA, and HF/ethanol 

solutions of 1:9 dilution. Three samples from each set after etching with 1:9 HF/alcohol 

solution for 1 minute underwent different final rinses as mentioned above. The remaining 
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three samples from each set were etched with 1:9 HF/alcohol solution for 30 seconds, 2 

minutes, and 5 minutes, respectively, followed by a rinse in the matching alcohol for 5 

minutes. 

Results 

The prominent functional groups observed by ATR-FTIR spectra are shown in Figure 

6.36. The nomenclature used for defining the absorption signals is the same as the one 

used in experiments AS6 and AS7. Samples AS9-S3 through AS9-S5 were not analyzed. 

Mono-, di", and tri-, hydrides are detected, in average at 2085 cm"', 2111 cm ' and 2141 

cm ' respectively. The SiOj and SiOH absorption signals are detected around 1211 cm"' and 

3406 cm"', respectively. Other prominent signals were observed at a wavenumber of 1035 

cm"', 2856 cm"', and 2926 cm"'. The signal positions are reported as an average position 

across all the samples calculated using the average value of the positions obtained with 

different spectra on the same sample. As reported in Appendix D53, the standard deviation 

of signal wavenumber is small for all the prominent peaks. The largest standard deviation 

of 10 cm ' is observed for the signal at a wavelength of 1035 cm"'. All other signals 

showed a standard deviation of 1 cm"'. This demonstrates that the variability in contact 

between Si(lOO) substrate and Ge crystal is very minimal for the ATR-FTIR analysis 

performed in this experiment. Oxide, dihydride, and monohydride signals are present in all 

the samples along with the unidentified signal ii at wavelength around 1035 cm"'. A 

monohydride peak is observed only on samples treated in HF/alcohol solutions for a 

minimum of 2 minutes. A hydroxide peak is only seen for samples AS9-S6 and AS9-S7 in 

the vicinity of wavenumber 3406 cm"'. These samples underwent a final rinse in deionized 

water after treatment in 1:9 HF/methanol solution for 1 minute. Peaks x and xi are observed 

around 2856 cm ' and 2926 cm"' for all samples etched in 1:9 HF/methanol passivation and 

only for some samples etched in 1:9 HF/IPA and HF/ethanol solutions. The CH, signal is 
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detected in all the samples indicating that hydrocarbon contamination was present on the 

Si(IOO) surfaces. 

The hydride and oxide signal intensities are shown in Figures 6.37 and 6.38 as a 

function of sample processing. The corresponding data is reported in Appendix D54. 

Based on Figure 6.37, it can be concluded that the intensity of the monohydride signal is 

very weak. Also, the dihydride signal is stronger than the trihydride signal on an average 

by a factor of 2.91, 4.32, and 4.41 for samples etched in HF/methanol, HF/IPA, and 

HF/ethanol passivation solutions, respectively, based on the calculations across all the 

samples for a particular HF/alcohol solution. The average ratio of dihydride over trihydride 

is 3.88 across all the HF/alcohol solutions. The variation in signal intensities for the 

hydride peaks is low compared to the oxide signal intensity for the HF/methanol and 

HF/IPA solutions. The hydride signal variation is greater than that for the oxide signal 

intensity for samples etched with HF/ethanol solution. The variations are reported as 

standard deviations. Figure 6.38 depicts the intensity of the total hydride and oxide signals, 

as well as their ratio as a function of sample processing. The total hydride intensity 

increases with etching duration in HF/IPA solutions, as shown by samples AS9-S14 

through AS9-S16. The hydride intensity decreases with increasing etching duration for 

samples AS9-S19 through AS9-S22 which were etched in HF/ethanol solution. 

The intensity of the hydride signal on Si(lOO) etched in the HF/methanol solutions, 

samples AS9-S8 through AS9-SI0, is not a simple function of etching duration. Oxide 

removal is not a simple function of etching duration for HF/methanol and HF/ethanol 

passivation solutions. The amount of oxide removed decreases with an increase in etching 

duration for the HF/DPA solutions. The final rinse involving dewetting in air by holding the 

sample vertical and a quick dip in running deionized water purged with pure nitrogen, for 

samples AS9-S6 and AS9-S18, led to the highest hydride intensity for HF/methanol and 

HF/ethanol solutions, respectively. The pure alcohol rinse produced the highest hydride 
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coverage for the HF/IPA solutions. The same trend is observed for oxide removal with 

respect to the final rinse effect. The ratio of absorbed hydride to removed oxide is also 

reported in Appendix D54 and plotted in Figure 6.38 as a function of sample processing. 

The lowest and highest values of 0.82 and 9.40 are seen for sample AS9-S9, which was 

etched with 1:9 HF/methanol passivation solution for 2 minutes followed by a 5 minutes 

rinse in methanol, and AS9-S6, which was etched with a 1:9 HF/methanol passivation for 

1 minute followed by dewetting in air by holding the sample vertical and a quick dip in 

running deionized water purged with pure nitrogen, respectively. The average ratio across 

all the samples is 3.15. The ratio is multiplied by 100 to make the values significant. The 

average ratio is 4.47, 2.16, and 3.05 for HF/methanol, HF/IPA, and HF/ethanol 

passivation solutions, respectively. The largest variation in ratio is observed for the 

HF/methanol passivation solution followed by HF/IPA and then HF/ethanol. 

6.1.5.4 Two-Step Passivation System 

Experimental Process 

An experimental study was performed to compare a single-step and two-step final 

passivation processes. It has been reported in technical literature that a two-step clean is 

effective in reducing and eliminating haze on low-temperature grown epitaxial Si layers and 

also in improving the gate oxide dielectric integrity quality [60,61]. Two different 

passivation solutions, HF/HjO and HF/methanol, were used in this experiment. These 

solutions were used either alone or in sequence. The concentration of HF/HjO solution 

used was 1:40, whereas, three different concentrations, 1:10, 1:40, and 1:99, of 

HF/methanol were used. The etching duration in the aqueous HF/HjO solution was 30 

seconds and the one in HF/methanol was done for either 30 or 300 seconds. Rinses in pure 

alcohol were compared with a standard deionized water rinse. Pure alcohol rinses were 

carried out using either methanol or IPA. Deionized water rinses lasted for either 10 or 300 
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seconds, and alcohol rinses lasted for 300 seconds. All samples underwent the "Modified 

RCA" cleaning prior to the final passivation steps as described in Section 6.1.1 and 

illustrated in Figure 6.1. 

Samples generated for this study, called experiment AS 16 are described in Table 6.20. 

Sample AS16-S25 was taken out at the end of the "Modified RCA" cleaning. This sample 

was used as a reference for the ATR-h'l lK analysis. Samples AS 16-S9 through AS 16-S18 

underwent the two-step final passivation involving a sequential etching in HF/H2O and then 

HF/methanol. Samples AS16-S1 through AS16-S4 were etched only with a HF/H,0 

solution, whereas, samples AS16-S5 through AS16-S8 and samples AS 16-S 19 through 

AS 16-824 were etched only in a HF/methanol solution. 

Results 

The prominent functional group signals detected by ATR-M IK are given in Appendix 

D55 and are plotted in Figure 6.39. The di-hydride signal is seen on all the samples, except 

sample AS16-S23. Except for signal viii, all others were observed across most of the 

samples. The signals of interest, viz., oxide, mono-hydride, di-hydride, tri-hydride, and 

hydroxide peaks, are detected on most samples. The spectra for samples AS16-S23 and 

AS16-S24 are not well defined, and the peaks are not clearly displayed. In average across 

all the samples, the oxide, mono-hydride, di-hydride, tri-hydride, and hydroxide signals 

are observed at 1233 cm ', 2080 cm"', 2111 cm"', 2141 cm"', and 3330 cm"', respectively. 

Among these signals, the largest standard deviation of 14 cm"' is found for the hydroxide 

signal and the smallest standard deviation of 1 cm"' is found for the tri-hydride. The other 

three signals showed a standard deviation of 2 cm"'. The hydroxide displayed the largest 

shifts across all the signals detected in this experiment. Other unidentified signals, ii, iii, vi, 

vii, viii, ix, and xi, are detected at 1058 cm"', 1141 cm"', 1449 cm"', 1671 cm"', 2202 cm"', 

2260 cm"', and 2934 cm"', respectively. The final passivation procedure in 1:40 HF/H2O 
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followed by 5-mmute deionized water rinse, sample AS16-S1, did not show any 

monohydride or trihydride signals, whereas, after a lO-second deionized water rinse, 

sample AS16-S2, the same procedure yielded these hydride peaks. A longer rinse for 300 

seconds also did not lead any hydroxide signal. Samples AS 16-53 through AS16-S6 

indicate that etching in aqueous HF solution followed by an alcohol rinse or etching in 

HF/alcohol solution followed by deionized water rinse did not lead to the presence of 

monohydride peak. The two-step passivation procedure using aqueous HF followed by 

etching in HF/methanol led to no monohydride signal for the following processes: 

1. Final deionized water rinse for 5 minutes, as shown for sample AS 16-S9, 

2. Final IPA rinse for 5 minutes, as shown for sample AS 16-S12, and 

3. Less dilute liF/methanol solution (1:40) for 30 seconds followed by a shorter 

deionized water rinse for 10 seconds, as shown for sample AS 16-S 15. 

Samples AS16-S23 and AS16-S24, which were etched in the more dilute 1:99 

HF/methanol solutions for either 30 seconds or 5 minutes followed by a 10-second 

deionized water rinse did not lead to the presence of any monohydride, trihydride, oxide, 

and hydroxide signals. No dihydride is observed on sample AS16-S23. This can only be 

attributed to the poor detection of signals on the sample caused either by damage to the Ge 

ATR crystal or bad contact between Ge ATR crystal and the sample. 

The intensities of the monohydride, dihydride, trihydride, total hydride, and oxide 

peaks are given in Appendix D56. The total hydride intensity is calculated as a sum of 

individual hydride intensities. The corresponding graphs of signal intensity as a function of 

processing are shown in Figures 6.40 and 6.41. The intensities are plotted in Figure 6.40, 

whereas, the ratio of absorbed hydride to removed oxide is shown in Figure 6.41 as a 

function of processing. The intensities are measured as area under the peaks. The 

intensities for the hydride and oxide fell in the following ranges: 
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1. Monohydride range is 0.001 to 0.004. 

2. Dihydride range is 0.013 to 0.053. 

3. Trihydride range is 0.003 to 0.017. 

4. Total hydride range is 0.014 to 0.069. 

5. Oxide range is-0.218 to-0.844. 

An increase in hydride intensity indicates that more hydrogen is absorbed, and an 

increase in negative value of oxide means more oxide is removed. Samples AS16-S1, 

which was etched in aqueous HF treatment for 30 seconds followed by deionized water 

rinse for 5 minutes, and sample AS16-S20, which was etched in 1:10 HF/methanol for 5 

minutes followed by a 10-second rinse in deionized water, showed the lowest and highest 

hydride intensity. Samples AS16-S21 and AS16-S22, showed the lowest and largest oxide 

intensity on Si(lOO) surfaces. Sample AS16-S21 was etched with 1:40 HF/methanol for 30 

seconds followed by a 10-second rinse in deionized water, whereas, sample AS16-S22 

was etched with the same passivation solution for 5 minutes followed by a 10-second rinse 

in deionized water. A larger hydride intensity is observed with HF/methanol and the two-

step passivation. This indicates that the aqueous HF processing first step in a two-step 

passivation may not be necessary. This does show that HF/methanol is sufficient and that 

the results are no different with the more complicated two-step process. The surface 

hydride intensity is found to increase with an decrease in HF dilution in methanol, and also 

increases with etching duration in both cases. It can also be concluded that rinsing with an 

alcohol solution is better than deionized water for surface hydride coverage. The methanol 

rinse yields a higher hydride coverage than EPA. The same observations are also true for 

oxide removal. The ratio of absorbed hydride to removed oxide given in Appendix D56 are 

multiplied by 100 to make the values significant. The lowest and highest ratio values of 

0.029 and 0.097 are seen for samples AS 16-Sl and AS16-S16, respectively. The ratios for 

aqueous HF and more dilute HF/methanol (1:99) solutions are in the lower range followed 
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by the two-step passivation using a less dilute HF/methanol (1:40) solutions in the mid 

range and the least dilute HF/methanol (1:10) solutions in the highest range. 

It can be said, based on the experiments AS6, AS7, AS9, and AS 12, that ±e 

absorption frequencies observed for the different SiH, species correspond to monohydrides 

at 2070-2090 cm ', dihydrides at 2090-2120 cm ', and trihydrides at 2120-2150 cm ', 

which agrees with other references [57,67]. The signal positions vary in spectra taken at 

different locations on a single wafer and different wafers identically processed. The total 

amount of SiH^ species measured decreases with etching duration in HF/methanol, 

whereas, IBA shows an increase in the net amount of hydrogen atoms as shown for 

experiment ASS in Section 6.1.3.3. Since IBA detects the absolute coverage of H 

independently of its chemical state while M lK detection is sensitive to H bonding, it can be 

concluded that the increased amount of H does not bond to Si only. The amount of oxide 

removed correlates with the O coverage measured by IB A too, decreasing for S4, the oxide 

regrowth step in the RCA clean, and then increasing with etching in HF/methanol. Also, 

the amount of oxide removed is lower for aqueous HF than for HF/methanol. 

In summary, FTIR correlates well with the IBA compositional analysis discussed in 

previous sections, which showed that the surface is terminated by at least one continuous 

layer of SiO, and a discontinuous layer of SiOj. The hydrogen possibly bonds on the 

surface to form SiOH or to a more complex combination of Si and O atoms. This is also 

supported by the desorption temperature mentioned above for the ordered (Ixl)Si(lOO) 

surfaces obtained at room temperature by passivation in HF/methanol - 550°C. This is a 

much lower temperature than 900°C, the temperature needed to desorb Si(lOO) passivated 

with aqueous HF [38-41]. The difference between Si(lOO) treated with aqueous HF and 

HF/methanol is also supported by in sim electrochemical open circuit potential 

measurements presently being completed. A large difference is observed in the behavior of 
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the surfaces as a function of reaction time, indicating a difference in the chemical 

composition of the final surfaces [68,69]. The electrochemical data revealed that the 

chemical process is much faster in the aqueous based solution when compared to methyl 

alcohol solution. The preliminary results from this study, made with respect to etch rate of 

a thermal oxide by various HF solutions, also revealed that: 

1. The etch rate of the oxide by 1 part 49% HF + 99 parts by volume of water solution 

was 26.5 A/min, 

2. A 1 part 49% HF + 99 parts methyl alcohol solution did not etch the oxide during a 

4 minute immersion, 

3. A 1 part 49% HF + 9 parts methyl alcohol solution had an etch rate of 11 A/min, 

4. A I part 49% HF + 9 parts IPA by volume solution had an etch rate of 19 A/min, 

and 

5. A 1 part 49% HF solution + 9 parts water had an etch rate of 331 A/min. 

6.1.6 Characterization of H-Passivated Si(lOO) Surfaces by Surface 

Wetting Measurements 

Changes on Si and SiOj surfaces can be determined by wetting measurements. The 

contact angle of water droplets on H-terminated Si surfaces is sensitive to the presence of 

an oxide, as well as to hydrocarbon and fluoride contamination [70,71]. The procedure 

used for this study has been reported elsewhere, where a droplet of water with constant 

volume is placed on the Si surface, and the sample tilted until the droplet falls off [72]. The 

tilt angle, 0, where the drop rolls off decreases and the contact angle increases when the 

passivation increases. A review of the technique is given in Chapter 5. The Si(lOO) 

surfaces obtained in three different experiments, ASl 1, AS 13, and AS 14, were analyzed 

using such tilt angle measurements [73,74]. As in the other experiments described here. 
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samples were taken out after each step of the process and analyzed by the tilt angle method. 

1 inch X 1 inch wafer pieces were used in this experiment. A droplet of deionized water of 

50 p.1 in volume was placed on the sample and the sample was tilted. The angle at which the 

droplet falls off is measured. Three consecutive measurements at different locations on the 

sample were made within a very short time. The samples were analyzed by tilting 

measurements immediately after a particular process step rather than at the end of the 

experiment. This was done to avoid build up of any surface contamination on the surfaces 

with time. Samples from the experiments AS 11, AS 13, and AS 14, were etched with 

HF/methanol, HF/IPA, and EIF/ethanol passivation solutions, respectively. The dilution of 

HF in alcohol concentration and the etching duration were varied. In addition, different 

final rinses using pure alcohol and deionized (DI) water were compared. 

6.1.6.1 HF/Methanol Passivation Solutions 

A description of the samples generated in the experiment AS 11 is given in Table 6.21. 

The samples were treated according to the procedure given in Figure 6.1. HF/methanol 

solutions with a dilution of either 1:9 or 1:99 were used in this experiment. Four different 

etching durations - 30 seconds, 1 minute, 2 minutes, and 5 minutes, in HF/methanol were 

compared. Three different final rinses following etching in HF/methanol solution for 1 

minute were compared, and matched the ones used in the previously mentioned 

experimenmts. 

The data are summarized in Appendix D57. The mean and the standard deviation are 

also reported. The corresponding graph giving the tilt angle measurement as a function of 

chemical treatment is shown in Figure 6.42. Samples AS 11-S2 and AS 11-S4 which were 

treated in SCI and SC2 solutions, respectively, yielded the lowest tilt angle values, around 

5°. It should be noted that this measurement may not be very accurate since it was observed 



407 

that the deionized water droplet collapsed immediately after application. This can be 

attributed to the oxidation of Si(lOO) surfaces after etching in SCI and SC2 solutions. 

Among the samples etched in HF solutions, sample AS1I-S3, which was etched in 2:98 

aqueous HF solution followed by a rinse in deionized water showed the lowest average 

value of 27.67° ± 3.06°. The tilt angles for samples treated in HF/methanol solution were 

larger and ranged between 39.33° ± 6.43° and 48° ± 2°. Etching in 1:9 aqueous HF 

solution followed by a 5-minute rinse in methanol solution, sample AS11-S17, led to an 

average tilt angle of 48.67° ± 4.16°. It can be thus concluded that samples etched in 

aqueous HF followed by a rinse in deionized water are more hydrophobic than those etched 

in HF/methanol solution or in aqueous HF solution followed by a rinse in methanol 

solution. The rinsing procedure led to opposite effects for 1:99 and 1:9 HF/methanol 

solutions. A deionized water rinse led to a more hydrophobic character, 42° ± 0°, for more 

dilute HF/methanol solution and a methanol rinse led to the most hydrophobic character, 

39.33° ± 1.53°, for the least dilute HF/methanol solution. The hydrophobic character 

increased with a decrease in etching duration in a 1:9 HF/methanol solution with a very 

small difference between a 1 minute, 39.33° ± 1.53°, and 30 seconds, 39.33° ± 6.43°, 

immersion. The samples are found more hydrophic after 30 seconds, 46.33° ± 1.53°, and 

5 minutes, 46.33° ± 3.51°, etching in 1:99 HF/methanol when compared to 1 minute, 48° 

± 2°, and 2 minutes, 48° ± 1°, immersion, which leads to question the reproducibility of 

the etch in very dilute methanol solution. It is also observed that the sample AS11-S17, 

which was etched in 1:9 aqueous HF followed by a 5-minute rinse in methanol, is less 
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hydrophobic in nature, 48.67° ± 4.16°. The 1:99 and 1:9 HF/methanoI solutions 

comparison is not well defined and did not yield very different results. 

6.1.6.2 HF/IPA Passivation Solutions 

The tilt angle measured on the samples etched with HF/IPA in the experiment AS 13 are 

given in Appendix D58. The description of the samples is given in Table 6.22. The 

samples were processed in a similar manner to those in experiment AS 11 with 

HF/methanol solution described in the above section. The tilt angle is graphed as a function 

of chemical processing in Figure 6.43. Similarly to the previous experiment AS 11, the 

comparison samples etched in 2:98 aqueous HF solution followed by deionized water are 

found more hydrophobic by tilt angle measurement than other HF solutions. The average 

sample tilt angle is 22.33° ± 1.53°, which is 5° lower than in the previous experiment with 

HF/methanol solution, and gives a sense of the reproducibility of the technique, and a 

fluctuation of 5° or less in tilt angle thus should not be considered significant. The tilt 

angles for the HF/IPA solutions ranged between 22.33° ± 1.15° and 44.67° ± 0.58°. The 

effect of the final rinses differed for 1:99 and 1:9 HF/IPA solutions. Dewetting in air 

followed by a quick dip in running deionized water yielded the most hydrophobic surface, 

32.67° ± 1.53°, after etching in 1:99 HF/IPA solution, sample AS13-S6, whereas, a rinse 

in pure IPA solution after etching in 1:9 HF/IPA solution, sample AS13-S11, yielded the 

most hydrophobic surface, 24° ± 2°. Etching in a 1:99 HF/IPA solution did not lead to a 

systematic change in hydrophobic character with etching duration. The hydrophobic 

character is highest, 29° ± 1.73°, after etching for 2 minutes followed by etching durations 
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of 30 seconds with 32.33° ± 3.51°, 5 minutes with 37.67° ± 1.53°, and 1 minute with 

38.33° ± 0.58°. The hydrophobic character increased more systematically with a decrease 

in etching duration in the 1:9 HF/IPA solution. The tilt angles as a function of etching 

duration were 22.33° ± 1.15° for 30 seconds, 24° ± 2° for 1 minute, 27° ± 2° for 2 

minutes, and 31.33° ± 3.06° for 5 minutes. Unlike in experiment ASH, etching in 1:9 

aqueous HF solution followed by a 5-minute rinse in methanol did not lead to the least 

hydrophobic character. The average tilt angle was 35.33° ± 0.58°. The correlation between 

1:99 and 1:9 HF/IPA solutions is not well defined. 

6.1.6.3 HF/Ethanol Passivation Solution 

The description of samples generated with HF/ethanol soulution in the experiment 

AS 14 is given in Table 6.23. The tilt angle data is summarized in Appendix D59 and 

plotted in Figure 6.44 as a function of sample processing. Sample AS14-S3, which was 

etched with a 2:98 aqueous HF followed by a rinse in deionized water led to the most 

hydrophobic character, 25.67° ± 1.53°, when compared to other HF solutions, with a tilt 

angle range of 26° ± 2° to 35° ± 1°. This was also found for the samples generated in the 

experiments ASH and AS 13 discussed above with tilt angles of 27.67° ± 3.06° and 

22.33° ± 1.53° for aqueous 2:98 HF solutions, and a tilt angle range of 39.33° ± 6.43° to 

48° ± 2° and 22.33° ± 1.15° to 44.67° ± 0.58° for other HF solutions, respectively. Final 

rinse in ethanol for 5 minutes gave the largest hydrophobic character, 26° ± 2°, for 1:99 

HF/ethanol etched samples, whereas, dewetting in air and quick dip in deionized water 



410 

gave the largest hydrophobic surface, 29° ± 1°, for 1:9 HF/ethanol etched samples. The 

hydrophobic character of Si( 100) as a function of etching duration in HF/ethanol solutions 

did not vary consistently for both strengths of HF in ethanol solutions. Compared to the 

experiments ASH and AS 13, etching in 1:9 aqueous HF solution followed by ethanol 

yielded the best hydrophobic surface, 30° ± 1°. As with experiments AS 11 and AS 13, the 

comparison between the two dilutions of HF/ethanol passivation solution is not clear. 

6.1.6.4 Comparison of HF/Alcohol Passivation Solutions 

The mean and standard deviation for the sample tilt angles from the experiments AS 11, 

AS 13, and AS 14 are compared in Appendix D60 and plotted in Figure 6.45. This is done 

to compare the effect of different HF passivation solutions upon the hydrophobic character 

of Si(lOO) surfaces. It is quite obvious from the data and plot that the 2:98 aqueous HF 

solution produced the most hydrophobic Si(lOO) surface for all three experiments. The tilt 

angles produced with this solution ranged between 22.33° ± 1.53°, in the experiment 

AS 13 with the HF/IPA solutions, and 27.67° ± 3.06°, in the experiment ASH with the 

HF/methanol solutions. On an average, the tilt angles obtained, after etching in HF/alcohol, 

in the experiment ASH are larger by 11.41° than those in experiment AS 13 which in turn 

are larger by 2.06° than those in experiment AS 14. A difference of 2.06° is not significant. 

The respective average tilt angles are 43.97°, 32.56°, and 30.48°. These averages are 

calculated across the values for samples S5 through S16 given in Appendix D60. The same 

observation is also found to be true for sample S17, after etching in 1:9 aqueous HF 

solution followed by a 5-minute rinse in the respective alcohols used in each experiment. 

The following key conclusions can be drawn: 
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1. The final rinse has a different effect in dilute 1:99 and less dilute 1:9 solutions for 

all HF/alcohol solutions. 

2. The effect of etching duration differs for different dilutions. 

3. Etching in 1:9 aqueous HF solution followed by a methanol rinse for 5 minutes 

produced the Si(l(X)) surface with the strongest hydrophobic character. 

4. Etching in 1:9 aqueous HF solution followed by either IPA or ethanol rinse for 5 

minutes did not produce a Si(lOO) surface with a strong hydrophobic character in 

the experiments AS 13 and ASH, respectively. 

6.2 Passivation of Si(lOO) Surfaces Via Vapor Phase Chemical Treatment 

Vapor HF processing is of interest in microchip fabrication, but the occurrence of 

hydrogen termination or passivation via a vapor HF process has not been firmly established 

[67]. In this section, Si(lOO) surfaces passivated by hydrogen using vapor phase 

processing are analyzed. In recent years, interest has grown to develop altemate processing 

techniques for silicon surfaces, in order to overcome the shortcomings of liquid phase 

cleaning technology [75,76]. As mentioned in Chapter 2, some of the distinct advantages 

of vapor phase cleaning include reduced contamination, improved process uniformity, 

reduced chemical usage and disposal, improved safety considerations, more versatile 

process variables, and the possibility of exploring new chemistries and sequential in situ 

processing [76]. The gaseous mixture of HF and HjO, which yields a HF vapor, reacts 

with oxidized silicon. The capability for this reaction to yield hydrogen-terminated silicon is 

investigated here [67]. The following section is classified into four major sub-sections: 

1. Description of the chemical process. 

2. Comparison of Si(l(X)) surfaces passivated by vapor phase treatment. 

3. Reproducibility of vapor phase H-passivated Si(lOO) surfaces as measured by IB A. 
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4. Characterization of vapor phase H-passivated Si( 100) surfaces by FTIR. 

6.2.1 Description of Chemical Process Flow 

At the present time, at least two systems employing vapor phase etching are being used 

for cleaning silicon wafers. The Excalibur reactor manufactured by FSI International and 

the EDGE-2000 manufactured by Advantage Production Technology, Inc. [77-81]. The 

Excalibur system handles one wafer at a time and operates at ambient temperature and 

pressure. It provides a controlled mixture of anhydrous HF and HjO vapor to the reactor 

chamber using programmable mass flow controllers. The Nj carrier gas, the anhydrous HF 

and the HjO vapor ratios can be varied to satisfy selectivity requirements for etching 

dissimilar oxides simultaneously. The processing in the EDGE-2000 system involves 

vapor phase chemistries and was originally based on the vaporization of azeotropic 

mixtures of hydrogen fluoride and/or hydrogen chloride and water vapor. 

The vapor phase chemical process used in the present study is illustrated in Figure 

6.46. The wafers underwent anhydrous HF processing in two EXCALIBUR® ISR Vapor 

Phase Processing Systems, one equipped for processing 150 mm diameter wafers and the 

other for processing 200 mm diameter wafers [82]. A detailed description of the system is 

given in Chapter 3. The processing was carried out at FSI International, Chaska, 

Minnesota [83]. Si(lOO), p-doped, 150 mm, wafers with a resistivity of 5-15 Q. cm were 

utilized. Prior to processing, all wafers were subjected to a standard "B-Clean" in a 

MERCURY® spray processor, thereby producing a clean, chemically oxidized surface with 

low metal and hydrocarbon contaminants. These wafers were used as a starting point for 

each of the processes and were also utilized as references in the FTIR-ATR experiments. 

The MERCURY® spray processor is a batch processing system, whereas, the 
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EXCALIBUR* vapor phase processor is a single-wafer processing system. 

EXCALIBUR® and MERCURY* are registered trademarks of FSI International, Chaska, 

Minnesota. The "B-Clean" is based upon the standard RCA cleaning procedures. The "B-

Clean" consisted of a chemical treatment with four sequential processing steps: 

1. 4:1 H2SO4/H2O2 for 90 seconds at 65°C and atmospheric pressure, 

2. 100; 1 HjO/HF for 90 seconds at 65°C and atmospheric pressure, 

3. 12:2:1 H2O/H2O2/NH4OH for 195 seconds at 65°C and atmospheric pressure, and 

4. 6:1:1 HjO/HCl/HjOj for 110 seconds at 65°C and atmospheric pressure. 

The "B-Clean" process serves the same function as the "Modified RCA" cleaning 

process that was used in the liquid phase processing devised in this work and mentioned in 

Section 6.1.1. H-passivation was carried out by the introduction of anhydrous HF via 

nitrogen carrier gas, which was mixed, immediately before entering the process chamber, 

with water vapor, also introduced via a nitrogen carrier gas. Thus, HjO/HF, often referred 

to as vapor HF, provides the etching medium. It should be noted that no etching occurs 

without water vapor. The vapor HF reaction is different from a wet process by gas flow 

dynamics instead of liquid flow and its non-equilibrium kinetics. An etching process is 

typically completed within a few seconds and can be varied. Because the vapor HF etch 

step can be implemented independent of specific rinses, the role of the post-etch rinsing 

process was also investigated. The following three vapor phase passivation processes were 

compared: 

1. A simple vapor HF etch. 
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2. A vapor HF etch followed by a standard rinse for 7 seconds in a stream of water 

followed by drying via spinning the wafer dry amidst a high flow of dry nitrogen, 

and 

3. A vapor HF etch followed by a proprietary rinse, referred to as the post-etch 

treatment, for 7 seconds followed by drying via spinning the wafer dry amidst a 

high flow of dry nitrogen. 

The Si(lOO) wafers were also chemically etched, after the "B-Clean" process, by a dip 

in 100:1 H2O/HF solution for 10 minutes followed by two rinses in water for 5 seconds 

each and blown dry with nitrogen. This was done to compare vapor phase and liquid phase 

passivation treatments. For each process step, multiple wafers were utilized. Contact angle 

measurements, conducted at FSI International, were performed at several locations on the 

wafer using a goniometer and were averaged as was done at ASU [84,85]. ATR-FTDR. was 

performed at SEMATECH, Austin, Texas, and ion beam analysis was conducted at EBeAM 

Facility, Goldwater Research Center, Arizona State University, Tempe, Arizona [13,86]. 

After each processing step, wafers were sealed under a nitrogen flow in aluminized 

packaging and shipped to each analysis site. The elapsed time between processing and 

analysis was less than 24 hours. During processing and surface analysis, the wafers 

experienced a minimum of two hours exposure to the ambient environment. Any observed 

silicon hydride signal by ATR-FTIR implies the surface is stable for a minimum of two 

hours [67]. 

6.2.2 Comparison of Si(lOO) Surfaces Passivated by Vapor Phase 

Treatment 

A first experiment, FSAl, was performed to understand the role of vapor phase 

chemical treatment on H-passivation of Si(lOO) surfaces. A description of the samples 

generated in this experiment is given in Table 6.24. The samples were analyzed by EBA, 
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TMAFM, and contact angle measurements. The results obtained by IB A and contact angle 

measurements are summarized in Appendix D6I and graphed in Figure 6.47. IB A was 

performed to determine the absolute surface coverage of C, O, and H. IBA was performed 

with a tilt at 75° of the sample normal with respect to the ion beam in the rotating 

random mode. Sample FSAl-Sl, which underwent the "B-Clean" process, exhibited 

highest coverage of C and O, and lowest coverage of H. The coverages are 7.94 ± 0.77 x 

10'^ atoms/cm^ for carbon, 1.03 ±0.18 x 10'® atoms/cm^ for oxygen, and 0.6237 ± 

0.0318 percentage fraction for hydrogen. This is also much higher than found in the liquid 

phase processing results described earlier. No contact angle measurements were taken on 

this sample. The "B-Cleaned" samples were treated with different and independent H-

passivation processes. The surface coverages of C and H are lower on the vapor phase 

passivated sample than sample PSA 1-SI. The percentage reduction of carbon is lower than 

that of oxygen in this comparison. Increasing the etching duration from 2 seconds to 30 

seconds, in samples FSA1-S2 through FSAI-S4, reduced the surface C coverage, a little 

bit, from 7.44 ± 1.12 x 10'^ atoms/cm^ to 7.07 ± 0.85 x 10'^ atoms/cm^ but not 

significantly. The surface O coverage decreased from 6.89 ± 1.22 x 10'^ atoms/cm^ to 

5.37 ± 1.08 X 10'' atoms/cm^. Thus, when compared to FSAl-Sl, the C coverage was 

reduced from 6.30% to 10.96% and oxygen coverage from 33.11% to 47.86%, for an 

increase in vapor HF etching duration from 2 seconds to 30 seconds. This implies that the 

rate of removal is greater for oxygen when compared to carbon. Also, increasing the 

etching time is more beneficial for reducing O. In the case of hydrogen, the surface 

coverage increased from 0.7542 ± 0.0603 percentage fraction to 0.8099 ± 0.0481 

percentage fraction when the etching duration increased from 2 seconds to 30 seconds. 
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This indicates a slight increase from 20.92% to 22.99% in surface H coverage when 

compared to the 'TB-Cleaned" sample FSAl-Sl. Extended etching is not really effective. 

The effect of the final rinse in deionized water is observed by comparing samples FSAl-

S3, which underwent a final rinse, and FSA1-S5, which did not undergo a final rinse. The 

carbon surface coverage is higher for sample FSA1-S5 with a value of 7.28 ± 0.706 x 10'^ 

atoms/cm^. The reduction in carbon coverage with respect to sample FSAl-Sl, which 

underwent only a "B-Clean", is small, almost insignificant, with a percentage of 8.94% 

and 8.31% for samples FSA1-S3 and FSA1-S5, respectively. The decrease in carbon 

coverage with rinsing can be attributed to the removal of by-products from etching reaction 

giving way to further reaction. A lot more O, 48.54%, when compared to C, 8.31%, is 

removed when no rinsing in deionized water was used. This may be due to the fact that the 

deionized water reoxidizes the Si(lOO) surface. The hydrogen surface coverage increases 

with the final deionized water rinse, indicating that, similarly to the surface carbon, the 

removal of etching reaction by-products increases the reaction kinetics. Samples FSA1-S6 

and FSA1-S7 were processed similarly to sample FSA1-S2 undergoing a vapor HF etching 

for 2 seconds, but underwent the proprietary rinse rather than the standard deionized water 

rinse. The proprietary rinse is being studied as part of the confidential SEMATECH project 

and thus, the details were not given out [87]. It is quite obvious that the most efficient C 

and O removal, and the highest H adsorption were obtained when the proprietary rinse is 

used following a very short vapor HF etching. Sample FSA1-S8 was passivated with 

aqueous HF as described in Table 6.24. The removal of surface C and O is comparable to 

the results obtained by the proprietary rinse, but, the hydrogen coverage is highest when 

the duration of the vapor HF etch is increased and followed by a standard deionized water 

rinse or when shorter vapor HF etch is followed with the proprietary rinse. Overall, based 

on this experiment and related IBA results, the vapor HF etching is more effective than the 
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aqueous HF processing. It can also be said that the proprietary rinse is superior to the 

standard deionized water rinse to attain high H coverage. 

Contact angle were measured using a goniometer at FSI International, Chaska, 

Minnesota, and are reported in Appendix D61 [84,85]. The angles are averaged over 

several measurements done on different wafer sites with a standard deviation of 5° [87]. 

The contact angle are correlated with the absolute C, O, and H surface coverage obtained 

by IBA and integrated silicon hydride intensities determined by FTIR-ATR to establish the 

relationship between contact angle and surface atomic coverage [67]. The contact angles are 

shown as a function of processing in Figure 6.47. No measurements were taken for "B-

Cleaned" Si(lOO) wafer, sample FSAl-Sl, because this sample has an oxide on the wafer 

and is thus hydrophilic. An increase in contact angle implies an increase in the hydrophobic 

nature of the Si(lOO) wafer surface [88-90]. For the silicon surfaces, wafer hydrophilicity, 

low contact angle, is associated with the presence of silicon dioxide, whereas, wafer 

hydrophobicity, large contact angle, is associated with the absence of silicon dioxide and 

the presence of H-termination [90]. All vapor HF processes yielded a hydrophobic surface 

as evidenced by the contact angles which are greater than 48°. The contact angle increased 

when a final proprietary rinse is used and also with vapor HF etching duration. 

It is significant that a surface with a contact angle of 73° can be prepared with the use of 

the post-etch proprietary rinse, which correlates well with the ISA observation. The lowest 

contact angle of 48°, was obtained on a Si(IOO) surface etched with vapor HF for 2 

seconds followed by a standard water rinse for 7 seconds and spin dry in nitrogen 

atmosphere for 10 seconds. Moreover, the oxygen coverage on the Si(lOO) surface 

decreased markedly from 6.89 x 10'^ atoms/cm^ to 5.19 x 10'^ atoms/cm\ as the contact 
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angle increased by 25° with the use of the post-etch proprietary rinse. An aqueous HF 

etching produced a surface with a contact angle of 68°, which is slightly lower than the 

angle obtained when a proprietary rinse was used and is slightly higher than when a vapor 

EIF etch duration of 30 seconds is followed by a standard deionized water rinse. The 

disparity among the contact angles suggests that each process yields a unique surface. This 

should be reflected in the hydrogen coverage obtained by EBA and the SiH^ intensity 

determined by the FTIR-ATR technique [67]. It has been reported in the literature, based 

on the results from a similar experiment, that no correlation between the integrated SiH, 

intensity and the measured contact angle existed [67]. This contradicts given the prevailing 

thought that the contact angle increases with the SiH^ coverage [90]. The FTBR SiH, signal 

intensity is a measure of SiH^, whereas, in addition to H, the contact angle measurements 

are more global and respond to the total presence of F, C, and O. This may account for the 

lack of correlation between contact angle and FTIR-ATR measurements. The disparity in 

results between an HF etch without a subsequent rinse and an HF etch followed by a rinse 

may be due partly to fluorine residues [91]. For example, a vapor HF etching without a 

subsequent rinse clearly leaves a residue on the wafer, and this byproduct clearly decreases 

the contact angle. Additionally, ambient contamination is always an issue [67]. Also, the 

two rinsing processes used after etching, standard water and proprietary rinses, may yield 

differing amounts of suboxides where Si atoms may exist with one, two, or three oxygen 

atoms [92]. Suboxides are thought to remain even after a dilute HF process, and at 

submonolayer coverages, these suboxides may not be unambiguously detected by x-ray 

photoelectron spectroscopy (XPS) or MIK [92]. This is particularly true for the surface 

infrared analysis performed in this study, as the spectra were referenced to a chemical 

oxide. Thus, byproducts, suboxides, and ambient contamination are the probable culprit 

for the disparity between the surface wetting measurements by contact angle and hydrides 
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coverage [67]. It is therefore inherently difficult to directiy relate contact angle to the SiH, 

coverage. 

However, there is a pretty good correlation between absolute C, O, and H coverages 

obtained by IBA and contact angle measurements, as shown in Figure 6.47. Variations can 

largely be attributed to the lack of discrimination between the surface atomic coverages 

from the residues left by etching and the ambient C, O, and H contaminants. 

TMAFM analyses were performed on the samples generated in the experiment FSAl on 

10 X 10 nm^ and 2x2 |im^ scan sizes to evaluate Si(lOO) surface roughness [93]. The 

RMS values are summarized in Appendix D62 and plotted in Figure 6.48. The major 

observation is that the RMS values across 10 x 10 |im^ scan are either greater than or equal 

to those across 2x2 jim^ scan. This is similar to what was observed for samples 

passivated with liquid phase HF solutions in Section 6.1. This is shown by samples FSAl-

S2 through FSA1-S7. In general, very few particles were noticed on the vapor HF 

processed surfaces. 

The surface of the sample FSAI-S8, after passivation with aqueous HF, is rough. 

Based on the data, it can also be interpreted that wafers, samples FSA1-S2 through FSA2-

S4, etched with vapor HF followed by a standard deionized water rinse are smoother in par 

with "B-Cleaned" wafer or better. 

The RMS values ranged between 0.017 nm and 0.018 nm for 10 x 10 p.m^ scan and 

between 0.015 nm and 0.016 nm for 2 x 2 ^.m^ scan. Si(lOO) etched with vapor HF 

without a final rinse, sample FSA1-S5, and with the proprietary rinse, samples FSA1-S6 

and FSA1-S7, have rougher surfaces with RMS values ranging between 0.024 nm and 



420 

0.033 nm for a 10 x 10 nm^ scan and between 0.021 nm and 0.028 nm for a 2 x 2 

scan. 

Identically processed samples, FSA1-S6 and FSA1-S7, showed a wide variation in 

RMS values obtained from a 10 x 10 p.m^ scan area. This can be attributed to the presence 

of a larger number of particles on sample FSA1-S7 compared to FSA1-S6. 

Sample FSA1-S8 etched with aqueous HF showed surface roughness RMS values 

similar to samples FSA1-S5 through FSA1-S7. It can also be observed that sample FSAl-

S5, after etching with vapor HF only, showed the highest RMS value of 0.028 nm, 

indicating thus a very rough surface. This roughness can be related to the presence of 

particles with various sizes on the surface which were not removed due to the lack of a 

rinsing step, given the dominance of the effect of particulates on the RMS values. The 

correlation between surface roughness and surface impurities, as well as contact angle 

measurements is thus not well defined, as seen in Figure 6.47. 

The surface coverage of carbon, oxygen, and hydrogen after the "B-Clean" pre-clean 

and the final passivation are given in Table 6.25. The surface coverages after the pre-clean 

are the same for all the samples and are equal to those measured on sample FSAl-Sl, 

which is an "As-Received" sample. The surface coverages after the final passivation are 

calculated by substracting the surface coverages after pre-clean from the final values after 

passivation. The positive and negative values correspond to adsorption and desorption 

levels, respectively. The surface C and O levels are reported in atoms per cm^, whereas, 

those for H are given as percent fraction of a polystyrene standard with a known H 

concentration. All passivated samples demonstrated substantial removal of carbon and 

oxygen, whereas, adsorption of hydrogen is observed on all the passivated samples. The 

lowest and highest removal of carbon, -5.00 x 10'"* atoms/cm^ and -9.90 x 10'"* 
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atoms/cm^, are observed after etching with vapor HF for 2 seconds on samples FSA1-S2, 

after a standard water rinse and a nitrogen blow dry, and FSA1-S7, after a proprietary rinse 

and nitrogen blow dry. These two samples also exhibited the lowest and highest desorption 

for surface oxygen and adsorption levels for surface hydrogen. The oxygen coverages 

decreased by -3.45 x 10'^ atoms/cm^ and -5.15 x 10'^ atoms/cm^ respectively. Those for 

hydrogen are 0.1305 and 0.1919 percentage fractions, respectively. The removal of carbon 

and oxygen increased with increasing etching duration in vapor HF, when using a 

subsequent standard water rinse. The rate of etching is larger in the initial stage of etching. 

The opposite trend is observed for hydrogen surface coverage. Without final rinse after 

vapor HF etching, less carbon and more oxygen are removed, whereas, less hydrogen is 

adsorbed. The final proprietary rinse used after vapor HF etching led to very effective 

removal of carbon and oxygen, and effective hydrogen adsorption. Etching in aqueous HF 

yielded results similar to vapor HF etching when followed by the proprietary rinse. But it 

should be noted that the duration of aqueous etching is 300 times longer than the duration 

used with vapor HF etching. 

6 .2 .3  Reproduc ib i l i ty  o f  Vapor  Phase  H-Pass iva ted  S i ( lOO)  Surfaces  by  

IBA 

Two identical experiments on etching with vapor HF, FSA2 and FSA3, were 

performed to determine the reproducibility of the IBA measurements [83,86]. The 

description of the samples generated in these experiments is given in Table 6.26. Five sets 

of wafers were processed for each experiment. The samples were numbered S1 through 

S5, where sample S5 underwent a "B-Clean" pre-clean process to produce an oxide surface 

free of particulates and hydrocarbon contamination. All other samples underwent a final 

passivation process after the "B-Clean" pre-clean. Samples SI through S3 underwent 
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vapor HF etching for 5 seconds but had different rinsing procedures. Sample S1 did not 

undergo any final rinsing, whereas, samples S2 and S3 were rinsed with water and a 

proprietary rinse for 7 seconds each, respectively, followed by a spin dry in nitrogen 

atmosphere for 10 seconds. Sample S4 was chemically etched in 100:1 HjOrHF solution 

for 5 minutes followed by a 5 minute rinse in water and a nitrogen blow dry for 10 

seconds. 

The DBA results are summarized in Appendices D63 through D65. Appendix D63 

pertains to the experiment FSA2, Appendix D64 to that of the experiment FSA3, and 

Appendix D65 is based on mean and standard deviation values for the experiments FS A2 

and FSA3. The corresponding plots are shown in Figures 6.49 through 6.52. The first 

three figures show the surface coverages from the experiments FSA2 and FSA3 for 

carbon, oxygen, and hydrogen, respectively, as a function of processing. The last figure is 

plotted based on the mean and standard deviation of the values from the experiments FS A2 

and FSA3. The trends observed are similar to those observed in the experiment FSAl 

described in Section 6.2.2. Etching in vapor HF removes more oxygen compared to the 

same etching followed by a standard water rinse. The highest removal of carbon and 

oxygen, and adsorption of hydrogen were obtained by etching in vapor HF for 5 seconds 

followed by a proprietary rinse for 7 seconds and spin drying in nitrogen atmosphere for 

10 seconds, sample S3. Si(lOO) etched in aqueous HF, sample S4, exhibited slightly lower 

H surface coverage and, slightly higher C and O surface coverages. This sample was 

etched in aqueous solution for a duration 60 times longer than sample S3. The surface 

concentrations obtained for sample S2, after etching with vapor HF for 5 seconds followed 

by a standard water rinse for 7 seconds and a spin dry in nitrogen for 10 seconds, showed 

the lowest C, O, and H coverages. These coverages are greater than those for sample S1, 

after vapor HF etching only, for carbon and hydrogen. 
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The deviation in IB A measurements between experiments, FSAl and FSA2, are 

reported in terms of standard deviation calculated for individual samples, as well as for the 

whole experiment. A larger standard deviation means a lower reproducibility. The smallest 

and largest standard deviation are 1.50 x 10'^ atoms/cm^ and 7.50 x 10'^ atoms/cm^ for 

carbon on sample S5, after the "B-Clean" process, and sample S3, after etching in vapor 

HF followed by the proprietary rinse for 7 seconds and spin dry in nitrogen atmosphere for 

10 seconds, respectively. The average standard deviation for carbon surface coverage 

across is 4.30 x 10'^ atoms/cm^ 

The smallest and largest standard deviation in oxygen coverages are observed for 

samples S4 and S5 with 2.00 x 10'^ atoms/cm^ and 2.00 x 10'"* atoms/cm^ respectively. 

The average standard deviation for oxygen surface coverage is 8.30 x 10'^ atoms/cm^. 

Samples S3 and SI showed the smallest and largest standard deviation in hydrogen 

coverage with IDA. The corresponding standard deviation are 0.0010 and 0.0041 with an 

average standard deviation of 0.0026. All the data indicates that IBA measurements are 

very reliable and reproducible for detecting carbon, oxygen, and hydrogen on Si(lOO) 

surfaces treated with vapor and liquid HF solutions. The same observation was also made 

for IB A measurements done on Si(lOO) samples treated with liquid phase HF solutions and 

discussed in Section 6.1.3.2 with respect to two identical experiments ASl and AS2. 

The adsorption and desorption of C, O, and H after the "B-Clean" and final passivation 

for experiments FSA2 and FSA3 are given in Appendices D66 and D67, respectively. The 

coverages based on mean values given in Appendix D65 are given in Table 6.27. The 

trends observed are very similar to those observed for the experiment FSAl discussed in 

Section 6.2.3. The terminology, nomenclature, and logic used in the calculation of Table 

6.27 and Appendices D66 and D67 are the same as that was used for experiment FSAl. 
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The coverages after the "B-Clean" are the sarae for all the passivated samples and are equal 

to those measured on sample S5, after the "B-Clean" process. Based on the average values, 

carbon and oxygen are more effectively removed with etching in vapor HF followed by the 

proprietary rinse for 7 seconds and spin dry in nitrogen atmosphere for 10 seconds, sample 

S3. The largest hydrogen coverage is also obtained on the same sample. The decrease in 

coverage is -1.01 x 10'^ atoms/cm^ for carbon, and -4.06 x 10'^ atoms/cm^ for oxygen. 

The increase is 0.2078 percentage for the hydrogen coverage. Sample S1, after etching in 

vapor HF exhibited little decrease in carbon coverage and little increase in hydrogen with 

-5.30 X 10'"* atoms/cm^ and 0.1711 percent fraction, respectively. 

The removal of oxygen on S1 is slighter more effective than for sample S2, after 

etching in vapor HF etching followed by standard water rinse and drying in nitrogen. This 

may be due to water acting as an oxidizing agent. Though the surface coverages after 

etching in aqueous HF, sample S4, are on a par with the coverages after etching in vapor 

HF in combination with proprietary rinse and spin drying in nitrogen atmosphere, sample 

S3, the duration of the etch in liquid phase is a lot longer. This indicates again, as seen with 

experiment FSAl, that etching in vapor HF in combination with the proprietary rinse is a 

fast passivation technique. Etching in vapor HF in combination with a standard water rinse 

can also be improved over etching in aqueous HF or vapor HF followed by a proprietary 

rinse, by either increasing the etch duration or reducing the rinsing duration. 

6 .2 .4  Character i za t ion  o f  Vapor  Phase  H-Pass iva ted  S i ( lOO)  Surfaces  by  

FTIR 

The samples from the experiment FSA2 were also analyzed by M IK-ATR to determine 

the hydride intensities [13]. Description of the FTIR-ATR technique used in this study is 

given in Chapter 5, and also in Sections 6.1.5 and 6.2.1. As mentioned earlier, FTIR-ATR 
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is a powerful surface probe because it discriminates between mono-, di-, and trihydrides, 

designated as SiH, SiHj, and SiHj, respectively [56,57,91,94-98]. Accordingly, the 

M'lK-ATR technique can probe the resulting Si(lOO) surface morphology and 

independently assess the relative contributions of SiH, SiHj, and SiHj resulting from the 

etching process. For a given polarization, each of the hydride species produces a spectral 

signature indicating not only ideally terminated silicon, but also the corresponding steps, 

kinks, and adstructures [56,94-96]. The analyses were performed immediately upon receipt 

of wafers at SEMATECH, Austin, Texas [13]. In this analysis, sample FSA2-S5, oxidized 

with a "B-Clean", was used as the reference. Both p-polarized and unpolarized spectra 

were recorded, and each spectrum represents the numerical average of 256 scans at 4 cm*' 

resolution [99]. Spectra were obtained at multiple wafer sites. The integrated SiH^ 

stretching area, as well as that of the CH^ area over the region of approximately 2800 to 

3010 cm"' for the unpolarized (UN) and p-polarized (P) spectra are listed in Appendix D68. 

Unpolarized spectra revealed the same features and relative intensities as with those 

obtained using p-polarized light, although, with a lower signal-to-noise ratio and slightly 

more inhomogeneous broadening. Thus, for simplicity, more emphasis is placed on p-

polarized spectra [99]. For each process, spectral information was reduced by integrating 

the relative intensity in the region of interest averaged over multiple sites [87,99]. Wafer-to-

wafer and site-to-site variations are estimated to be less than 20% [67]. However, for a 

given process, the variation in intensities of CH^ peak are larger than those for SiH, peak 

region. The same observation also holds for variation across all the samples in the 

experiment. It should be noted that the CH, area is not listed in cases where these peaks are 

not well defined or when the net intensities are actually negative, which occurs when the 

concentration is lower than in the initial reference sample. Tlie data shows that there has not 

been much deterioration in the level of hydrogen passivation during the one day required 

for ovemight shipment. The stability of these surfaces lasts longer than the two hours 
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previously reported in the literature [91,97]. The comparison was made with the results 

obtained on the samples processed at SEMATECH, Austin, Texas, at the same time as the 

FSA2 samples processed at FSI International, Chaska, Minnesota [83,99,100]. The results 

for the wafers processed at SEMATECH are not given here. In ail the passivated samples, 

the infrared signal intensity is dominated by a dihydride species. A strong signal intensity is 

also observed for the trihydrides. While there is no rigorous rationale for the presence of 

trihydride adstructures, they are conmionly observed on both Si(l 11) and Si(lOO) surfaces 

[56,92,96,97,101]. Broadening below 2100 cm"' is likely associated with the 

monohydride, yet, in relation to the di- and trihydrides. It is likely to be present in a 

relatively small amount. Comparison of the spectra obtained from Si(lOO) surfaces etched 

with vapor phase HF and Si(lOO) surfaces etched with aqueous HF processing suggests 

that, relative to the corresponding di- and trihydride signals, there is a variable change in 

the monohydride intensity. This comparison is done with the spectra obtained on Si(lOO) 

etched in aqueous HF in this research study, as well as with those reported in the literature 

[56,97,101]. The presence of the trihydride and the monohydride imply atomic-level 

roughness. This atomic-scale roughness may be intrinsic to Si(lOO) surfaces etched with 

HF solutions [67]. Based on the absence of a strong monohydride signal, one might 

suggest that vapor HF tends to minimize surface roughening, and also in the absence of a 

buffering agent, the propensity for microfacetting is small [56,67,97,101]. From Appendix 

D68 and Figure 6.53, based on infrared signal intensities, it also appears that either a water 

or a proprietary rinse process markedly improves the extent of hydrogen termination, with 

the proprietary rinse being the best treatment. If one considers the HF etching apart from a 

rinse, this is not surprising. Reaction intermediates and etch byproducts accumulate on the 

surface and likely hinder the operative reaction kinetics. These entities compete with 

reagents for active sites, and thus, the reaction rate may decrease with time as intermediates 

and products are generated [67]. However, a rinse dramatically shifts the equilibrium as 
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liquid jets across the wafer, new adsorption sites are exposed as etch byproducts are rinsed 

away and the reaction is reactivated as the reaction is forced toward products. It has been 

suggested that rinsing involves replacing Si-F bonds with Si-H bonds [91]. The SiH2 peak 

in sample FSA2-S4, after etching with aqueous 100:1 HF, was found clearly to be a 

doublet indicating peak spliting [67,87,99]. A 10:1 HF etch conducted at SEMATECH is 

Included as a control. It is interesting to note that the integrated CH^ peak areas are larger 

than that of the SiH, stretching modes for wafers processed at both FSI Intemational and 

SEMATECH. This can be attributed to either the presence of residues or CH^ adsorption 

on the Si(lOO) surface. The standard deviations for SiH^ peaks, unpolarized and p-

polarized measurements, are lower than those for CH^ peaks. 
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PROCESS STEPS 
RCA - Type Clean 

H-Passivation 

Rinse in 18 MQ 
Deionized Water 

for 5 Min. 

Rinse in 18 MQ 
Deionized Water 

for 5 Min. 

Rinse in 18 MQ 
Deionized Water 

for 5 Min. 

H20:49% HF 
98 :2 

Until Hydrophobic 

80°C for 10 Min. 

80°C for 10 Min. 

Alcohol: 49% HF 
Methanol/IPA/Ethanol 

Different Concentrations 
Different Times 

Final Rinse in 
Above Alcohol for 5 Min. 

or 
Deionized Water for 5 Min. 

or 
Dewetting in Air 

Followed by a Quick Dip 
in Deionized Water 

Figure 6.1 Flow chart of the processing steps used in the liquid phase cleaning and 
passivation sequence: (a) de-greasing solution, (b) oxide etchant, and 
(c) oxidizing solution. 
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Table 6.1 Description of the samples generated in the experiment VB 1. 

Sample # Sample Preparation 

VBl-CI As received from Motorola Inc. 

VB1-C2 
After dip in SCI solution at 80°C for 10 minutes followed by 5 
minutes rinse in running deionized water purged with pure 
nitrogen 

VB1-C3 
After dip in 2:98 HF/H2O solution for 2 minutes followed by 5 
minutes rinse in running deionized water purged with pure 
nitrogen 

VB1-C4 After dip in SC2 at 80°C for 10 minutes followed by 5 minutes 
rinse in running deionized water purged with pure nitrogen 

VBl-RI After dip in 1:99 HF/Methanol solution for 1 minute followed by 5 
minutes rinse in methanol 

VB1-R2 After dip in 1:99 HF/Methanol solution for 5 minutes followed by 
5 minutes rinse in methanol 

VB1-R3 After dip in 1:9 HF/Methanol solution for 1 minute followed by 5 
minutes rinse in methanol 
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Figure 6.2 Comparison of surface carbon areal densities obtained by ion beam techniques in the <111> channeling and rotating 
random modes on the Si(lOO) samples generated in the experiment VB 1. 
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Table 6.2 Comparison of adsorption and desorption levels for disordered Si, C, O, and H on Si(lOO) surfaces for the samples 
generated in the experiment VB1. 

Sample 
# 

Element of 
Interest 

Sur 
As Received 

Sample 

"ace Concentrati 
After 

Pre-Clean 

ons 
After Final 
Passivation 

Adsorp 
During 

Pre-Clean 

tion/Desorption 
During Final 
Passivation 

Levels 
Overall 
Process 

VBl-Rl Disordered Si 1.58E+16 1.40E+16 1.70E+16 -1.8E+15 3E+15 1.2E+15 VBl-Rl 
Surface C 7.89E+15 6.39E+I5 5.68E+15 -1.5E+15 -7.1E+14 -2.21E+15 

VBl-Rl 

Surface 0 5.44E+15 4.42E+15 3.49E+15 -1.02E+15 -9.3E+14 -1.95E+15 

VBl-Rl 

Surface H 0.6564 0.3702 0.4024 -0.2862 0.0322 -0.2540 
VB1-R2 Disordered Si 1.58E+16 1.40E+16 1.25E+16 -1.8E+15 -1.5E+15 -3.3E+15 VB1-R2 

Surface C 7.89E+15 6.39E+15 5.22E+15 -1.5E+15 -1.17E+15 -2.67E+15 
VB1-R2 

Surface 0 5.44E+15 4.42E+15 3.16E+15 -1.02E-I-15 -1.26E+15 -2.28E+15 

VB1-R2 

Surface H 0.6564 0.3702 0.6951 -0.2862 0.3249 0.0387 
VB1-R3 Disordered Si 1.58E+16 1.40E+16 1.34E+16 -1.8E+15 -6E+14 -2.4E+15 VB1-R3 

Surface C 7.89E+15 6.39E+15 4.15E+15 -1.5E+15 -2.24E+15 -3.74E+15 
VB1-R3 

Surface 0 5.44E+15 4.42E+15 1.95E+15 -1.02E+15 -2.47E+15 -3.49E+15 

VB1-R3 

Surface H 0.6564 0.3702 1.1220 -0.2862 0.7518 0.4656 

Note: 
Poistive values indicate adsoq^tion. 

Negative values indicate desorption. 

Concentrations of Disordered Si, C, and O are given in terms of atoms/cm'. 

Concentration of H is given in terms of % fraction relative to the polystyrene standaid. 
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random modes on the Si(l(X)) samples generated in the experiment VBl. 
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Table 6.3 Summary of the normalized RMS values for the samples generated in VB 1 experiment as a function of the scan area. 

Sample Image Area Box Area Area Normalization RMS Normalization 
# Sq. |xm. X (|xm.) Y (nm.) Sq. |im. Image Box Original Normalized 

VBl-Cl 400.00 6.61 5.40 35.72 400.00 35.72 0.073 0.0730 
100.00 4.48 3.54 15.87 100.00 8.93 0.142 0.0799 
25.00 0.67 0.55 0.36 25.00 2.23 0.055 0.3368 
4.00 0.67 0.40 0.27 4.00 0.36 0.12 0.1598 
1.00 0.28 0.17 0.05 1.00 0.09 0.09 0.1718 

VB1-C2 400.00 6.65 5.87 39.07 400.00 35.72 0.092 0.0841 
100.00 3.44 3.46 11.93 100.00 8.93 0.077 0.0576 
25.00 2.17 2.41 5.23 25.00 2.23 0.082 0.0350 
4.00 0.86 0.76 0.66 4.00 0.36 0.096 0.0522 
1.00 0.35 0.30 0.10 1.00 0.09 0.094 0.0811 

VB1-C3 400.00 7.91 7.36 58.17 400.00 35.72 0.06 0.0368 
100.00 3.43 3.23 11.06 100.00 8.93 0.075 0.0606 
25.00 1.79 1.87 3.35 25.00 2.23 0.073 0.0487 
4.00 0.59 0.63 0.37 4.00 0.36 0.088 0.0839 
1.00 0.41 0.38 0.16 1.00 0.09 0.093 0.0534 

VB1-C4 400.00 7.63 6.03 46.00 400.00 35.72 0.085 0.0660 
100.00 3.43 3.23 11.06 100.00 8.93 0.099 0.0799 
25.00 1.79 1.87 3.35 25.00 2.23 0.077 0.0514 
4.00 0.59 0.63 0.37 4.00 0.36 0.093 0.0886 
1.00 0.41 0.38 0.16 1.00 0.09 0.09 0.0517 

iji 



Table 6.3 (cont.) 

Sample Image Area Box Area Area Normalization RMS Normalization 
# Sq. p,m. X (urn.) Y (urn.) Sq. nm. Image Box Original Normalized 

VBl-Rl 400.00 5.48 4.93 27.02 400.00 35.72 0.154 0.2036 
100.00 2.92 2.78 8.10 100.00 8.93 0.139 0.1532 
25.00 1.89 1.79 3.38 25.00 2.23 0.143 0.0944 
4.00 0.59 0.47 0.28 4.00 0.36 0.096 0.1246 
1.00 0.56 0.36 0.20 1.00 0.09 0.09 0.0400 

VB1-R2 400.00 9.12 7.55 68.88 400.00 35.72 0.29 0.1504 
100.00 4.44 3.33 14.78 100.00 8.93 0.22 0.1329 
25.00 2.05 1.12 2.28 25.00 2.23 0.14 0.1369 
4.00 0.61 0.54 0.33 4.00 0.36 0.122 0.1320 
1.00 0.23 0.17 0.04 1.00 0.09 0.127 0.2820 

VB1-R3 400.00 7.98 6.15 49.06 400.00 35.72 0.509 0.3706 
100.00 3.82 2.92 11.13 100.00 8.93 0.318 0.2552 
25.00 1.21 1.02 1.23 25.00 2.23 0.127 0.2296 
4.00 0.50 0.45 0.23 4.00 0.36 0.126 0.1998 
1.00 0.26 0.44 0.12 1.00 0.09 0.125 0.0958 

Note; Normalization of area is done w.r.t. "As Received" sample VB 1-Cl. 

Normalization of RMS is done w.r.t. "Original Area" of the box. 



Average Difference (%): 90.75 

Sample # 

Figure 6.6 Comparison of the RMS values for roughness measurement obtained by TMAFM on a whole image and within an 

user selected area, refered to as "box", for 20 x 20 |im^ scan. 
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Figure 6.7 Correlation of the disordered silicon atoms concentration measured by IBA with surface roughness values obtained 
over the whole scan area by TMAFM for the Si(lOO) samples generated in the experiment VBl. 
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Figure 6.8 Correlation of the disordered silicon atoms concentration measured by EBA with surface roughness values obtained 
over a selected region of the scan by TMAFM for the Si(lOO) samples generated in the experiment VBl. 
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Figure 6.12 Contribution of the disordered Si atoms for the formation of SiO and SiO^ layers on Si( 100) surface as a function of 
chemical treatment for the samples generated in the experiment VB1. 
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Table 6.4 Description of the samples generated in the experiment SDW. 

Sample # Sample Preparation 

SDW-Sl SDW-S2 As received firom Motorola Inc. 

SDW-S3 SDW-S4 After dip in 1:9 HF/Methanol solution for 1 minute in a 
teflon bath 

SDW-S5 SDW-S6 After dip in 1:9 HF/Methanol solution for 1 minute in a 
teflon bath followed by a rinse in methanol for 5 minutes 

SDW-S7 SDW-S8 After dip in 1:9 HF/Methanol solution for 1 minute in a 
polypropylene bath 

SDW-S9 SDW-SIO 
After dip in 1:9 HF/Methanol solution for 1 minute in a 
polypropylene bath followed by a rinse in methanol for 5 
minutes 

Note: Odd number samples were used for TMAFM analysis 

Even number samples were used for EBA analysis 
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Figure 6.14 Comparison of surface carbon areal densities obtained by ion beam techniques in the <111> channeling and rotating 
random modes on the Si(lOO) samples generated in the experiment SDW. 
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Table 6.5 Comparison of adsorption and desorption levels for disordered Si, C, O, and H on Si(lOO) surfaces for the samples 
generated in the experiment SDW. 

Sample 
# 

Element of 
Interest 

Sur 
As Received 

Sample 

ace Concentrati 
After 

Pre-Clean 

ons 
After Final 
Passivation 

Adsorp 
During 

Pre-Clean 

:ion/Desorption 
During Final 
Passivation 

Levels 
Overall 
Process 

SDW-S4 Disordered Si 1.61E+16 - 1.52E+16 - -9.00E+14 -9.00E+14 SDW-S4 
Surface C 8.52E+15 - 5.39E+15 - -3.13E+15 -3.13E+15 

SDW-S4 

Surface 0 5.61E+15 - 4.61E+15 - -l.OOE+15 -l.OOE+15 

SDW-S4 

Surface H 0.6253 - 0.6825 - 0.0572 0.0572 
SDW-S6 Disordered Si 1.61E+16 - 1.45E+16 - -1.60E+15 -1.60E+15 SDW-S6 

Surface C 8.52E+15 - 6.00E+15 - -2.52E+15 -2.52E+15 
SDW-S6 

Surface 0 5.61E+15 - 2.82E+15 - -2.79E+15 -2.79E-H15 

SDW-S6 

Surface H 0.6253 - 0.7118 - 0.0865 0.0865 
SDW-S8 Disordered Si 1.61E+16 - 1.47E+16 - -1.40E+15 -1.40E+15 SDW-S8 

Surface C 8.52E+15 - 4.48E+15 - -4.04E+15 -4.04E+15 
SDW-S8 

Surface O 5.61E+15 - 3.82E+15 - -1.79E+15 -1.79E+15 

SDW-S8 

Surface H 0.6253 - 0.6528 - 0.0275 0.0275 
SDW-SIO Disordered Si 1.61E+16 - 1.43E+16 - -1.80E+15 -1.80E+15 SDW-SIO 

Surface C 8.52E+15 - 5.09E+15 - -3.43E+15 -3.43E+15 
SDW-SIO 

Surface 0 5.61E+15 - 3.45E+15 - -2.16E+15 -2.16E+15 

SDW-SIO 

Surface H 0.6253 - 0.6871 - 0.0618 0.0618 

Note: 

Poistive values indicate adsorption. 

Negative values indicate desoq^tion. 

Concentrations of Disordered Si, C, and O are given in terms of atoms/cm^ 

Concentration of H is given in terms of % fraction relative to the polystyrene standard. 
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Figure 6.17 Comparison of the Xmin. values obtained by ion beam techniques using area and height methods for the samples 
generated in the experiment SDW. 



Table 6.6 Summary of the normalized RMS values for the samples generated in SDW experiment as a function of the scan area. 

Sample 

# 

Image Area 

Sq. ^m. X (nm.) 

Box Area 

Y (nm.) ^im. X |Lim. 

Area Non 

Image 

nalization 

Box 

RMS Nor 

Original 

nalization 

Normalized 
SDW-S2 400.00 8.89 6.73 59.81 400.00 59.81 0.144 0.144 SDW-S2 

100.00 4.17 4.01 16.72 100.00 14.95 0.125 0.112 

SDW-S2 

25.00 2.24 1.99 4.45 25.00 3.74 0.104 0.087 

SDW-S2 

4.00 0.81 0.83 0.68 4.00 0.60 0.089 0.078 

SDW-S2 

1.00 0.51 0.39 0.20 1.00 0.15 0.044 0.033 
SDW-S4 400.00 8.16 6.45 52.62 400.00 59.81 0.353 0.401 SDW-S4 

100.00 3.31 2.92 9.64 100.00 14.95 0.291 0.451 

SDW-S4 

25.00 2.22 1.72 3.82 25.00 3.74 0.257 0.251 

SDW-S4 

4.00 0.85 0.68 0.58 4.00 0.60 0.212 0.221 

SDW-S4 

1.00 0.39 0.26 0.10 1.00 0.15 0.191 0.280 
SDW-S6 400.00 7.44 6.93 51.52 400.00 59.81 0.22 0.255 SDW-S6 

100.00 5.25 4.19 21.97 100.00 14.95 0.168 0.114 

SDW-S6 

25.00 1.21 0.91 1.10 25.00 3.74 0.114 0.386 

SDW-S6 

4.00 0.47 0.40 0.19 4.00 0.60 0.092 0.294 

SDW-S6 

1.00 0.30 0.30 0.09 1.00 0.15 0.088 0.146 
SDW-S8 400.00 6.89 5.01 34.51 400.00 59.81 0.288 0.499 SDW-S8 

100.00 3.70 2.92 10.79 100.00 14.95 0.241 0.334 

SDW-S8 

25.00 0.98 1.14 1.11 25.00 3.74 0.203 0.683 

SDW-S8 

4.00 0.62 0.61 0.38 4.00 0.60 0.187 0.293 

SDW-S8 

1.00 0.43 0.46 0.20 1.00 0.15 0.153 0.116 

•p>. 



Table 6.6 (cont.) 

Sample Image Area Box Area Area Normalization RMS Normalization 
# Sq. |im. X (^im.) Y (^im.) |im. X |im. Image Box Original Normalized 

SDW-SIO 400.00 9.20 4.34 39.96 400.00 59.81 0.186 0.278 

100.00 3.50 4.36 15.29 100.00 14.95 0.135 0.132 

25.00 1.11 0.88 0.97 25.00 3.74 0.109 0.418 

4.00 0.59 0.60 0.35 4.00 0.60 0.087 0.147 

1.00 0.77 0.39 0.30 1.00 0.15 0.073 0.036 

Note: Normalization of area is done w.r.t. "As Received" sample SDW-S2. 
Normalization of RMS is done w.r.t. "Original Area" of box. 
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Figure 6.18 Correlation of the disordered silicon atoms concentration measured by IBA with surface roughness values obtained 
over the whole scan area by TMAFM for the Si( 100) samples generated in the experiment SDW. 
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Table 6.7 Comparison of samples from the experiments VBl and SDW to determine the effect of "Modified RCA" pre-clean 
step on final H-passivation process. 

SAMPLE 
DESCRIPTION 

Unregi 
Expt.: VBl 

SL 
stered Si (atorr 
Expt.; SDW 

fRFACE COh 
is/cm^) 

Delta 

JCENTRATIC 
Ca 

Expt.: VBl 

)N 

rbon (atoms/cr 
Expt.: SDW 

n') 
Delta 

As received from Motorola 
Inc. 

1.58E+16 1.61E+16 -3E+14 7.89E+15 8.52E+15 -6.3E+14 

After dip in 1:9 
HF/Methanol solution 
stored in teflon bath 

for 1 minute followed by 5 
minutes rinse in methanol 

1.34E+16 1.45E+16 -l.lE+15 4.15E+15 6.00E+15 -1.85E+15 

SAMPLE 
DESCRIPTION 

Ox 
Expt.: VBl 

SI 
ygen (atoms/c 
Expt.: SDW 

IRFACE C0> 
m^) 

Delta 

JCENTRATIC 
Hydros 

Expt.: VBl 

)N 

;en (Percent Fi 

Expt.: SDW 
action) 

Delta 

As received from Motorola 
Inc. 

5.44E+15 5.61E+15 -1.7E+14 0.6564 0.6253 0.0311 

After dip in 1 ;9 
HF/Methanol solution 
stored in teflon bath 

for 1 minute followed by 5 
minutes rinse in methanol 

1.95E+15 2.82E+15 -8.7E+14 1.122 0.7118 0.4102 

Note: VBl-CI, SDW-SI, and SDW-S2 were used as "As Received" samples from Motorola Inc. 
VB1-R3, SDW-S5, and SDW-S6 were chemically treated. 
Surface concentration values are calculated based on peak area. 



Table 6.7 (cont.) 

SAMPLE 
DESCRIPTION 

Base 
Expt.: VBl 

CR 

d on Area Me 
Expt.: SDW 

YSTALLINE 

thod 
Delta 

NATURE, xn 
Basec 

Expt.; VBl 

lin. 

on Height M 
Expt.; SDW 

ethod 
Delta 

As received from Motorola 
Inc. 

4.2169 3.626 0.5909 3.1767 3.2076 -0.0309 

After dip in 1:9 
HF/Methanol solution 
stored in teflon bath 

for 1 minute followed by 5 
minutes rinse in methanol 

3.8362 3.5419 0.2943 2.8774 3.1241 -0.2467 

SAMPLE 
DESCRIPTION 

"Wi 
Expt.; VBl 

SUR] 
lole Image" Re 
Expt.; SDW 

FACE ROUG 
gion 

Delta 

iNESS, RMS 

Expt.: VBl 

(nm) 
"Box" Region 
Expt.: SDW Delta 

As received from Motorola 
Inc. 

0.193 0.151 0.042 0.073 0.144 -0.071 

After dip in 1 ;9 
HF/Methanol solution 
stored in teflon bath 

for 1 minute followed by 5 
minutes rinse in methanol 

0.75 0.504 0.246 0.509 0.22 0.289 

Note: X„|„ And RMS are calculated by two different methods as explained in Chapter 4 and Chapte 5, respectively. 
Surface roughness values reported were measured from a 20 x 20 ̂ m^ TMAFM scan. 
Negative values indicate that SDW is greater than VB1. 



Table 6.8 Description of the samples used in the experiments AS 1 and AS2. 

Sam 
Expt.: AS! 

)le# 
Expt.: AS2 

Sample 
Preparation 

SI SI As received from Motorola Inc. 

S2 S2 After dip in SCI solution at 80°C for 10 minutes followed by 5 minutes rinse in running 
deionized water purged with pure nitrogen 

S3 S3 After dip in 2:98 HF/HiO solution for 2 minutes followed by 5 minutes rinse in running 
deionized water purged with pure nitrogen 

S4 S4 After dip in SC2 at 80°C for 10 minutes followed by 5 minutes rinse in running deionized water 
purged with pure nitrogen 

S5 S5 After dip in 1:9 HF/Methanol solution for 1 minute followed by 5 minutes rinse in methanol 

S6 S6 After dip in 1:9 HF/Methanol solution for I minute followed by dewetting in air by holding the 
sample vertical and a quick dip in running deionized water purged with pure nitrogen 

S7 S7 After dip in 1 ;9 HF/Methanol solution for 1 minute followed by 5 minutes rinse in running 
deionized water purged with pure nitrogen 

S8 S8 After dip in 1:9 HF/IPA solution for 1 minute followed by 5 minutes rinse in IPA 

S9 S9 After dip in 1:9 HF/IPA solution for 1 minute followed by dewetting in air by holding the 
sample vertical and a quick dip in running deionized water purged with pure nitrogen 

SIO SIO After dip in 1:9 HF/IPA solution for 1 minute followed by 5 minutes rinse in running deionized 
water purged with pure nitrogen 

Sll Sll After dip in 1:9 HF/Ethanol solution for 1 minute followed by 5 minutes rinse in Ethanol 

S12 812 After dip in 1:9 HF/Ethanol solution for 1 minute followed by dewetting in air by holding the 
sample vertical and a quick dip in running deionized water purged with pure nitrogen 

S13 S13 After dip in 1:9 HF/Ethanol solution for 1 minute followed by 5 minutes rinse in running 
deionized water purged with pure nitrogen 
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Figure 6.23 Comparison of the surface concentrations of carbon, oxygen, and hydrogen as measured by ion beam analysis for 
the Si(lOO) samples generated in the experiment ASl. 
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Table 6.9 Comparison of adsorption and desorption levels for C, O, and H on Si(lOO) surfaces for the samples generated in the 
experiment AS 1. 

Sample 

# 

Element of 

Interest 

Sur 

As Received 

Sample 

face Concentrat 

After 

Pre-Clean 

ons 

After Final 

Passivation 

Adsorpi 

During 

Pre-Clean 

ion/Desorption 

During Final 

Passivation 

Levels 

Overall 

Process 
AS1-S5 Surface C 1.13E+16 9.18E+15 7.26E+15 -2.12E+15 -1.92E+15 -4.04E+15 AS1-S5 

Surface 0 1.21E+16 9.40E+15 4.57E+15 -2.71E+15 -4.82E+15 -7.53E+15 

AS1-S5 

Surface H 0.7863 0.4535 0.9827 -0.3328 0.5292 0.1964 
AS1-S6 Surface C 1.13E+16 9.18E+15 6.69E+15 -2.12E+15 -2.49E+15 -4.61E+15 AS1-S6 

Surface 0 1.21E+16 9.40E+15 4.15E+15 -2.71E+15 -5.25E+15 -7.95E+15 

AS1-S6 

Surface H 0.7863 0.4535 0.8133 -0.3328 0.3598 0.0270 
AS1-S7 Surface C 1.13E+16 9.18E+15 6.89E+15 -2.12E+15 -2.29E+15 -4.41E+15 AS1-S7 

Surface 0 1.21E+16 9.40E+15 4.66E+15 -2.71E+15 -4.74E+15 -7.44E+15 

AS1-S7 

Surface H 0.7863 0.4535 0.8761 -0.3328 0.4226 0.0898 
AS1-S8 Surface C 1.13E+16 9.18E+15 7.03E+15 -2.12E+15 -2.15E+15 -4.27E+15 AS1-S8 

Surface 0 1.21E+16 9.40E+15 4.29E+15 -2.71E+15 -5.11E+15 -7.81E+15 

AS1-S8 

Surface H 0.7863 0.4535 1.1051 -0.3328 0.6516 0.3188 
ASI-S9 Surface C 1.13E+16 9.18E+15 6.41E+15 -2.12E+15 -2.77E+15 -4.89E+15 ASI-S9 

Surface 0 1.21E+16 9.40E+15 3.94E+15 -2.71E+15 -5.45E+15 -8.16E+15 

ASI-S9 

Surface H 0.7863 0.4535 0.9006 -0.3328 0.4471 0.1143 
ASI-SIO Surface C 1.13E+16 9.18E+15 6.31E+15 -2.12E+15 -2.87E+15 -4.99E+15 ASI-SIO 

Surface 0 1.21E+16 9.40E+15 4.85E+15 -2.71E+15 -4.55E+15 -7.25E+15 

ASI-SIO 

Surface H 0.7863 0.4535 0.8159 -0.3328 0.3624 0.0296 



Table 6.9 (cont.) 

Sample 

# 

Element of 

Interest 

Sur 

As Received 

Sample 

'ace Concentrat 

After 

Pre-Clean 

ons 

After Final 

Passivation 

Adsorpi 

During 

Pre-Clean 

ion/Desorption 

During Final 

Passivation 

Levels 

Overall 

Process 

ASl-Sll Surface C 1.13E+16 9.18E+15 6.29E+15 -2.12E+15 -2.89E+15 -5.01E+15 ASl-Sll 
Surface 0 1.21E+16 9.40E+15 4.32E+15 -2.71E+15 -5.08E+15 -7.78E+15 

ASl-Sll 

Surface H 0.7863 0.4535 0.8715 -0.3328 0.4180 0.0852 
AS1-S12 Surface C 1.13E+16 9.18E+15 6.96E+15 -2.12E+15 -2.22E+15 -4.34E+15 AS1-S12 

Surface 0 1.21E+16 9.40E+15 5.36E+15 -2.71 E+15 -4.04E+15 -6.74E+15 
AS1-S12 

Surface H 0.7863 0.4535 0.9334 -0.3328 0.4799 0.1471 
AS1-S13 Surface C 1.13E+16 9.18E+15 6.12E+15 -2.12E+15 -3.06E+15 -5.18E+15 AS1-S13 

Surface 0 1.21E+16 9.40E+15 4.82E+15 -2.71 E+15 -4.58E+15 -7.28E+15 
AS1-S13 

Surface H 0.7863 0.4535 0.8456 -0.3328 0.3921 0.0593 

Note: 
Positive values indicate adsorption. 
Negative values indicate desorption. 

Concentrations of Disordered Si, C, and O are given in terms of atoms/cm^. 

Concentrations of H is given in terms of % fraction relative to the polystyrene standard. 
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Figure 6.24 Comparison of the surface concentrations of carbon as measured by ion beam analysis for the Si(lOO) samples 
generated in the experiments AS 1 and AS2. 
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Figure 6.25 Mean and standard deviation of surface concentrations of carbon, oxygen, and hydrogen as measured by ion beam 
techniques for the Si(lOO) samples generated in the experiments ASl and AS2. 



Table 6.10 Calculation of delta change in surface concentrations of C, O, and H for the Si(lOO) samples generated in 
experiments AS 1 and AS2. 

Surface Concentration 
Sample Carbon (atoms/cm^) Oxygen (atoms/cm^) Hydrogen (Percent fraction) 

# ASl AS2 Delta (#) ASl AS2 Delta (%) ASl AS2 Delta (*) 
SI 1.13E+16 1.08E+16 5.07E+14 1.21E+16 1.36E+16 -1.47E+15 0.7863 0.8613 -0.0750 
S2 5.33E+15 5.36E+15 -3.35E+13 l.OlE+16 1.16E+16 -1.53E+15 0.5674 0.6927 -0.1253 
S3 6.63E+15 6.84E+15 -2.05E+14 6.33E+15 7.07E+15 -7.43E+14 0.7119 0.7999 -0.0880 
34 9.18E+15 8.65E+15 5.25E+14 9.40E+15 1.06E+16 -1.15E+15 0.4535 0.6783 -0.2248 
S5 7.26E+15 7.54E+15 -2.83E+14 4.57E+15 5.01E+15 -4.40E+14 0.9827 1.1400 -0.1573 
S6 6.69E+15 6.17E+15 5.23E+14 4.15E+15 4.49E+15 -3.40E+14 0.8133 1.0156 -0.2023 
S7 6.89E+15 6.32E+15 5.73E+14 4.66E+15 5.12E+15 -4.59E+14 0.8761 1.0900 -0.2139 
S8 7.03E+15 6.87E+15 1.56E+14 4.29E+15 4.80E+15 -5.14E+14 1.1051 1.0562 0.0489 
S9 6.41E+15 6.19E+15 2.14E+14 3.94E+15 4.39E+15 -4.40E+14 0.9006 0.9651 -0.0645 
SIO 6.31E+15 6.03E+15 2.82E+14 4.85E+15 5.04E+15 -1.93E+14 0.8159 0.8937 -0.0778 
Sll 6.29E+15 5.79E+15 4.99E+14 4.32E+15 5.17E+15 -8.50E+14 0.8715 0.9162 -0.0447 
512 6.96E+15 6.29E+15 6.71E+14 5.36E+15 5.89E+15 -5.34E+14 0.9334 0.9929 -0.0595 
S13 6.12E+15 5.47E+15 6.42E+14 4.82E+15 5.40E+15 -5.82E+14 0.8456 0.8956 -0.0500 

Note; Positive values indicate that the surface concentration from experiment AS 1 is larger than that from experiment AS2. 
Negative values indicate the reverse. 

(#) Average difference for carbon is 3.13E+14 
(%) Average difference for oxygen is -7.12E+14 
(*) Average difference for hydrogen is -0.1026 



Table 6.11 Comparison of adsorption and desorption levels for C, O, and H on Si(lOO) surfaces for the samples generated in 
the experiments AS! and AS2 based on mean values. 

Sample 

# 

Element of 

Interest 

Sur 
As Received 

Sample 

'ace Concentrati 
After 

Pre-Clean 

ons 
After Final 

Passivation 

Adsorp 
During 

Pre-Clean 

ticn/Desorption 

During Final 

Passivation 

Levels 

Overall 

Process 
S5 Surface C l.llE+16 8.92E+15 7.40E+15 -2.18E+15 -1.52E+15 -3.70E+15 S5 

Surface O 1.28E+16 9.97E+15 4.79E+15 -2.83E+15 -5.18E+15 -8.01E+15 
S5 

Surface H 0.8238 0.5659 1.0614 -0.2579 0.4955 0.2376 
S6 Surface C I.llE+16 8.92E+15 6.43E+15 -2.18E+15 -2.49E+15 -4.67E+15 S6 

Surface 0 1.28E+16 9.97E+15 4.32E+15 -2.83E+15 -5.65E+15 -8.48E+15 
S6 

Surface H 0.8238 0.5659 0.9145 -0.2579 0.3486 0.0907 
S7 Surface C l.llE+16 8.92E+15 6.61E+15 -2.18E+15 -2.31E+15 -4.49E+15 S7 

Surface 0 1.28E+16 9.97E+15 4.89E+15 -2.83E+15 -5.08E-hl5 -7.91E+15 
S7 

Surface H 0.8238 0.5659 0.9831 -0.2579 0.4172 0.1593 
S8 Surface C l.llE+16 8.92E+15 6.95E+15 -2.18E+15 -I.97E+15 -4.15E+15 S8 

Surface O 1.28E+16 9.97E+15 4.55E+15 -2.83E+15 -5.42E+15 -8.25E+15 
S8 

Surface H 0.8238 0.5659 1.0807 -0.2579 0.5148 0.2569 
S9 Surface C l.llE+16 8.92E+15 6.30E+15 -2.18E+15 -2.62E+15 -4.80E+15 S9 

Surface 0 1.28E+16 9.97E+15 4.17E+15 -2.83E+15 -5.80E+15 -8.63E+15 
S9 

Surface H 0.8238 0.5659 0.9329 -0.2579 0.3670 0.1091 
SIO Surface C l.llE+16 8.92E+15 6.17E+15 -2.18E+15 -2.75E+15 -4.93E+15 SIO 

Surface 0 1.28E+16 9.97E+15 4.95E+15 -2.83E+15 -5.02E+15 -7.85E+15 

SIO 

Surface H 0.8238 0.5659 0.8548 -0.2579 0.2889 0.0310 
Sll Surface C l.llE+16 8.92E+15 6.04E+15 -2.18E+15 -2.88E+15 -5.06E+15 Sll 

Surface 0 1.28E+16 9.97E+15 4.75E+15 -2.83E+15 -5.22E+15 -8.05E+15 

Sll 

Surface H 0.8238 0.5659 0.8939 -0.2579 0.3280 0.0701 

4^ 
ON 



Table 6.11 (cont.) 

Sample 

# 

Element of 

Interest 

Sur 

As Received 

Sample 

'ace Concentrati 

After 

Pre-Clean 

ons 

After Final 

Passivation 

Adsorp 

During 

Pre-Clean 

tion/Desorption 

During Final 

Passivation 

Levels 

Overall 

Process 
S12 Surface C l.llE+16 8.92E+15 6.62E+15 -2.18E+15 -2.30E+15 -4.48E+15 S12 

Surface 0 1.28E+16 9.97E+15 5.63E+15 -2.83E+15 -4.34E+15 -7.17E-I-15 

S12 

Surface H 0.8238 0.5659 0.9632 -0.2579 0.3973 0.1394 
S13 Surface C l.llE+16 8.92E+15 5.79E+15 -2.18E+15 -3.13E+15 -5.31EH-15 S13 

Surface O 1.28E+16 9.97E+15 5.11E+15 -2.83E+15 -4.86E+15 -7.69E+15 
S13 

Surface H 0.8238 0.5659 0.8706 -0.2579 0.3047 0.0468 

Note: 
Positive values indicate adsorption. 
Negative values indicate desorption. 

Concentrations of C, and O are given in terms of atoms/cm^. 

Concentrations of H is given in terms of % fraction relative to the polystyrene standard. 
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Figure 6.26 Comparison of the surface concentrations of oxygen as measured by ion beam analysis for the Si(lOO) samples 
generated in the experiments AS 1 and AS2. 
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Figure 6.27 Comparison of the surface concentrations of hydrogen measured as a percent fraction of a polystyrene standard by 
ion beam analysis for the Si(lOO) samples generated in the experiments ASl and AS2. 
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Table 6.12 Comparison of similar samples from different experiments to determine the reproducibility of Ion Beam Analysis 
technique. 

# 

Sample 

Description 

Impurity 

Element VBl ASl 

Surface Co 

AS2 

ncentration 

AS3 Mean Std. Dev. 

SI 

Wafers 

as received from 

manufacturer 

C 1.19E+16 1.13E+16 1.08E+16 l.llE+16 1.13E+16 4.65E+14 

SI 

Wafers 

as received from 

manufacturer 

0 1.22E+16 1.21E+16 1.36E+16 1.30E+16 1.27E+16 7.09E+14 SI 

Wafers 

as received from 

manufacturer H 0.6564 0.7863 0.8613 0.6913 0.7488 0.0929 

S2 

81+SCI at80°Cfor 10 

minutes followed by 5 

minutes DI water rinse 

C 7.35E+15 5.33E+15 5.36E+15 5.08E+15 5.78E+15 1.05E+15 

S2 

81+SCI at80°Cfor 10 

minutes followed by 5 

minutes DI water rinse 

0 1.05E+16 l.OlE+16 1.16E+16 1.19E+16 I.lOE+16 8.62E+14 S2 

81+SCI at80°Cfor 10 

minutes followed by 5 

minutes DI water rinse H 0.4974 0.5674 0.6927 0.5316 0.5723 0.0852 

S3 

S2 + 2:98 HF/H2O for 2 

minutes followed by 5 

minutes DI water rinse 

C 7.73E+15 6.63E+15 6.84E+15 5.79E+15 6.75E+15 7.97E+14 

S3 

S2 + 2:98 HF/H2O for 2 

minutes followed by 5 

minutes DI water rinse 

0 8.68E+15 6.33E+15 7.07E+15 8.26E+15 7.59E+15 1.08E+15 S3 

S2 + 2:98 HF/H2O for 2 

minutes followed by 5 

minutes DI water rinse H 0.6286 0.7119 0.7999 0.6229 0.6908 0.0833 

S4 

S3 + SC2 at 80°C for 10 

minutes followed by 5 

minutes DI water rinse 

C 9.59E+15 9.18E+15 8.65E+15 9.22E+15 9.16E+15 3.87E+14 

S4 

S3 + SC2 at 80°C for 10 

minutes followed by 5 

minutes DI water rinse 

0 1.03E+16 9.40E+15 1.06E+16 l.llE+16 1.04E+16 7.14E+14 S4 

S3 + SC2 at 80°C for 10 

minutes followed by 5 

minutes DI water rinse H 0.3702 0.4535 0.6783 0.4819 0.4960 0.1305 

S5 

S4 + Dip in HF/methanol for 

1 minute followed by 5 

minutes methanol rinse 

C 7.03E+15 7.26E+15 7.54E+15 5.69E+15 6.88E+15 8.20E+14 

S5 

S4 + Dip in HF/methanol for 

1 minute followed by 5 

minutes methanol rinse 

0 7.68E+15 4.57E+15 5.01E+15 7.53E+15 6.20E+15 1.64E+15 S5 

S4 + Dip in HF/methanol for 

1 minute followed by 5 

minutes methanol rinse H 1.1220 0.9827 1.1400 1.0937 1.0846 0.0706 

Note: C and O are reported in aloms/cm^ and H in % fraction of a standard. 

Mean and standard deviation across ail the samples => Element Mean Std. Dev. 
C 7.97E+15 7.05E+14 
0 9.58E+15 l.OOE+15 
H 0.7185 0.0925 



Table 6.13 Description of the samples used in the experiment ASS. 

Sample # Sample Preparation 

AS3-S1 As received from Motorola Inc. 

AS3-S2 After dip in SCI solution at 80°C for 10 minutes followed by 5 minutes rinse in running deionized 
water purged with pure nitrogen 

AS3-S3 After dip in 2:98 HF/H2O solution for 2 minutes followed by 5 minutes rinse in running deionized 
water purged with pure nitrogen 

AS3-S4 After dip in SC2 at 80°C for 10 minutes followed by 5 minutes rinse in running deionized water purged 
with pure nitrogen 

AS3-S5 After dip in 1:9 HF/Methanol solution for 30 seconds followed by 5 minutes rinse in methanol 

AS3-S6 After dip in 1:9 HF/Methanol solution for 1 minute followed by 5 minutes rinse in Methanol 

AS3-S7 After dip in 1:9 HF/Methanol solution for 2 minutes followed by 5 minutes rinse in Methanol 

AS3-S8 After dip in 1:9 HF/Methanol solution for 5 minutes followed by 5 minutes rinse in Methanol 
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Figure 6.28 Comparison of the surface concentrations of carbon, oxygen, and hydrogen as measured by ion beam analysis for 
the Si(lOO) samples generated in the experiment ASi 
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Table 6.14 Comparison of adsorption and desorption levels for C, O, and H on Si(lOO) surfaces for the samples generated in 
the experiment AS3. 

Surface Concentrations Adsorption/Desorption Levels 

Sample Element of As Received After After Final During During Final Overall 

# Interest Sample Pre-Clean Passivation Pre-Clean Passivation Process 
AS3-S5 Surface C l.llE+16 9.22E+15 6.03E+15 -1.88E+15 -3.19E+15 -5.07E+15 

Surface O 1.30E+16 l.llE+16 8.44E+15 -1.86E+15 -2.70E+15 -4.56E+15 
Surface H 0.6913 0.4819 0.8351 -0.2094 0.3532 0.1438 

AS3-S6 Surface C l.llE+16 9.22E+15 5.69E+15 -1.88E+15 -3.53E-hl5 -5.41E+15 
Surface 0 1.30E+16 l.llE+16 7.53E+15 -1.86E+15 -3.61E+15 -5.47E+15 
Surface H 0.6913 0.4819 1.0937 -0.2094 0.6118 0.4024 

AS3-S7 Surface C l.llE+16 9.22E+15 5.10E+15 -1.88E+15 -4.12E+15 -6.00E+15 
Surface 0 1.30E+16 l.llE+16 6.96E+15 -1.86E+15 -4.18E+15 -6.04E+15 
Surface H 0.6913 0.4819 1.3523 -0.2094 0.8704 0.6610 

AS3-S8 Surface C l.llE+16 9.22E+15 4.89E+15 -1.88E+15 -4.33E+15 -6.21E+15 
Surface 0 1.30E+16 l.llE+16 6.49E+15 -1.86E+15 -4.65E+15 -6.51E+15 
Surface H 0.6913 0.4819 1.4771 -0.2094 0.9952 0.7858 

Note; 

Positive values indicate adsorption. 

Negative values indicate desoqition. 

Concentrations of Disordered Si, C, and O are given in terms of atoms/cm'. 

Concentrations of H is given in terms of % fraction relative to the polystyrene standard. 



Table 6.15 Description of the samples used in the experiment ASS. 

Sample # Sample Preparation 
AS5-S1 As received from Motorola Inc. 

AS5-S2 
After dip in SCI solution at 80°C for 10 minutes followed by 5 minutes rinse in running deionized 
water purged with pure nitrogen 

AS5-S3 
After dip in 2:98 HF/H2O solution for 2 minutes followed by 5 minutes rinse in running deionized 
water purged with pure nitrogen 

AS5-S4 
After dip in SC2 at 80°C for 10 minutes followed by 5 minutes rinse in running deionized water purged 
with pure nitrogen 

AS5-S5 After dip in 1:9 HF/Methanol solution for 1 minute followed by 5 minutes rinse in methanol 

AS5-S6 
After dip in 1:9 HF/Methanol solution for 1 minute followed by dewetting in air by holding the sample 
vertical and a quick dip in running deionized water purged with pure nitrogen 

AS5-S7 
After dip in 1:9 HF/Methanol solution for 1 minute followed by 5 minutes rinse in running deionized 
water purged with pure nitrogen 

AS5-S8 After dip in 1:9 HF/IPA solution for 1 minute followed by 5 minutes rinse in IPA 

AS5-S9 
After dip in 1:9 HF/IPA solution for 1 minute followed by dewetting in air by holding the sample 
vertical and a quick dip in running deionized water purged with pure nitrogen 

AS5-S10 
After dip in 1:9 HF/IPA solution for 1 minute followed by 5 minutes rinse in running deionized water 
purged with pure nitrogen 

AS5-S11 After dip in 1:9 HF/Ethanol solution for 1 minute followed by 5 minutes rinse in Ethanol 

AS5-S12 
After dip in 1:9 HF/Ethanol solution for 1 minute followed by dewetting in air by holding the sample 
vertical and a quick dip in running deionized water purged with pure nitrogen 

AS5-S13 
After dip in 1:9 HF/Ethanol solution for 1 minute followed by 5 minutes rinse in mnning deionized 
water purged with pure nitrogen 

AS5-S14 After dip in 1:9 HF/Methanol solution for 30 seconds followed by 5 minutes rinse in methanol 
AS5-S15 After dip in 1:9 HF/Methanol solution for 2 minutes followed by 5 minutes rinse in methanol 
AS5-S16 After dip in 1:9 HF/Methanol solution for 5 minutes followed by 5 minutes rinse in methanol 
AS5-S17 After dip in 1:9 HF/H2O solution for 1 minute followed by 5 minutes rinse in methanol 
AS5-S18 After dip in 1:9 HF/IPA solution for 30 seconds followed by 5 minutes rinse in IPA 
AS5-S19 After dip in 1:9 HF/IPA solution for 2 minutes followed by 5 minutes rinse in IPA 
AS5-S20 After dip in 1:9 HF/IPA solution for 5 minutes followed by 5 minutes rinse in IPA 



Table 6.16 Summary of the normalized RMS values for the samples generated in ASS experiment as a function of the scan area. 

Sample Image Area Box Area RMS Normalization 
# Sq. |xm. X (^im.) Y(nm.) Sq. |im. Original Normalized 

AS5-S1 4.00 1.08 0.79 0.86 0.122 0.122 
AS5-S2 4.00 1.53 1.20 1.83 0.067 0.031 
AS5-S3 4.00 1.59 0.95 1.51 0.123 0.070 
AS5-S4 4.00 1.75 1.12 1.97 0.129 0.056 
AS5-S5 4.00 1.46 0.68 0.99 0.092 0.080 
AS5-S6 4.00 1.69 0.91 1.54 0.111 0.062 
AS5-S7 4.00 1.50 0.27 0.41 0.145 0.306 
AS5-S8 4.00 1.51 1.50 2.26 0.109 0.041 
AS5-S9 4.00 1.54 0.91 1.40 0.120 0.074 
AS5-S10 4.00 1.39 0.76 1.06 0.169 0.137 
AS5-S11 4.00 1.32 1.43 1.88 0.098 0.045 
AS5-S12 4.00 1.50 0.68 1.03 0.132 0.110 
AS5-S13 4.00 1.72 0.87 1.50 0.115 0.066 
AS5-S14 4.00 1.67 1.05 1.75 0.114 0.056 
AS5-S15 4.00 1.73 1.10 1.91 0.120 0.054 
AS5-S16 4.00 1.71 0.96 1.64 0.113 0.059 
AS5-S17 4.00 1.62 0.65 1.06 1.973 1.601 
AS5-S18 4.00 1.48 1.42 2.09 0.029 0.012 
AS5-S19 4.00 1.18 0.96 1.14 0.160 0.120 
AS5-S20 4.00 1.46 0.54 0.78 0.071 0.078 

Note: Normalization of RMS is done w.r.t. "As Received" sample. 
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Figure 6.29 Plot of the TMAFM roughness analysis done on 2 x 2 |im^ area of the Si(lOO) samples generated in the experiment 
ASS. MeA - Methanol, IPA - Isopropanol and EtA - Ethanol. 



Table 6.17 Description of the samples generated in the experiment AS6 for analysis by FTIR in ATR mode. 

Sample # Sample Preparation 

AS6-S1 As received from Motorola Inc. 

AS6-S2 After dip in SCI solution at 80°C for 10 minutes followed by 5 minutes rinse in running deionized 
water purged with pure nitrogen 

AS6-S3 After dip in 2:98 HF/H2O solution for 2 minutes followed by 5 minutes rinse in running deionized 
water purged with pure nitrogen 

AS6-S4 After dip in SC2 at 80°C for 10 minutes followed by 5 minutes rinse in running deionized water purged 
with pure nitrogen 

AS6-S5 After dip in 1:9 HF/Methanol solution for 1 minute followed by 5 minutes rinse in methanol 

AS6-S6 After dip in 1:9 HF/Methanol solution for 1 minute followed by dewetting in air by holding the sample 
vertical and a quick dip in running deionized water purged with pure nitrogen 

AS6-S7 After dip in 1 ;9 HF/Methanol solution for 1 minute followed by 5 minutes rinse in running deionized 
water purged with pure nitrogen 

AS6-S8 After dip in 1:9 HF/Methanol solution for 30 seconds followed by 5 minutes rinse in methanol 
AS6-S9 After dip in 1:9 HF/Methanol solution for 2 minutes followed by 5 minutes rinse in methanol 

AS6-S10 After dip in 1:9 HF/Methanol solution for 5 minutes followed by 5 minutes rinse in methanol 

AS6-S11 After dip in 1:99 HF/Methanol solution for 1 minute followed by 5 minutes rinse in methanol 

AS6-S12 After dip in 1 ;99 HF/Methanol solution for 1 minute followed by dewetting in air by holding the sample 
vertical and a quick dip in running deionized water purged with pure nitrogen 

AS6-S13 After dip in 1:99 HF/Methanol solution for 1 minute followed by 5 minutes rinse in running deionized 
water purged with pure nitrogen 

AS6-S14 After dip in 1:99 HF/Methanol solution for 30 seconds followed by 5 minutes rinse in methanol 
AS6-S15 After dip in 1:99 HF/Methanol solution for 2 minutes followed by 5 minutes rinse in methanol 
AS6-S16 After dip in 1:99 HF/Methanol solution for 5 minutes followed by 5 minutes rinse in methanol 
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Figure 6.30 Illustration of locations of the key peaks observed by FTIR spectra gathered in ATR mode on the surface of Si(lOO) 
samples generated in the experiment AS6. 
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Figure 6.31 Comparison of area for hydride and oxide peaks obtained by FTIR in ATR mode on the surface of Si(lOO) samples 
generated in the experiment AS6. 
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Figure 6.32 Illustration of amount of total hydride formed in comparison to oxide desorbed from the surface of the Si(lOO) 
samples generated in the experiment AS6. 



Table 6.18 Description of the samples generated in the experiment AS7 for analysis by FTIR in ATR mode. 

Sample # Sample Preparation 
AS7-S1 As received from Motorola Inc. 

AS7-S2 After dip in SCI solution at 80°C for 10 minutes followed by 5 minutes rinse in running deionized 
water purged with pure nitrogen 

AS7-S3 After dip in 2:98 HF/H2O solution for 2 minutes followed by 5 minutes rinse in running deionized 
water purged with pure nitrogen 

AS7-S4 After dip in SC2 at 80°C for 10 minutes followed by 5 minutes rinse in running deionized water purged 
with pure nitrogen 

AS7-S5 After dip in 1:9 HF/IPA solution for 1 minute followed by 5 minutes rinse in IPA 

AS7-S6 After dip in 1:9 HF/IPA solution for 1 minute followed by dewetting in air by holding the sample 
vertical and a quick dip in running deionized water purged with pure nitrogen 

AS7-S7 After dip in 1:9 HF/IPA solution for 1 minute followed by 5 minutes rinse in running deionized water 
purged with pure nitrogen 

AS7-S8 After dip in 1:9 HF/IPA solution for 30 seconds followed by 5 minutes rinse in IPA 
AS7-S9 After dip in 1:9 HF/IPA solution for 2 minutes followed by 5 minutes rinse in IPA 
AS7-S10 After dip in 1:9 HF/IPA solution for 5 minutes followed by 5 minutes rinse in IPA 
AS7-S11 After dip in 1:99 HF/IPA solution for 1 minute followed by 5 minutes rinse in IPA 

AS7-S12 After dip in 1:99 HF/IPA solution for 1 minute followed by dewetting in air by holding the sample 
vertical and a quick dip in running deionized water purged with pure nitrogen 

AS7-S13 After dip in 1:99 HF/IPA solution for 1 minute followed by 5 minutes rinse in running deionized water 
purged with pure nitrogen 

AS7-S14 After dip in 1:99 HF/IPA solution for 30 seconds followed by 5 minutes rinse in IPA 
AS7-S15 After dip in 1:99 HF/IPA solution for 2 minutes followed by 5 minutes rinse in IPA 
AS7-S16 After dip in 1 ;99 HF/IPA solution for 5 minutes followed by 5 minutes rinse in IPA 
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Figure 6.33 Illustration of locations of the key peaks observed by FTIR spectra gathered in ATR mode on the surface of Si(lOO) 
samples generated in the experiment AS7. 
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Figure 6.34 Comparison of area for hydride and oxide peaks obtained by FTIR in ATR mode on the surface of Si(lOO) samples 
generated in the experiment AS7. 
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Figure 6.35 Illustration of amount of total hydride formed in comparison to oxide desorbed from the surface of the Si(lOO) 
samples generated in the experiment AS7. 
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Table 6.19 Description of the samples generated in the experiment AS9 for analysis by FTIR in ATR mode. 

Sample # Sample Preparation 
AS9-S1 As received from Motorola Inc. 

AS9-S2 After dip in SCI solution at 80°C for 10 minutes followed by 5 minutes rinse in running deionized 
water purged with pure nitrogen 

AS9-S3 After dip in 2:98 HF/HjO solution for 2 minutes followed by 5 minutes rinse in running deionized 
water purged with pure nitrogen 

AS9-S4 After dip in SC2 at 80°C for 10 minutes followed by 5 minutes rinse in running deionized water purged 
with pure nitrogen 

AS9-S5 After dip in 1:9 HF/Methanol solution for 1 minute followed by 5 minutes rinse in methanol 

AS9-S6 After dip in 1:9 HF/Methanol solution for 1 minute followed by dewetting in air by holding the sample 
vertical and a quick dip in running deionized water purged with pure nitrogen 

AS9-S7 After dip in 1:9 HF/Methanol solution for 1 minute followed by 5 minutes rinse in running deionized 
water purged with pure nitrogen 

AS9-S8 After dip in 1:9 HF/Methanol solution for 30 seconds followed by 5 minutes rinse in methanol 
AS9-S9 After dip in 1:9 HF/Methanol solution for 2 minutes followed by 5 minutes rinse in methanol 
AS9-S10 After dip in 1:9 HF/Methanol solution for 5 minutes followed by 5 minutes rinse in methanol 
AS9-S11 After dip in 1 ;9 HF/IPA solution for 1 minute followed by 5 minutes rinse in IPA 

AS9-S12 After dip in 1:9 HF/IPA solution for 1 minute followed by dewetting in air by holding the sample 
vertical and a quick dip in running deionized water purged with pure nitrogen 

AS9-S13 After dip in 1:9 HF/IPA solution for 1 minute followed by 5 minutes rinse in running deionized water 
purged with pure nitrogen 

AS9-S14 After dip in 1:9 HF/IPA solution for 30 seconds followed by 5 minutes rinse in IPA 
AS9-S15 After dip in 1:9 HF/IPA solution for 2 minutes followed by 5 minutes rinse in IPA 
AS9-S16 After dip in 1:9 HF/IPA solution for 5 minutes followed by 5 minutes rinse in IPA 
AS9-S17 After dip in 1:9 HF/Ethanol solution for 1 minute followed by 5 minutes rinse in Ethanol 

AS9-S18 After dip in 1:9 HF/Ethanol solution for 1 minute followed by dewetting in air by holding the sample 
vertical and a quick dip in running deionized water purged with pure nitrogen 

AS9-S19 After dip in 1:9 HF/Ethanol solution for 1 minute followed by 5 minutes rinse in running deionized 
water purged with pure nitrogen 



Table 6.19 (cont.) 

Sample # Sample Preparation 
AS9-S20 After dip in 1:9 HF/Ethanol solution for 30 seconds followed by 5 minutes rinse in Ethanol 
AS9-S21 After dip in 1:9 HF/Ethanol solution for 2 minutes followed by 5 minutes rinse in Ethanol 
AS9-S22 After dip in 1:9 HF/Ethanol solution for 5 minutes followed by 5 minutes rinse in Ethanol 
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Figure 6.36 Illuslration of locations of the key peaks observed by FTIR spectra gathered in ATR mode on the surface of Si( 100) 
samples generated in the experiment AS9. 
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Figure 6.37 Comparison of area for hydride and oxide peaks obtained by FTIR in ATR mode on the surface of Si(lOO) samples 
generated in the experiment AS9. 
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Figure 6.38 Illustration of amount of total hydride formed in comparison to oxide desorbed from the surface of the Si(lOO) 
samples generated in the experiment AS9. 
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Table 6.20 Description of the samples generated in the experiment AS 16 for analysis by FTIR in ATR mode. 

HF/H20 HF/Methanol Rinse 
Sample # Concentration Time (sec.) Concentration Time (sec.) Solution Time (sec.) 
AS16-S1 1:40 30 X X DIH2O 300 
AS16-S2 1:40 30 X X DIH2O 10 
AS16-S3 1:40 30 X X Methanol 300 
AS16-S4 1:40 30 X X IPA 300 
AS16-S5 X X 1:10 30 DI H2O 300 
AS 16-86 X X 1:10 30 DIH2O 10 
AS16-S7 X X 1:10 30 Methanol 300 
AS16-S8 X X 1:10 30 IPA 300 
AS16-S9 I 40 30 1:10 30 DIH2O 300 
AS16-S10 1 40 30 1:10 30 DIH2O 10 
AS16-S11 1 40 30 1:10 30 Methanol 300 
AS16-S12 1 40 30 1:10 30 IPA 300 
AS16-S13 1 40 30 1:10 30 DIHjO 10 
AS16-S14 1 40 30 1:10 300 DIH2O 10 
AS16-S15 1 40 30 1:40 30 DIH2O 10 
AS16-S16 1 40 30 1:40 300 DIH2O 10 
AS16-S17 1 40 30 1:99 30 DIH2O 10 
AS16-S18 1 40 30 1:99 300 DIH2O 10 
AS16-S19 X X 1:10 30 DIH2O 10 
AS16-S20 X X 1:10 300 DIH2O 10 
AS16-S21 X X 1:40 30 DIH2O 10 
AS16-S22 X X 1:40 300 DIH2O 10 
AS 16-823 X X 1:99 30 DIH2O 10 
AS 16-824 X X 1:99 300 DIH2O 10 
AS 16-825 X X X X X X 



Table 6.20 (cont.) 

Note: All samples underwent "Modified RCA" pre-clean according to the following procedure 

1. Dip in SCI solution maintained at 80°C for 10 minutes followed by rinse in deionized water for 5 minutes. 
2. Dip in 2:98 HF/H^O solution maintained at room temperature for 2 minutes followed by rinse in deionized water 

for 5 minutes. 
3. Dip in SC2 solution maintained at 80°C for 10 minutes followed by rinse in deionized water for 5 minutes. 

Sample AS16-S25 was taken out after "Modified RCA" pre-clean process and used as a reference for FTIR-ATR. 
Sample AS16-S10 is identical to sample AS16-S13, as such, sample AS16-S10 was not processed. 
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Figure 6.39 Illustration of locations of the key peaks observed by FTIR spectra gathered in ATR mode on the surface of Si(lOO) 
samples generated in the experiment AS 16. 
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Figure 6.40 Comparison of area for hydride and oxide peaks obtained by FTIR in ATR mode on the surface of Si(lOO) samples 
generated in the experiment AS 16. 
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Figure 6.41 Illustration of amount of total hydride formed in comparison to oxide desorbed from the surface of the Si(lOO) 
samples generated in the experiment AS 16. 
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Table 6.21 Description of the samples generated in the experiment AS 11 by treatment with HF/Methanol passivation solution. 

Sample # Sample Preparation 
ASll-Sl As received from Motorola Inc. 

AS11-S2 After dip in SCI solution at 80°C for 10 minutes followed by 5 minutes rinse in running deionized 
water purged with pure nitrogen 

AS 11-S3 After dip in 2:98 HF/H2O solution for 2 minutes followed by 5 minutes rinse in running deionized 
water purged with pure nitrogen 

AS11-S4 After dip in SC2 at 80°C for 10 minutes followed by 5 minutes rinse in running deionized water purged 
with pure nitrogen 

AS11-S5 After dip in 1:99 HF/Methanol solution for 1 minute followed by 5 minutes rinse in methanol 

AS11-S6 After dip in 1:99 HF/Methanol solution for 1 minute followed by dewetting in air by holding the sample 
vertical and a quick dip in running deionized water purged with pure nitrogen 

AS11-S7 After dip in 1:99 HF/Methanol solution for 1 minute followed by 5 minutes rinse in running deionized 
water purged with pure nitrogen 

AS11-S8 After dip in 1:99 HF/Methanol solution for 30 seconds followed by 5 minutes rinse in methanol 
AS11-S9 After dip in 1:99 HF/Methanol solution for 2 minutes followed by 5 minutes rinse in methanol 
ASll-SlO After dip in 1:99 HF/Methanol solution for 5 minutes followed by 5 minutes rinse in methanol 
ASll-Sll After dip in 1:9 HF/Methanol solution for 1 minute followed by 5 minutes rinse in methanol 

AS11-S12 After dip in 1:9 HF/Methanol solution for 1 minute followed by dewetting in air by holding the sample 
vertical and a quick dip in running deionized water purged with pure nitrogen 

AS11-S13 After dip in 1:9 HF/Methanol solution for 1 minute followed by 5 minutes rinse in running deionized 
water purged with pure nitrogen 

AS11-S14 After dip in 1:9 HF/Methanol solution for 30 seconds followed by 5 minutes rinse in methanol 
AS11-S15 After dip in 1:9 HF/Methanol solution for 2 minutes followed by 5 minutes rinse in methanol 
ASn-S16 After dip in 1:9 HF/Methanol solution for 5 minutes followed by 5 minutes rinse in methanol 
AS11-S17 After dip in 1:9 HF/H20 solution for 1 minute followed bv 5 minutes rinse in methanol 
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Figure 6.42 Plot of the reproducibility for the tilting plate measurements of the wetting nature for deionized water on Si(lOO) 
samples generated in the experiment AS 11 with HF/Methanol passivation solution. 
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Table 6.22 Description of the samples generated in the experiment AS 13 by treatment with HF/IPA passivation solution. 

Sample # Sample Preparation 
AS13-S1 As received from Motorola Inc. 

AS13-S2 After dip in SCI solution at 80°C for 10 minutes followed by 5 minutes rinse in running deionized 
water purged with pure nitrogen 

AS13-S3 After dip in 2:98 HF/HjO solution for 2 minutes followed by 5 minutes rinse in running deionized 
water purged with pure nitrogen 

AS13-S4 After dip in SC2 at 80°C for 10 minutes followed by 5 minutes rinse in running deionized water purged 
with pure nitrogen 

AS13-S5 After dip in 1:99 HF/IPA solution for 1 minute followed by 5 minutes rinse in IPA 

AS13-S6 After dip in 1:99 HF/IPA solution for 1 minute followed by dewetting in air by holding the sample 
vertical and a quick dip in running deionized water purged with pure nitrogen 

AS13-S7 After dip in 1:99 HF/IPA solution for 1 minute followed by 5 minutes rinse in running deionized water 
purged with pure nitrogen 

AS13-S8 After dip in 1:99 HFAPA solution for 30 seconds followed by 5 minutes rinse in IPA 
AS13-S9 After dip in 1:99 HF/IPA solution for 2 minutes followed by 5 minutes rinse in IPA 

AS13-S10 After dip in 1:99 HF/IPA solution for 5 minutes followed by 5 minutes rinse in IPA 
AS13-S11 After dip in 1 ;9 HF/IPA solution for 1 minute followed by 5 minutes rinse in IPA 

AS13-S12 After dip in 1 ;9 HF/IPA solution for 1 minute followed by dewetting in air by holding the sample 
vertical and a quick dip in running deionized water purged with pure nitrogen 

AS13-S13 After dip in 1:9 HF/IPA solution for 1 minute followed by 5 minutes rinse in running deionized water 
purged with pure nitrogen 

AS13-S14 After dip in 1:9 HF/IPA solution for 30 seconds followed by 5 minutes rinse in IPA 
AS13-S15 After dip in 1:9 HF/IPA solution for 2 minutes followed by 5 minutes rinse in IPA 
AS13-S16 After dip in 1:9 HF/IPA solution for 5 minutes followed by 5 minutes rinse in IPA 
AS13-S17 After dip in 1:9 HF/H20 solution for 1 minute followed bv 5 minutes rinse in IPA 
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Figure 6.43 Plot of the reproducibility for the tilting plate measurements of the wetting nature for deionized water on Si(lOO) 
samples generated in the experiment AS 13 with HF/IPA passivation solution. 
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Table 6.23 Description of the samples generated in the experiment AS 14 by treatment with HF/Ethanol passivation solution. 

Sample # Sample Preparation 
AS14-S1 As received from Motorola Inc. 

AS 14-82 After dip in SCI solution at 80°C for 10 minutes followed by 5 minutes rinse in running deionized 
water purged with pure nitrogen 

AS 14-83 After dip in 2:98 HF/H2O solution for 2 minutes followed by 5 minutes rinse in running deionized 
water purged with pure nitrogen 

AS 14-84 After dip in 8C2 at 80°C for 10 minutes followed by 5 minutes rinse in running deionized water purged 
with pure nitrogen 

AS14-S5 After dip in 1:99 HF/Ethanol solution for 1 minute followed by 5 minutes rinse in Ethanol 

AS 14-86 After dip in 1:99 HF/Ethanol solution for 1 minute followed by dewetting in air by holding the sample 
vertical and a quick dip in running deionized water purged with pure nitrogen 

AS 14-87 After dip in 1:99 HF/Ethanol solution for 1 minute followed by 5 minutes rinse in running deionized 
water purged with pure nitrogen 

AS 14-88 After dip in 1:99 HF/Ethanol solution for 30 seconds followed by 5 minutes rinse in Ethanol 
AS14-S9 After dip in 1:99 HF/Ethanol solution for 2 minutes followed by 5 minutes rinse in Ethanol 

AS 14-810 After dip in 1:99 HF/Ethanol solution for 5 minutes followed by 5 minutes rinse in Ethanol 
AS 14-811 After dip in 1:9 HF/Ethanol solution for 1 minute followed by 5 minutes rinse in Ethanol 

AS 14-812 After dip in 1:9 HF/Ethanol solution for 1 minute followed by dewetting in air by holding the sample 
vertical and a quick dip in running deionized water purged with pure nitrogen 

AS14-813 After dip in 1:9 HF/Ethanol solution for 1 minute followed by 5 minutes rinse in running deionized 
water purged with pure nitrogen 

AS 14-814 After dip in 1:9 HF/Ethanol solution for 30 seconds followed by 5 minutes rinse in Ethanol 
AS14-S15 After dip in 1:9 HF/Ethanol solution for 2 minutes followed by 5 minutes rinse in Ethanol 
A814-S16 After dip in 1:9 HF/Ethanol solution for 5 minutes followed by 5 minutes rinse in Ethanol 
AS14-S17 After dip in 1:9 HF/H20 solution for 1 minute followed bv 5 minutes rinse in Ethanol 

8 
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Pre-Clean H-Passivation 

HF vapor etch 

4:1 H2SO4/H2O2 
for 90 seconds at 
65°C and approx. 

1 Atm. 

100:1 H2O/HF 

for 90 seconds at 
65°C and approx. 

1 Atm. 

100:1 H20:HF 
solution + rinse in 

water + N2 blow dry 

HF vapor etch + 
post etch treatment 
+ spin dry in N2 

atmosphere 

HF vapor etch + 
standard water 

rinse + spin dry in N2 
atmosphere 

H2O/H2O2/NH4OH 
for 195 seconds at 
65°C and approx. 

1 Atm. 

H2O/HCI/H2O2 
for 110 seconds at 
65°C and approx. 

1 Atm. 

Figure 6.46 Illustration of the vapor phase pre-clean and H-passivation flow performed by 
FSI Corp. [79]. 
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Table 6.24 Description of the samples generated in the experiment FS A1. 

SAMPLE 

# 

SAMPLE 

PREPARATION 

FSAl-Sl 

Processed in FSI's Mercury™ Spray Processor utilizing a standard 
B-Clean process at 65°C and slightly lower than atmospheric pressure 

B-Clean Process Sequence : 4:1 H2SO4/H2O2 for 90 seconds, 100:1 
H2O/HF for 90 seconds, 12:2:1 H2O/H2O2/NH4OH for 195 seconds, 
6:1:1 H2O/HCI/H2O2 for 110 seconds 

FSA1-S2 
Pre-clean similar to sample FSAl-S 1 + HF vapor etch for 2 seconds in 
Excalibur ISR Vapor Phase Processor followed by standard water rinse 
for 7 seconds and spin dry in nitrogen atmosphere for 10 seconds 

FSA1-S3 
Pre-clean similar to sample FSAl-Sl + HF vapor etch for 10 seconds in 
Excalibur ISR Vapor Phase Processor followed by standard water rinse 
for 7 seconds and spin dry in nitrogen atmosphere for 10 seconds 

FSA1-S4 
Pre-clean similar to sample FSAl-S 1 + HF vapor etch for 30 seconds in 
Excalibur ISR Vapor Phase Processor followed by standard water rinse 
for 7 seconds and spin dry in nitrogen atmosphere for 10 seconds 

FSA1-S5 Pre-clean similar to sample FSAl-S 1 + HF vapor etch for 10 seconds in 
Excalibur ISR Vapor Phase Processor with no final rinse and dry step 

FSA1-S6 
Pre-clean similar to sample FSAl-S 1 + HF vapor etch for 2 seconds in 
Excalibur ISR Vapor Phase Processor followed by post-etch treatment 
for 7 seconds and spin dry in nitrogen atmosphere for 10 seconds 

FSA1-S7 
Pre-clean similar to sample FSAl-S 1 + HF vapor etch for 2 seconds in 
Excalibur ISR Vapor Phase Processor followed by post-etch treatment 
for 7 seconds and spin dry in nitrogen atmosphere for 10 seconds 

FSA1-S8 
Pre-clean similar to sample FSAl-Sl + Dip in 100:1 H20:HF solution for 
10 minutes followed by two rinses in water for 5 seconds each and a 
nitrogen blow dry for 10 seconds 
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in rotating random mode with surface roughness RMS values obtained by Tapping Mode Atomic Force Microscope 
(TMAFM) for the Si(l(X)) samples generated in the experiment FSAl. 
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Table 6.25 Comparison of adsorption and desorption levels for C, O, and H on Si(lOO) 
surfaces for the samples generated in the experiment FSAl. 

Surface Concentrations Ads/Des Levels 

Sample Element of After After Final During Final 
# Interest Pre-CIean Passivation Passivation 

FSAI-S2 Surface C 7.94E+15 7.44E+15 -5.00E+14 FSAI-S2 
Surface O 1.03E+16 6.89E+15 -3.45E+15 

FSAI-S2 

Surface H 0.6237 0.7542 0.1305 
FSAl-S3 Surface C 7.94E+15 7.23E+15 -7.10E+14 FSAl-S3 

Surface O 1.03E+16 5.91E+15 -4.43E+15 
FSAl-S3 

Surface H 0.6237 0.7912 0.1675 
FSA1-S4 Surface C 7.94E+15 7.07E+15 -8.70E+14 FSA1-S4 

Surface O 1.03E+16 5.37E+15 -4.97E+15 
FSA1-S4 

Surface H 0.6237 0.8099 0.1862 
FSA1-S5 Surface C 7.94E+15 7.28E+15 -6.60E+14 FSA1-S5 

Surface O I.03E+16 5.30E+15 -5.04E+15 
FSA1-S5 

Surface H 0.6237 0.7881 0.1644 
FSA1-S6 Surface C 7.94E+15 6.98E+15 -9.60E+14 FSA1-S6 

Surface O 1.03E+16 5.24E+15 -5.10E+15 
FSA1-S6 

Surface H 0.6237 0.8113 0.1876 
FSAI-S7 Surface C 7.94E+15 6.95E+15 -9.90E+14 FSAI-S7 

Surface O 1.03E+16 5.19E+15 -5.15E+15 
FSAI-S7 

Surface H 0.6237 0.8156 0.1919 
FSA1-S8 Surface C 7.94E+15 7.02E+15 -9.20E+14 FSA1-S8 

Surface O 1.03E+16 5.27E+15 -5.07E+15 
FSA1-S8 

Surface H 0.6237 0.8057 0.1820 

Note: 

Ads stands for "Adsorption" 

Des stands for "Desorption" 

Positive values indicate adsorption. 

Negative values indicate desorption. 

Concentrations of C and O are given in terms of atoms/cm^. 

Concentrations of H is given in terms of % fraction relative to the polystyrene standard. 
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Table 6.26 Description of the samples generated in the experiments FSA2 and FSA3. 

Sam 

FSA2 

pie# 

FSA3 

Process 

Description 

SI Si Pre-clean similar to sample S5 + HF vapor etch for 5 seconds in 
Excalibur ISR Vapor Phase Processor with no final rinse and dry step 

S2 S2 
Pre-clean similar to sample S5 + HF vapor etch for 5 seconds in 
Excalibur ISR Vapor Phase Processor followed by standard water 
rinse for 7 seconds and spin dry in nitrogen atmosphere for 10 seconds 

S3 S3 
Pre-clean similar to sample S5 + HF vapor etch for 5 seconds in 
Excalibur ISR Vapor Phase Processor followed by post-etch treatment 
for 7 seconds and spin dry in nitrogen atmosphere for 10 seconds 

S4 S4 
Pre-clean similar to sample S5 + Dip in 100:1 H20:HF solution for 5 
minutes followed by a 5 minute rinse in water and a nitrogen blow dry 
for 10 seconds 

S5 S5 

Processed in FSI's Mercury™ Spray Processor utilizing a standard 
B-CIean process at 65°C and slightly lower than atmospheric pressure 

B-Clean Process Sequence : 4:1 H2SOJ/H2O2 for 90 seconds, 100:1 
H2O/HF for 90 seconds, 12:2:1 H2O/H2O2/NH4OH for 195 seconds, 
6:1:1 H2O/HCI/H2O2 for 110 seconds 
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Table 6.27 Comparison of adsorption and desorption levels for C, O and H on Si(lOO) 
surfaces for the samples generated in the experiments FSA2 and FSA3 based 
on mean values of siirface concentrations. 

Surface Concentrations Ads/Des Levels 

Sample Element of After After Final During Final 
# Interest Pre-Clean Passivation Passivation 

SI Surface C 7.61E+15 7.08E+15 -5.30E+14 SI 
Surface O 1.09E+16 7.35E+15 -3.59E+15 

SI 

Surface H 0.6125 0.7836 0.1711 
S2 Surface C 7.61E+15 6.96E+15 -6.49E+14 S2 

Surface O 1.09E+16 7.51E+15 -3.43E+15 
S2 

Surface H 0.6125 0.7986 0.1861 
S3 Surface C 7.61E+15 6.60E+15 -l.OlE+15 S3 

Surface O 1.09E+16 6.88E+15 -4.06E+15 
S3 

Surface H 0.6125 0.8203 0.2078 
S4 Surface C 7.61E+15 6.76E+15 -8.49E+14 S4 

Surface O 1.09E+16 6.92E+15 -4.02E+15 
S4 

Surface H 0.6125 0.8129 0.2004 

Note: 

Ads stands for "Adsorption" 

Des stands for "Desorption" 

Positive values indicate adsorption. 

Negative values indicate desorption. 

Concentrations of C and O are given in terms of atoms/cm^. 

Concentrations of H is given in terms of % fraction relative to the polystyrene standard. 
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CHAPTER 7 

OXIDATION OF H-PASSIVATED SILICON (100) SURFACES 

SiOj thin films find widespread application in electronic devices. Therefore, an 

understanding of how different cleaning procedures alter the electrical and structural 

characteristics of the Si-SiOj structure is crucial [1], The oxidation of H-passivated Si(lOO) 

surfaces is examined in this chapter. The oxidized surfaces were analyzed to determine the 

oxide thickness, the refractive index, electrical properties, the areal density, and topography 

of the oxide films. The goal was to establish the characteristics of the oxide films grown on 

H-passivated Si(lOO) surfaces as a function of chemical passivation process. The chapter is 

organized into the following two sections; 

1. Experimental Procedure. 

2. Analysis of Rapid Thermal Oxidized Samples. 

7 .1  Exper imenta l  Procedure  

100 mm p-type and polished Si(lOO) wafers donated by Motorola Inc. were cut into 

1 inch X 1 inch pieces [2,3]. The wafers, doped with boron, B, had a resistivity of 14 - 22 

Q-cm. Five whole wafers were also used in this sUidy to compare pieces and full wafers 

for oxidation reproducibility, and comparison with results from other experiments [4]. 

Both 1 inch x 1 inch pieces and whole wafers were chemically processed to obtain 

H-passivated surfaces following the liquid phase chemical procedure given in Chapter 6 

[5]. Table 7.1 summarizes the chemical process each sample underwent in the experiment 

AS4. A set of three 1 inch x 1 inch pieces underwent similar chemical processing. The 

chemical processing of the Si(lOO) wafers was carried out in a chemical laminar hood 
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located in a class 100 clean room located at CIMD Laboratory, IBeAM Facility, Goldwater 

Research Center, Arizona State University, Tempe, Arizona [6]. Sample AS4-SI did not 

undergo any chemical processing and, as such, was referred to as "As Received". Three of 

the five whole wafers were not processed either. Samples AS4-S2 through AS4-S4 

underwent chemical processing through different steps of the "Modified RCA" cleaning 

described in Chapter 6. 

The composition of the SCI solution used in this experiment was 4:1:1 

H20:H202:NH40H, whereas, that of the SC2 solution was 4:1:1 H20:H202:HC1. The 

strengths, based on weight, of the NH4OH, HF, HCl, CH3OH, IPA, and H2O2 solutions 

used in this study were 28 - 30%, 48.8 - 49.2%, 36.5 - 38.0%, 99.9% (min.), 99.5% 

(min.) and 30 - 32%, respectively [7]. All the chemicals used in this study, for both the 

"Modified RCA" cleaning and the final H-passivation step, were ppb grade, except for 

ethanol, and were qualified to as class 10 grade chemicals by the vendor [8]. The analytical 

grade ethanol used was obtained from a distributor located in Phoenix, AZ [9]. 

Samples AS4-S6 through AS4-S17 were all exposed to the "Modified RCA" cleaning 

followed by a single step passivation as described in Table 7.1. The fourth whole wafer 

was processed similarly to sample AS4-S5 and the fifth whole wafer underwent the same 

chemical processing as sample AS4-S17. Three different HP/alcohol passivation solutions 

were used in this study. They were HF/methanol, HF/IPA, and HF/ethanol. IPA stands for 

isopropanol or isopropyl alcohol. These alcohols of increasing molecular weights were 

selected for their relatively low oxidizing nature [10,11]. 1:9 HF/alcohol solutions 

maintained at room temperature were used in this experiment. Samples AS4-S5 through 

AS4-S13 were processed with three different 1:9 HF/alcohoI passivation solutions for 1 

minute followed by different final rinses. The final rinses are described in Chapter 6. 

Each sample was blow dried after processing with pure nitrogen from a hand-held 

teflon squeeze gun. Nitrogen was supplied from a gas cylinder located outside the clean 
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room [12]. The samples were stored in teflon sample holders and stored in a laminar hood 

located in the class 100 clean room prior to further processing [13]. 

The effect of immersion time in HF/methanol solution followed by a 5 minute rinse in 

methanol, on H-passivation and fiirther oxidation of Si(lOO) surfaces were examided by 

comparing samples AS4-S5, AS4-S14, AS4-S15, and AS4-S16. The etching duration 

used were 1 minute, 30 seconds, 2 minutes, and 5 minutes, respectively. Sample AS4-S17 

was passivated with aqueous 1:9 HF/HjO and rinsed for 5 minutes in methanol. This was 

done to compare the quality of oxide films grown by rapid thermal oxidation (RTO) to 

those grown by ion beam oxidation (IBO) [14]. Ion beam oxidation was done on 100 mm 

p-type Si(lOO) wafers chemically processed according to the procedure used for sample 

AS4-S17 [15]. 

Oxidation of passivated Si(lOO) was done in a rapid thermal annealing system. Model 

180-M Radiant Impulse Processor, Manufactured by Tamarack Scientific Co., Inc., 

Anaheim, CA, and located in a class 100 clean room at the Center for Solid State 

Engineering Research, Engineering Research Center, Arizona State University, Tempe, 

Arizona [16-27]. The time delay between the chemical processing and rapid thermal 

oxidation was minimal. The wafers were oxidized within a maximum of three hours after 

passivation. The passivated samples were transferred from the clean room to the oxidation 

chamber in an air-tight teflon sample holders [28]. To condition the rapid thermal system 

for high temperamre annealing, a sacrificial wafer was placed in the quartz sample holder, 

loaded into the oven, and heated from room temperature to 1100°C by several halogen 

lamps that were linearly arranged [20,29]. Heating took place in an oxygen atmosphere and 

lasted approximately 2 minutes. After oxidation, the temperature in the oven dropped to 

about 400°C in less than 60 seconds, at which time the sample was removed for the next 

oxidation [29]. Initially, the oxygen flow was set high but during rapid thermal oxidation, a 
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low flow rate was used. A nitrogen gas purge at a very low flow rate was used throughout 

the whole procedure [30]. The whole wafers were oxidized at 1100°C for 150 seconds, 

whereas, the 1 inch x 1 inch pieces were oxidized at 1100°C for 120 seconds [30], This 

action was taken due to the effect of smaller size on temperature rise [31]. Several 1 inch x 

1 inch pieces were processed at once [30]. Three sets of each sample described in Table 7.1 

were processed. The samples were later analyzed and the results are summarized in the 

following sections. 

7 .2  Analys i s  o f  Rapid  Thermal  Oxid ized  S i ( lOO)  Samples  

The samples generated in the experiment AS4 were analyzed to determine the thickness, 

the refractive index, the electrical properties, the oxygen and silicon areal density, and the 

topography of the oxide films. The thickness and refractive index were determined via 

ellipsometry, the electrical characterization via Capacitance-Voltage (C-V) measurements, 

the areal density and the stoichiometry of the oxide films by Rutherford Backscattering 

Spectroscopy (RBS), and the surface topography by Tapping Mode Atomic Force 

Microscopy (TMAFM) [27,32-39]. A review of these techniques are given in Chapters 4 

and 5. To organize the results, the section is divided into the following sub-sections: 

1. Measurement of thickness and reftactive index of oxide films. 

2. Electrical characterization of oxide films by capacitance-voltage measurements. 

3. RBS determination of oxide film areal density and stoichiometry. 

4. TMAFM measurement of oxide film surface topography. 

5. Oxide film analysis by SIMS and h l lK. 
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7 .2 .1  Measurement  o f  Thickness  and  Refrac t ive  Index  o f  Oxide  F i lms  

The thickness of the oxide films was measured by ellipsometry, as well as, capacitance-

voltage (C-V) technique, and the refractive index was determined only by ellipsometry 

[40,41]. The results obtained by ellipsometry are summarized in Appendix El. The 

ellipsometer was located in the same clean room as the rapid thermal system at the 

Engineering Research Center, Arizona State University, Tempe, AZ [30]. The capacitance 

versus voltage plots for the samples generated in the experiment AS4 are shown in 

Appendices E2 through E16. The C-V curves for samples AS4-S2 and AS4-S17 are 

missing. A summary of die capacitance-voltage measurements is given in the Appendix 

El7. The capacitance-voltage curves were obtained by probing the oxidized Si(lOO) 

samples metallized on both the front and back surfaces using a Hewlett-Packard 

Semiconductor Parametric Analyzer Model 4145B in a voltage ramp mode [42]. The 

capacitance of the sample was measured as a function of voltage applied. The analyzer was 

equipped with a Hewlett-Packard model 41408 pico-amp. meter/DC voltage source, a 

Hewlett-Packard model 4275A multi-frequency LCR Meter, and a Hewlett-Packard model 

4061A semiconductor/component test system. 

The oxide thickness on whole 100 mm Si(lOO) wafers was fairly uniform across the 

diameter of the wafer with a thickness of 325 A, and the average thickness was very similar 

on different wafers indicating uniformity between different oxidations [43]. Whole wafers 

were oxidized individually in each run. The thickness and refractive index of the oxide 

films are plotted as a function of the sample number in Figure 7.1 for the 1 inch x 1 inch 

pieces. It should be noted that the difference in the oxide thickness between the whole 

wafer and the I inch x 1 inch pieces can be attributed to the difference in the time used for 

oxidation in the rapid thermal system [43]. 
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In order to help with the comparison, the 1 inch x 1 inch samples were grouped into 

similar chemical process categories. The trends observed for thickness measurements were 

very similar for both ellipsometry and C-V techniques. On an average, for both techniques, 

a variation of ± 50 A was noted within a sample piece and also across the pieces from the 

same run. A similar variation was observed from run to run [43]. The actual thickness 

values measured by the two techniques were different. Both techniques reported the 

thickest oxide film for sample AS4-S17 and the thinnest film for sample AS4-S15. Sample 

AS4-S17 surface was passivated with 1:9 aqueous HF and rinsing with methanol 

following the "Modified RCA" cleaning. Sample AS4-S15 was processed with a "Modified 

RCA" cleaning followed by passivation in 1:9 HF/methanol solution for 2 minutes and 

rinsing with methanol for 5 minutes. The oxide film thickness was 308 A and 296 A for 

sample AS4-S17 when measured by ellipsometry and C-V technique, respectively. This 

indicates a difference of 4.05%, which is well within the expected experimental error of 

15%. Sample AS4-15 had a thickness of 213 A and 186 A when measured by ellipsometry 

and the C-V technique. A difference of 14.5% was observed which is still within the 

experimental error. The largest difference of 15.25% between ellipsometry and C-V 

measurements was observed for sample AS4-S1. This is slightly above the experimental 

error limit. All samples, except AS4-S3, AS4-S4, AS4-S6, AS4-S14, and AS4-S16, 

showed higher thickness measurements by ellipsometry when compared to the C-V 

technique. For the samples with C-V thickness values greater than ellipsometry, the largest 

difference in thickness measurements was less than 5.31%. 

The refractive index measurements on the oxide films varied between 1.45 and 1.59 for 

the samples AS4-S4 and AS4-S8, respectively. Sample AS4-S4 underwent all the steps of 

the "Modified RCA" cleaning. Sample AS4-S8 was processed, following the "Modified 

RCA" pre-cleaning, in 1:9 HF/IPA solution for 1 minute with a 5 minute rinse in IPA 
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solution. No correlation between refractive index and thickness for oxide films is seen, 

based on the data plotted in Figure 7.1. 

The following conclusions can be reached by close observation of the data shown in 

Appendices El and El7, and plotted in Figure 7.1: 

Sequential RCA Pre-Cleaning Process 

1. The oxide film thickness increased after processing in SCI and SC2 solutions as 

expected from these oxidizing solutions. The net increase in thickness is higher 

with processing in SC2 solution following an etch in 2:98 aqueous HF solution, 

when compared to the processing in SCI solution of the "As Received" sample. 

2. The difference in thickness between an oxide grown after processing in SCI and an 

oxide present on "As Received" sample is higher for C-V measurement when 

compared to ellipsometry. Both measurements indicate an increase in oxide film 

thickness following processing in SCI solution. 

3. As e.xpected after etching, the oxide grown on a sample by exposing to SCI 

solution, in 2:98 aqueous HF solution was thinner by 11 A averaged across 

measurements by ellipsometry and C-V curves. 

4. The refractive index measurements of the oxide fihn decreased with increasing film 

thickness. Sample AS4-S3 passivated in 2:98 aqueous HF solution yielded a thin 

oxide film with the highest refi-active index value. This trend was observed with all 

the samples generated at different steps of the "Modified RCA" cleaning process. 

Aqueous HF Passivation Solution 

1. When compared to sample AS4-S3, the sample processed in 1:9 aqueous HF 

solution followed by a 5 minute methanol rinse, sample AS4-S17, showed a 

slightly lower refractive index value. 
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2. At the same time, sample AS4-S17 showed the thickest oxide film among all the 

samples generated in the experiment AS4. This is in contradiction to the common 

belief and theory that HF solutions, in general, tend to etch off the oxide films. This 

may be due to the final rinse in methanol solution. 

HF/methanol Passivation Solution 

1. Thickness measurements based on ellipsometry and C-V curve showed a decrease 

in oxide thickness with an increase in etching duration for up to 2 minutes and an 

increase in oxide thickness for an etching duration of 5 minutes in HF/methanol. 

Larger changes were observed for C-V measurements with thickness varying 

between 186 A and 230.80 A. These results indicate that the 1:9 HF/methanol 

solution is effective at passivating Si(lOO) surfaces for oxidation when used for 2 

minutes followed by 5 minutes rinse in methanol solution. 

2. When compared to the "As Received" sample, AS4-S1, ellipsometry indicate lower 

oxide thickness for samples processed with 1:9 HF/methanol solution. This is in 

accord with the expectation for this etching solution. 

3. Based on C-V measurements, except for sample AS4-S15, all samples processed in 

1:9 HF/methanol solution showed higher oxide thickness when compared to "As 

Received" sample, AS4-S1. These results are very contradictory and no proper 

explanation is available at this time. 

4. The refractive index values were seen to decrease with an increase in processing 

time in the 1:9 HF/methanol solution. The rate of decrease is highest between 30 

seconds and 1 minute. 

5. The refractive index value of the "As Received" sample, AS4-S1, was lower than 

the values for all the samples processed in 1:9 HF/methanol solution. This and the 
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previous observation indicate that the refractive index decreases with an increase in 

thickness of the oxide films. 

6. The final rinse for 5 minutes with a methanol solution following passivation in 1:9 

HF/methanol was more effective in reducing oxidation, when compared to 

deionized water rinse, as well as, dewetting in air followed by a quick dip in 

deionized water. Dewetting in air and quick dip in deionized water was seen to be 

least effective for reducing oxidation rates. 

HF/IPA Passivation Solution 

1. Differences were observed between thickness measurements obtained by 

ellipsometry and C-V techniques. The C-V thickness values were lower than 

ellipsometry for all the samples. 

2. Based on ellipsometry, a 5 minutes IPA rinse yielded the lowest oxide thickness, 

and the greatest thickness is seen after rinsing for 5 minutes in deionized water. 

3. The thinnest oxide film, based on C-V measurements, was obtained with final 

dewetting in air and quick dip in deionized water. The thickest film was produced 

following rinsing for 5 minutes in deionized water. 

4. Pure IPA rinsing created an oxide film with the highest refractive index. The lowest 

index was obtained with final dewetting in air followed by a quick dip in deionized 

water. The refractive index for the oxide film grown after a deionized water rinse is 

very similar to that for the final dewetting in air and quick dip in deionized water. 

5. No correlation was seen between thickness and refractive index for the oxide films. 

HF/ethanol Passivation Solution 

1. Similar trends were observed between thickness measurements obtained by 

ellipsometry and C-V techniques. Both techniques showed the similar thickness 
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variations after the various rinsing processes. As with HF/IPA passivation, C-V 

curve based thicknesses were lower than ellipsometry for each sample. 

2. The thickest film was grown when rinsed with ethanol for 5 minutes and the 

thinnest film when rinsed with deionized water for 5 minutes. 

3. Pure ethanol rinsing created an oxide film with highest refractive index. The lowest 

index was obtained with final dewetting in air followed by a quick dip in deionized 

water. Refractive index for the oxide film grown with deionized water rinse is very 

similar to that for final dewetting in air and a quick dip in deionized water. 

4. No correlation was seen between thickness and refractive index for the oxide films. 

Comparison of HF/methanol, HF/IPA, and HF/ethanol Passivation solutions 

1. Final alcohol rinse results indicate that HF/ethanol passivation produced the thickest 

oxide film. Passivation in HF/methanol and HF/IPA produced the thinnest films 

with thicknesses in similar ranges. 

2. The thinnest oxide films were obtained after final dewetting in air and quick dip in 

deionized water for the HF/IPA passivation solution. With the same final rinsing, 

passivation in HF/methanol led to slightly thicker oxide films than passivation in 

HF/ethanol. 

3. Thicker oxide films were produced with HF/methanol and HF/IPA passivation 

solutions when the final rinse was done with deionized water. Slightly thicker oxide 

films were grown with HF/methanol when compared to HF/IPA passivation 

solutions. 

4. Overall, the thickest oxide films were grown either after passivation by 

HF/methanol followed by final dewetting in air and quick dip in deionized water or 

after passivation in HF/ethanol followed by 5 minutes rinse in ethanol. 
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5. The highest refractive index was seen with sample AS4-S8, passivated with 

HF/IPA followed by rinsing for 5 minutes in DPA solution. The lowest value was 

seen after passivation in HF/ethanol and dewetting in air followed with a quick dip 

in deionized water. 

7 .2 .2  Elec tr i ca l  Character i za t ion  o f  Oxide  F i lms  by  Capac i tance -Vol tage  

Measurements 

Oxide charge, carrier concentration, capacitance, and voltage were determined by 

capacitance-voltage measurements [33]. The measurement technique is reviewed in Chapter 

5. The capacitance versus voltage curves for the oxides in the experiment AS4 are given in 

the Appendices E2 through EI6. The curves for samples AS4-S2 and AS4-S16 are not 

available. Appendix E17 summarizes the oxide thickness, change in flat band voltage, 

change in threshold voltage, charge density, flat band capacitance, oxide capacitance, and 

carrier or doping density. A plot of charge density and carrier concentration as a function of 

samples processed is shown in Figure 7.2. Definitions of oxide capacitance, flat band 

capacitance, flat band voltage, and threshold voltage are shown in Figure 7.3 for the 

sample AS4-SI. These are plotted in Figure 7.4, as a function of samples processed in the 

experiment AS4. The highlights of the results can be summarized as follows: 

Charge Density 

1. Processing in SCI and SC2 solutions tends to decrease the charge density and can 

be attributed to an increase in oxide thickness. 

2. Chemical processing with HF etching solutions tends to increase the charge 

density. 
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3. The charge density decreases with an increase in the etching duration in 1:9 

HF/methanol passivation solution for up to 2 minutes and then increases up to 5 

minutes. A final rinse in methanol was performed on ±ese samples. 

4. The final rinse was observed to make a difference on the charge density for all 

solutions used in this study. 1:9 HF/IPA showed the opposite trend from 1:9 

HF/ethanol and the trend shown by 1:9 HF/methanol was different from both. 

5. Sample AS4-S1, an "As Received" sample, had the highest charge density of 3.6 x 

10'^ per cm^. Lowest charge density of l.l x 10'^ per cm^ was seen on sample 

AS4-S2, processed in SCI solution. 

Carrier Concentration 

1. Processing in SCI and SC2 solutions showed opposite effects. SCI decreases, 

while SC2 increases the carrier concentration. 

2. Most of the passivation solutions tend to decrease the carrier concentration. 

Processing time and final rinsing solutions play a major role. 

3. The greatest carrier concentration, 19 x 10'"* per cm^, was observed with sample 

AS4-SI, an "As Received" sample. Whereas, the least carrier concentration of 

1.4 x 10''* per cm^ was observed on sample AS4-S2, processed with SCI solution. 

Flat Band Capacitance 

1. The 2:98 aqueous HF solution used as part of "Modified RCA" processing 

increases the flat band capacitance, whereas, 1:9 aqueous HF passivation solution 

decreases the flat band capacitance. 
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2. Processing in SCI solution decreases the flat band capacitance and SC2 did not 

have much effect. The flat band capacitance of the "As Received" sample was larger 

than after a "Modified RCA" cleaning and when compared to most of the passivated 

samples. 

3. Etching duration used with 1:9 HF/methanol solution modified the flat band 

capacitance over the processing time period. The flat band capacitance varied 

between 123.61 pF and 131.01 pF. 

4. Sample AS4-S2, after processing with SC2 solution, showed the lowest flat band 

capacitance of 67.67 pF. The "As Received" sample, AS4-S1, displayed the 

highest flat band capacitance of 183.35 pF. 

Oxide Capacitance 

1. Similarly to the flat band capacitance, the passivation in 2:98 aqueous HF solution 

increases the oxide capacitance and passivation in 1:9 aqueous HF solution 

decreases the oxide capacitance. 

2. Unlike the flat band capacitance, processing in SCI and SC2 solutions decreases 

the oxide capacitance. The oxide capacitance of the "As Received" sample was 

larger than after the "Modified RCA" cleaning and H-passivated samples. 

3. The oxide capacitance increases with etching duration in HF/methanol up to 2 

minutes and then a large decrease was observed with a further increase in etching 

duration for up to 5 minutes. 

4. HF/methanol, HF/IPA, and HF/ethanol passivation solutions showed different 

effects on oxide capacitance when the samples were finally rinsed with different 

processes. 

5. Sample AS4-S15, processed with HF/methanol passivation solution for 2 minutes 

followed by 5 minutes rinse in methanol showed the maximum oxide capacitance of 
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482.20 pF. The minimum oxide capacitance of 38.40 pF was noted for sample 

AS4-SI6, processed with HF/methanol passivation solution for 5 minutes followed 

by 5 minutes rinse in methanol. 

Change in Flat Band Voltage (Delta Flat Band Voltage) 

1. Processing of the samples in SCI solution decreased the delta flat band voltage. 

SC2 solution did not have much effect on the delta flat band voltage. 

2. Aqueous HF solutions increased the delta flat band voltage during "Modified RCA" 

cleaning and final passivation processes. 

3. The trends observed with different passivation solutions were not well defined and 

were found to be dependent on the processing time and final rinse processes. 

4. When passivated with HF/methanol for up to 2 minutes followed by a rinse in 

methanol, the SiClOOySiOj shows a decrease in the delta flat band voltage and a 5 

minutes etching duration in HF/methanol has the opposite effect. A final rinse of 5 

minutes by methanol was used in this experiment. 

5. Different final rinsing solutions clearly displayed different effects on the flat band 

voltage of the samples processed with different passivation solutions. 

6. Sample AS4-S1 showed the highest value, -4.30 V, for delta flat band voltage and 

the lowest delta flat band voltage was measured for sample AS4-S2. Sample AS4-

S1 was an "As Received" sample and sample AS4-S2 was processed with SCI 

solution. 

Change in Threshold Voltage (Delta Threshold Voltage) 

1. The trends with the delta threshold voltage were the same as those noticed with the 

delta flat band voltage. For all the samples, the delta threshold voltage values were 

larger than the delta flat band voltage. 
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2. Similarly to the delta flat band voltage, the maximum and minimum values of the 

delta threshold voltage were found for samples AS4-S1 and AS4-S2, respectively. 

The corresponding values were -3.5530 V and -1.4910 V, respectively. 

In conclusion, the electrical characteristics of the oxidized Si(lOO) samples studied in 

this experiment were found to be very dependent on the process conditions to which the 

samples were exposed. In general, the oxidizing solutions, SCI and SC2, tend to affect the 

characteristics in an opposite manner to the HF passivating solutions. This was found true 

even with the aqueous HF solution used during the "Modified RCA" cleaning process. The 

duration of passivation and the final rinse procedures were found to affect the electrical 

characteristics of the oxidized samples. The electrical characteristics behave in opposite 

manners within the duration of passivation used in this experiment. The final rinse 

procedures were found to play a major role in affecting the electrical characteristics obtained 

with different passivation solutions. 

7 .2 .3  RBS Determinat ion  o f  Oxide  F i lm Area l  Dens i ty  and  Sto ich iometry  

Rutherford Backscattering Spectroscopy (RBS) was done on the samples processed in 

the experiment AS4 to determine the oxygen areal density and stoichiometry of the oxide 

films grown on Si(lOO) wafers [44]. The oxygen areal density was used to calculate the 

oxide film stoichiometry. This section is organized into the following three major sections: 

1. Determination of oxygen areal density. 

2. Determination of the oxide film stoichiometry. 

3. Correlation between oxygen areal density and oxide film thickness. 
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Determination of Oxygen Areal Density 

RBS analysis was done with the sample normal tilted at three different angles with 

respect to the incident ion beam. The angles used were 75°, 54.75°, and 45°. The 

angles 54.75° and 45° correspond to the <111> and <110> directions for a Si(lOO) 

substrate, respectively [45]. An angle of 75° was used in this research for elastic recoil 

detection (ERD) of hydrogen. A review of RBS and other ion beam techniques is given in 

Chapter 4. A total of 200,000 counts of incident ions with an energy of 2 MeV was 

used in this analysis. The RBS spectra, corresponding to the sample tilt angles of 75°, 

54.75°, and 45°, gathered in this study on the sample AS4-S1 are illustrated in the 

Appendices E18 through E20, respectively. Sample AS4-S1 was an "As Received" sample 

without any further chemical processing being done to it. The observations that can be 

made based on the comparison of these spectra are: 

1. The spectrum gathered at 75° showed a well-defined oxygen peak with a flat 

surface, whereas, spectra at 54.75° and 45° did not show this feature because the 

oxygen signal becomes narrower and smaller. 

2. A clear step in the Si background peak was seen in the RBS spectrum gathered at 

75° indicating the presence of Si in the oxide film. This was not detected in the 

spectra gathered at 54.75° and 45°. 

The areal density of oxygen calculated using the peaks seen in spectra gathered at 75°, 

54.75°, and 45°, as a function of samples generated in the experiment AS4, are tabulated in 

Appendices E21 through E23, respectively. These oxygen areal densities measured at 



531 

different sample tilt angles are plotted in the Figure 7.5. It is very obvious that there is a 

fairly good correlation between the areal densities measured at different sample tilt angles. 

Sample AS4-S17, processed with aqueous HF passivation solution and methanol rinse 

following a "Modified RCA" cleaning, showed the highest oxygen areal density agreeing 

with the thickness measurements plotted in the Figure 7.1. To avoid the confusion created 

because of the partial non-agreement between the oxygen areal densities measured at three 

different scattering angles, the average values were calculated. The average oxygen areal 

density values across the three sample tilt angles are tabulated in the Appendix E24. The 

maximum and minimum average oxygen areal density values of 3.92 ± 0.13 x 10" 

atoms/cm^ and 2.84 ± 0.03 x lO" atoms/cm^ were observed on samples AS4-S17 and 

AS4-S6, respectively. As mentioned above, sample AS4-S17 was chemically processed 

with 1:9 aqueous HF solution, whereas, sample AS4-S6 was processed with 1:9 

HF/methanol passivation solution for 1 minute followed by dewetting in air and a quick dip 

in deionized water. The trends seen during "Modified RCA" cleaning, based on average 

o x y g e n  a r e a l  d e n s i t y  v a l u e s ,  d i d  n o t  a g r e e  w i t h  t h e  t e c h n i c a l l y  e x p e c t e d  r e s u l t s  f r o m  S C I ,  

2:98 aqueous HF, and SC2 solutions [10,46,47]. Other average results did make sense 

based on the logic of chemistry of the solutions used. The average results are in good 

correlation with the oxygen areal density values measured with a sample tilt angle of 75° 

for each sample, expect for samples AS4-S1, AS4-S3, and AS4-S12. It is appropriate to 

mention at this time that the trends shown by the measurements done using a sample tilt 

angle of 75° are logically and technically expected results. A plot comparing the average 

oxygen areal densities and those measured at a sample tilt angle of 75° is shown in Figure 

7.6. The following statements can be made based on the data plotted in Figure 7.6: 
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1. 1:9 aqueous HF solution produced an oxide film on Si(lOO) surface with the 

greatest oxygen areal density. 

2. The effect of the etching duration in 1:9 HF/methanol upon the oxygen areal density 

of the oxide film grown on Si(lOO) surface is not well defined. 

3. The effect of the final rinse on the oxygen areal density varied according to the HF 

passivation solution used. 

4. There exists an unexplainable controversy between the oxygen areal density values 

based on average values and those measured at 75° sample tilt angle. This is 

particularly noticed in the data for "Modified RCA" sequential processing. 

Determination of the Oxide Film Stoichiometry 

In view of the unique features and correct results seen with RBS spectra gathered at 

75°, emphasis was placed on calculating the stoichiometry of the oxide film using the 

oxygen areal density measured at this angle. A summary of the oxide film stoichiometric 

calculations is tabulated in Appendix E25. The atomic percentage of O and Si in the oxide 

film were calculated according to the following equations [34-36]: 

Atomic percent of oxygen (0%) = (7.1) 

Atomic percent of silicon (Si%) = (7.2) 
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where, Hp^ - Height of the oxide peak 

Hsi.sub. " Height of Si background in the Si(lOO) substrate 

^si.Rim • Height of Si background in the oxide film 

Zji - Atomic number for silicon 

Zq - Atomic number for oxygen 

100 - Percentage of Si in the Si(lOO) substrate 

A plot of the atomic percentages of oxygen, silicon, and the stoichiometric ratio is 

shown in Figure 7.6 as a function of the samples generated in the experiment AS4. An 

illustration of the different terms used in the above equations is shown in Figure 7.7. Based 

on the data shown in Appendix E25 and Figure 7.6, it can be mentioned that except for 

samples AS4-S1, AS4-S6, and AS4-S14, all other samples showed the silicon oxide 

stoichiometry varying between 2.02 to 2.27 oxygen atoms for every atom of silicon. The 

three samples showed less than 2 oxygen atoms for every silicon atom. Samples AS4-S4 

and AS4-S12 showed stoichiometry that is very close to the silicon dioxide, SiOj. The 

results clearly indicate that the oxide film stoichiometry strongly depends on the nature of 

the chemical processing of Si(lOO) substrates. A fairly good correlation exists between the 

oxygen areal density and atomic percentage, which is not seen to exist with silicon atomic 

percentage. 

Correlation between oxygen areal density and oxide film thickness 

An attempt was made to correlate the oxygen areal density and thickness of the oxide 

film measured by ellipsometry and C-V measurements. The corresponding plots are shown 

in Figures 7.8 through 7.11. Linear and second order polynomial least square fits were 

used to correlate the data. The second order polynomial fit showed the best correlation 

based on the least square fit correlation factor, R, values for both measurement techniques. 
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Also, the data obtained with the sample normal tilted at an angle of 75° with the incident 

ion beam showed the best correlation for both linear and second order polynomial fits 

for ellipsometry, as well as, C-V measurement techniques. The data gathered with the 

sample tilted at 54.75° showed the worst correlation. The data from 45° sample tilt is 

slightly better than that at 54.75°. The significance of all this discussion is to reconfirm that 

the results obtained with a sample tilt of 75° correlate well with the oxide film thickness 

measurements made with the ellipsometry and C-V techniques. This is in agreement with 

the conclusions made in the above sections. 

7 .2 .4  TMAFM Measurement  o f  Oxide  F i lm Surface  Topography  

The oxide films grown by rapid thermal oxidation on Si(lOO) wafers were scanned by a 

Tapping Mode Atomic Force Microscope (TMAFM) to get an understanding of the surface 

topography [48]. The scans were performed on a Dimension 3000 Scanning Probe 

Microscope, manufactured by Digital Instruments, Santa Barbara, CA. The microscope 

was located at Lawrence Semiconductor Research Laboratory, Tempe, Arizona [49,50]. A 

review of the TMAFM is given in Chapter 5. The oxide film surface roughness in terms of 

root mean square, RMS, was obtained by performing a scan over an area of 2 |im x 2 ^im. 

The top views of the surface scans for all the samples processed in the experiment AS4 are 

shown in Appendices E26 through E29. The roughness measurements are summarized in 

Appendix E30. Three different RMS values were reported for each sample based on whole 

image, particulate free area referred to as "Box", and also normalized box area. 

Normalization of the box area was done with respect to the "As Received" sample, 

AS4-S1. This was done to take into account the variation in box area from sample to 
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sample. The RMS data along with oxygen areal density were plotted in Figure 7.12. The 

trends, not the actual RMS measurements, obtained from the whole image and box regions 

were very similar, whereas, the normalized area RMS values were not. At this time, it can 

be recommended that the RMS values obtained using the box region give more correct 

information by neglecting the noise created due to the foreign particles. Based on the box 

RMS values, it can be highlighted that the roughest surface with a RMS of 0.210 nm was 

seen for the sample AS4-S5, after dip in 1:9 HF/methanol solution for 1 minute followed 

by 5 minutes rinse in methanol. The smoothest surface was seen for sample AS4-S9 with a 

RMS value of 0.101 nm. Sample AS4-S9 was processed by 1:9 HF/IPA passivation 

solution for 1 minute along with dewetting in air and quick dip in deionized water 

following the "Modified RCA" cleaning process. It can also be mentioned that poor 

correlation existed between oxygen areal density and all three RMS measurements. 

7 .2 .5  Oxide  F i lm Analys i s  by  SIMS and  FTIR 

Four samples were selected based on the difference in the chemical processing for 

analysis by SIMS and FTIR [51]. SIMS was located at Center for Solid State Science and 

FTIR at Engineering Research Center. Both centers were part of Arizona State University, 

Tempe, Arizona. The selected samples were AS4-S1, AS4-S4, AS4-S5, and AS4-S17. 

Description of the samples is given in Table 7.1. In brief, sample AS4-S1 was an "As 

Received" sample, sample AS4-S4 underwent all steps of processing in "Modified RCA" 

cleaning, AS4-S5 was passivated with 1:9 HF/methanol and rinsed in methanol following a 

"Modified RCA" cleaning, and sample AS4-S17 was passivated with 1:9 aqueous HF and 

rinsed in methanol following a "Modified RCA" cleaning. 
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SIMS Analysis 

Secondary Ion Mass Spectroscopy (SIMS) analysis was performed using Cs^ ions with 

a total current of 20 nA and field contrast of 750 ^im [43]. The Cs^ ions with a current of 

5.2 nA and a voltage of 10.1 kV were used [43]. The spectra are not presented due to non

availability of the data. An uniform SiO, layer was observed on the surface along with a 

step at the SiOj and Si(lOO) interface indicating a mix of Si02 and Si or a possibility of 

SiO. No obvious difference was observed among all the samples [43]. 

FTTR Analysis 

Fourier Transform Infrared Spectroscopy (FITR) indicated the presence of a split 

silicon oxide peak in the range of 1210 cm ' [43]. The location of the peak at this 

wavenumber indicates mostly the presence of SiOj with other oxide peaks shadowed by the 

SiOj peak. The split in the peak indicates the presence of other SiO^ peaks [52,53]. The 

FTIR spectra are not illustrated here due to non-availability of the data. No obvious 

differences were observed among all the four samples [43]. 
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Table 7.1 Description of the samples processed in the experiment AS4. 

Sample # Sample Preparation 
AS4-S1 As received from Motorola Inc. 

AS4-S2 
After dip in SCI solution at 80°C for 10 minutes followed by 5 
minutes rinse in running deionized water purged with pure 
nitrogen 

AS4-S3 
After dip in 2:98 HF/HzO solution for 2 minutes followed by 5 
minutes rinse in miming deionized water purged with pure 
nitrogen 

AS4-S4 
After dip in SC2 at 80°C for 10 minutes followed by 5 minutes 
rinse in mnning deionized water purged with Dure nitrogen 

AS4-S5 
After dip in 1:9 HF/Methanol solution for 1 minute followed by 5 
minutes rinse in methanol 

AS4-S6 
After dip in 1:9 HF/Methanol solution for 1 minute followed by 
dewetting in air by holding the sample vertical and a quick dip in 
running deionized water purged with pure nitrogen 

AS4-S7 
After dip in 1:9 HF/Methanol solution for I minute followed by 5 
minutes rinse in running deionized water purged with pure 
nitrogen 

AS4-S8 
After dip in 1:9 HF/IPA solution for 1 minute followed by 5 
minutes rinse in IPA 

AS4-S9 
After dip in 1:9 HF/IPA solution for 1 minute followed by 
dewetting in air by holding the sample vertical and a quick dip in 
running deionized water purged with pure nitrogen 

AS4-S10 
After dip in 1:9 HF/IPA solution for 1 minute followed by 5 
minutes rinse in running deionized water purged with pure 
nitrogen 

AS4-S11 After dip in 1:9 HF/Ethanol solution for 1 minute followed by 5 
minutes rinse in Ethanol 

AS4-S12 
After dip in 1:9 HF/Ethanol solution for 1 minute followed by 
dewetting in air by holding the sample vertical and a quick dip in 
running deionized water purged with pure nitrogen 

AS4-S13 
After dip in 1:9 HF/Ethanol solution for 1 minute followed by 5 
minutes rinse in running deionized water purged with pure 
nitrogen 

AS4-S14 
After dip in 1:9 HF/Methanol solution for 30 seconds followed by 
5 minutes rinse in methanol 

AS4-S15 
After dip in 1:9 HF/Methanol solution for 2 minutes followed by 5 
minutes rinse in methanol 

AS4-S16 
After dip in 1:9 HF/Methanol solution for 5 minutes followed by 5 
minutes rinse in methanol 

AS4-S17 
After dip in 1:9 HF/H2O solution for 1 minute followed by 5 
minutes rinse in methanol 
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CHAPTER 8 

HOMOEPITAXIAL GROWTH OF H-PASSIVATED SILICON (100) 

SAMPLES 

A study of H-passivation of Si(lOO) substrates used for Si homoepitaxial process is 

described in tliis chapter. Homoepitaxial silicon was grown on Si(lOO) substrates H-

passivated either by aqueous HF or HF in alcohol solution. Epitaxial films were grown at 

three different temperatures. The samples were analyzed to quantify crystalline order, the 

residual surface disorder via silicon areal density, the AFM roughness, the interfacial 

impurity concentrations, and the number of surface defects. The IB A and TMAFM analysis 

are correlated to the particle/defect counts observed on the epitaxial samples. The chapter is 

organized into three sections: 

1. Description of Experimental Procedure. 

2. Analysis of homoepitaxial samples. 

3. Correlation of IB A and TMAFM to particle/defect counts on epitaxial 

samples. 

8 .1  Exper imenta l  Procedure  

A. Si( 100) Wafer Processing Prior to Final Passivation : 

100 mm p-type Si(lOO) wafers doped with boron used in this experiment were all 

processed via the modified RCA cleaning described and analyzed in Chapter 6, prior to 

final passivation process [1]. The Si wafers with 14-22 Q-cm resistivity and 

manufactured by Wacker Semiconductors were obtained from Wafer Net [2,3]. The 

modified RCA wet chemical cleaning was carried out in the same class 100 chemical 

laminar hood located in the class 100 clean room at CIMD Laboratory, IBeAM Facility, 
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Goldwater Research Center, Arizona State University, Tempe, Arizona, described in 

Chapter 6 [4]. The modified RCA cleaning used is the same one characterized in Chapter 6. 

In summary, during the modified RCA cleaning prior to passivation, the 100 mm Si(lOO) 

wafers underwent the following steps: 

1. Dip in the SCI solution, described in Chapter 6, (4:1:1 by volume 

H20:H202:NH40H) maintained at 80°C for 10 minutes followed by a rinse in 

running 18.3 MQ deionized water purged with nitrogen for 5 minutes. 

2. Dip in 2:98 by volume HF:H20 solution, described in Chapter 6, maintained at 

room temperature for 2 minutes followed by a 5 minutes rinse in running 18.3 MQ 

deionized water purged with nitrogen. A HF solution of 49 weight percent was 

used in this study. 

3. Dip in the SC2 solution, described in Chapter 6, (4:1:1 by volume H20:H202:HC1) 

maintained at 80°C for 10 minutes followed by a rinse in running 18.3 MQ 

deionized water purged with nitrogen for 5 minutes. 

B. Si( 100) Wafer Transfer Procedure : 

The samples were blow dried with pure nitrogen at the end of the modified RCA 

cleaning and stored in individual teflon sample holders. Samples were later stored in 

nitrogen purged aluminum laminated plastic bags [1,5]. This action was taken to maintain 

the integrity of the samples during transfer to Lawrence Semiconductor Research 

Laboratory (LSRL), Tempe, Arizona for the final passivation step and homoepitaxial 

growth by rapid thermal chemical vapor deposition. The distance between the two 

laboratories is about four miles and samples were transported in a car. Upon inspection at 

LSRL, the wafers had a haze on them. To remove the haze, the wafers were cleaned by a 

low temperature wet chemical process, used as a standard at LSRL, in a tank located in a 
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laminar chemical hcx)d and attached with a recirculation pump that was running during the 

process. The chemical hood was located in a clean room. The standard LSRL chemical 

process involved the following steps [6,7]: 

1. Dip Si(lOO) wafers in SCI solution (5:2:0.5 by volume H20:H,02:NH40H) 

maintained at 25°C for 5 minutes with megasonic agitation. 

2. Three-cycle 18.3 deionized water dump rinse of SCI processed Si(lOO) wafers 

from step 1 for 3 minutes. 

3. Si( 100) wafers from step 2 were rinsed and dried via spinning for 2 minutes. 

C. Si( 100) Wafer Passivation : 

H-passivated Si(lOO) surfaces were prepared by etching the surface with the 

HF/methanol solution or aqueous HF solution [6]. The passivation step in alcohol, 

described in Chapter 6, involved a 1 minute dip in 1:9 HF/methanol solution stored in a 

teflon container followed by a five minute rinse in methanol stored in a teflon tank. The 

samples were spin dried only. The aqueous passivation step was done by dipping for I 

minute in 1:50 HF/deionized water solution stored in a tank with the recirculation pump 

tumed off. These samples later received a 2 minutes deionized water rinsing followed by 

spin drying. These final passivation steps were performed in a laminar chemical hood 

located within the LSRL clean room. All the wafers were put together in a cassette and 

loaded into the rapid thermal chemical vapor deposition (RTCVD) epitaxial reactor 

equipped with a three-cycle vacuum load lock. 

D. Homoepitaxial Deposition : 

The homoepitaxial Si films were grown in an Epsilon One model E-2 reactor 

manufactured by ASM Epitaxy, a subsidiary of ASM America, and installed at LSRL just 
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outside the clean room where the laminar chemical hood was located [8,9]. The Epsilon 

One reactor is a rapid thermal chemical vapor deposition reactor (RTCVD). A detailed 

description of the reactor is given in Chapter 3. To process wafers, the operator loads a 

cassette, closes the door and starts the reactor [9,10]. The wafers, and those in a second 

cassette if present, are processed without operator intervention. The two cassette loading 

chambers are separately loaded so that one cassette can be changed while the other is being 

processed. After a cassette is loaded and the cassette load chamber purged, the wafers are 

not exposed to air until the operator removes the completed whole cassette. 

A two-minute etching of the deposition chamber took place prior to wafer loading, via a 

gaseous of HCl at a rate of 18 standard liters per minute (sIm) which was then replaced by 

a flow of 20-60 slm of Hj. The etching of the chamber prior to deposition occurred at a 

temperature of 1190°C, but the time required to reach this temperature prevented the wafer 

susceptor from reaching that temperature until near the end of the chamber etch. After the 

chamber etch, a 45-second nitrogen purge and a cool down period lowered the temperature 

of the reactor to 900°C, at which wafers were loaded. Prior to the epitaxial deposition 

process, the wafer transfer arm loaded the wafer onto the preheated susceptor [II]. The 

gate valve to the wafer transfer chamber was closed, and the wafer was heated to 1190°C 

in about one minute. After loading, the reactor was purged with for 10 seconds and 

pumped down for 30 seconds. Then, after pump down, the temperature was raised in 140 

seconds to the bake temperature. Three different bake temperatures, 750°C, 850°C, and 

950°C, were used in this study. The wafers underwent either no bake or five-minute Hj 

bake at 750°C, 850°C, and 950°C prior to deposition. During the bake, the hydrogen 

flow was maintained at 20 slm and 40 Torr pressure in the chamber. The baking 
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temperatures were close to the deposition temperatures [11]. The baking provided a thermal 

cleaning via desorption of the wafer surface prior to deposition [11], The deposition 

temperatures and the corresponding rates for the homoepitaxial growth used in this study 

were as follows [12]: 

Temperature 
CQ 

Growth Rate 
(p.m/min) 

750 0.0085 
850 0.078 
950 0.228 

The films were grown from a mixture of 100 seem dichlorosilane (DCS) and 20 slm 

hydrogen leading to a 40 Torr total pressure. At the end of the deposition, after a partial 

cooling lasting about 1 minute, the wafer was unloaded from the susceptor. After 

deposition, 60 seconds were required to post-purge purge the reactor and cool the system 

to 900°C. The reactor was then filled with nitrogen to atmospheric pressure and the wafer 

was unloaded. The unloaded wafer was cooled on the Bernoulli wand for about 90 seconds 

before it was placed into the cassette. During this cooling time, the processing of the next 

wafer began and the wafer transfer assembly prepared the next wafer for loading. The 

susceptor was retumed to high temperature and any silicon deposited in the reactor chamber 

was removed with another HCl chamber etch. In this way the deposition conditions were 

made identical for each wafer. Between successive processes, the reactor chamber was held 

at a "warm idle" temperature of 900°C. The epitaxial deposition process was designed to 

maximize throughput and minimize the time the wafer was exposed to high temperature. 

The typical cycle duration time for a 1 |im epitaxial film was about 10 minutes with an 

bake and about 5 minutes without bake. 
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Two test nins were done to calibrate the growth rates at the temperature used and for 

comparing the number of defects seen with the standard LSRL cleaning to those seen with 

the passivation processes investigated in this chapter. These wafers received the standard 

low temperature cleaning performed at LSRL according to the procedure mentioned above. 

Both test wafers were baked in hydrogen at the epitaxial deposition temperatures for 5 

minutes. Epitaxial growth for Test 1 wafer was done at 850°C, whereas. Test 2 wafer was 

done at 750°C. Test 1 wafer had 7 light point defects (LPD) and some bumps when 

inspected under a microscope. The thickness of epitaxial film in this sample was 1.05 |im ± 

3.8% when measured by a Nicolet FTIR on 4 points located at the center and edges. Test 2 

wafer had 1 LPD and 1 haze circle when inspected under a microscope. The epitaxial layer 

thickness was 1200 A. 

The experimental run numbers for the different epitaxial depositions and the 

corresponding process recipe names used in this study for the growth of the epitaxial films 

on passivated Si(lOO) wafers in an Epsilon One model E-2 reactor at LSRL are listed in 

Appendix Fl. A list of the different samples generated in this experiment are given in Table 

8.1 along with the key experimental conditions used. The targeted thicknesses for the 

epitaxial fdm and the analytical techniques used for the different samples are also 

mentioned. All the odd numbered samples were grown with a targeted thickness of 750 A 

for epitaxial films, whereas, the targeted thickness for even numbered samples was 1.00 

|xm. The deposition times were based on the growth rates calibrated via the test wafers and 

are shown in Table 8.2. 
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8 .2  Analys i s  o f  Homoepi tax ia l  S i  Depos i t ed  on  Pass iva ted  S i ( lOO)  

The epitaxial films prepared in this experiment were analyzed with various techniques. 

750 A thick epitaxial films were analyzed by RBS and TMAFM. 1.00 p,m thick epitaxial 

films were analyzed by SIMS, chemical etching, bright light and optical microscopy. The 

results are discussed in this section. 

8 .2 .1  Br ight  L ight  and  Opt ica l  Microscope  Ana lys i s  

The wafers with 1.00 ^m thick epitaxial films were examined under bright light and 

optical microscope [14,15]. A summary of these examinations is given in Table 8.3. Bright 

light inspection was performed under a bright tungsten-filament lamp in a darkened box 

[15]. This inspection normally reveals defects down to slightly below a micrometer in size 

[16]. LPD means "light point defect" and is defined as a bright spot under the light. 

Microscope inspection was performed on a Nikon microscope with Nomarski interference 

contrast, at 50x and 200x [14,15]. "FOV" means field of view. Where the defect count is 

high, it is expressed in defects per FOV rather than defects per diameter scan. Except for 

three samples ASIO-SI, AS10-S3, and AS10-S5, the 0.075 ^im epitaxial layers were not 

examined under the microscope. Only one epitaxial stacking fault was observed on the 

wafer with sample number AS 10-S10. "Haze" means faint haze was seen under the bright 

light on some wafers after epitaxial growth. 

The main conclusion from Table 8.3 is that more LPD's, and microscopic defects, as 

well as, an increase in haze were observed on the wafers processed at the lowest 

temperature, 750°C, than on those processed at 850°C and 950°C. Bright light inspection 

revealed that 1.00 |xm thick films grown at 750°C on HF/methanol processed Si(lOO) 
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wafers exhibited the highest degree of haze, and that Si(lOO) wafers processed in aqueous 

HF contained the largest number of LPD's. Microscopy yielded the same results. The 

epitaxial films grown at 950°C and 850°C were similar to one another, and had drastically 

lower defect densities than those epitaxial films grown at 750°C. 

In summary, as temperature decreases, the number of defects increases for both 

samples passivated in HF/methanol and aqueous HF. But the wafers etched in alcohol 

exhibit consistently a higher number of defects. This is to be expected as this low 

temperature process should not see temperatures as high as 1150°C, which leads to SiC 

precipitation on surfaces exposed to alcohol. 

8 .2 .2  Ruther ford  Backscat ter ing  Spec troscopy  Ana lys i s  

Samples were analyzed by Rutherford Backscattering Spectroscopy (RBS) to determine 

the silicon areal density and crystalline nature of the epitaxial films [17-20]. Analysis was 

performed only on the odd numbered samples because they had thinner epitaxial films (750 

A). FIBS spectra were gathered in rotating random and <111> channeling direction using 

200,000 counts of 2 MeV incident '*He^'^ ions. Figure 8.1 illustrates the spectra gathered on 

sample ASIO-SI. The Si surface peak enables to calculate the areal density for silicon 

disordered at the surface. The RBS technique is described in Chapter 4. The crystalline 

quality of the films is measured via the minimum yield, Xmin- The were calculated based 

on both the area and height methods. 

The areal density for disordered Si at the surface are summarized in Appendix F2 and 

the Xmin ^ reported in Appendix F3. A plot of the areal density of disordered Si at the 

surface and as a function of the sample numbers is given in Figure 8.2. The lowest 
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areal density for disordered Si at the surface of 1.04 ± 0.0397 x 10'® atoms/cm^ is seen for 

sample AS10-S3, an epitaxial film grown at 950°C without Hj bake on Si(lOO) passivated 

with aqueous HF. The highest disordered Si areal density of 2.21 ± 0.0692 x 10'® 

atoms/cm^ is seen for sample AS10-S23, an epitaxial film grown at 750°C with 5 minutes 

H2 bake on Si(lOO) passivated with aqueous HF. All epitaxial films deposited at 750°C had 

areal densities larger than those deposited at either 950°C or 850°C. Films grown at 750°C 

and 850°C without a H2 bake on Si(lOO) wafers passivated with aqueous HF exhibited 

lower areal densities. Epitaxial films deposited at these temperatures with a 5 minutes H, 

bake on Si(lOO) surfaces passivated with HF/methanol also exhibited lower areal densities. 

Films grown at 950°C with and without H2 bake on Si(lOO) passivated with aqueous HF 

exhibited the lowest areal densities. In general, the areal density of Si in the epitaxial film 

should be proportional to the thickness of the epitaxial layer, as well as, areal density of SI 

and should correlate only when defect density is so high that it affects the number of 

atoms displaced at the surface and in return, the average interatomic spacing [18-20]. A 

given number of defects within the film as measured by Xmin is expected to yield a given 

number of surface defects, as well as, measured by the surface peak. Hence, the Xtmn 

film and the number of disordered Si atoms at the surface detected via the Si surface peak 

are expected to follow the same trend, which is clearly the case in Figure 8.2. In this plot, 

Zmin's were calculated via the area method. 
/vmtD 
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The lowest of 2.64% was measured for the sample AS 10-S1, a Si( 100) passivated 

with HF/methanoI followed by epitaxial film growth at 950°C without bake. The 

highest of 6.23% was measured for the sample AS10-S23, an epitaxial film grown at 

750°C with 5 minutes bake on Si(lOO) passivated with aqueous HF solution. A Xma 

2.65% corresponds to the most perfect crystalline quality that can be detected by RBS. 

Hence, the most perfect film was produced at the highest temperature of deposition after 

passivation via HF/methanol. The steady increase in with decreasing temperatures 

reflects clearly the degradation of epitaxial quality expected with decreasing temperatures. 

Figure 8.3 illustrates the differences between the Xmin values calculated via the area and 

height methods. The percentage differences were calculated with respect to the values 

calculated using the height method. The negative values indicate that Xmn values calculated 

via the height method are larger than those calculated by the area method, which is due to 

poor statistics. The larger variations are seen for epitaxial films grown at 950°C and also 

for those grown at 750°C. The differences are minimal for films grown at 850°C. In 

summary, this demonstrates that using Xmin's calculated via the area method is more 

accurate. The measured via the height method are more reflective of the quality of the 

crystal and are typically lower. However, their low statistical significance, number of 

counts per channel, produces a significant relative error. The area method integrates over 

several channels and is thus statistically more accurate, but is affected by dechanneling as 

the beam travels through more layers, and is thus artificially higher. The keypoint is that 

both values should follow the same trend, which they do in Figure 8.3, and which 
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strengthens the legitimacy of the conclusions. The fact that sometimes the calculated 

via the height method are higher illustrates the issue of statistical significance for this 

method. 

8 .2 .3  Tapping  Mode  Atomic  Force  Microscope  Ana lys i s  

Films were characterized with a Tapping Mode Atomic Force Microscope (TMAFM) to 

determine their surface roughness in terms of root mean square, RMS [21]. The odd 

numbered samples with 750 A thick epitaxial films were analyzed with TMAFM. Prior to 

TMAFM analysis, the samples were arranged in a teflon box with a lid and stored in an 

uncontrolled unfiltered environment. Due to this, lack of contamination control, a lot of 

surface particulates were seen with the naked eye on the surface of the samples at the 

beginning of the analysis. The samples were, therefore, processed with a standard LSRL 

cleaning using a SCI solution followed by a deionized water dump rinse and spinning the 

surface dry before TMAFM measurement [22]. The standard LSRL cleaning is described in 

Section 8.1. The samples were examined under bright light before and after the standard 

LSRL cleaning. The observations are summarized in Table 8.4. No haze was found on the 

samples before or after the standard LSRL cleaning. A decrease in number of light point 

defects was observed after the standard LSRL cleaning and occurred randomly with respect 

to the overall sample processing. Except for samples AS10-S3, AS 10-815, and ASIO-

S19, no scratches were observed on the samples. The scratches on these three samples 

were present before and after chemical processing. 

TMAFM top view scans for aU the samples are shown in Appendices F4 through F6. 

Stacking faults were observed by TMAFM on the epitaxial films deposited at 750°C. The 

RMS roughness data are summarized in Appendix F7. The RMS values are given both for 

the whole image area, and for a particulate-free area of the image referred to as the "Box". 
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The RMS values normalized to the box area for the sample AS 10-S1 are also shown. Note 

the area of the box varies from sample to sample and therefore was corrected by this 

normalization. The RMS values were measured before and after the standard LSRL 

cleaning. Figure 8.4 shows the evolution of the surface roughness as a function of Si(lOO) 

processing, RMS identified by the sample number. All the samples prior to standard LSRL 

cleaning showed a higher RMS by a factor of 1.5, when compared to the RMS measured 

after the standard LSRL cleaning. Based on the RMS obtained after the standard LSRL 

cleaning, the following observations can be outlined: 

Whole Image Scan 

1. Sample AS 10-S 17 showed the highest RMS value of 0.267 nm indicating the 

roughest surface. AS 10-S 17 was passivated with a HF/methanol prior to epitaxial 

growth at 750°C without Hj bake. 

2. The lowest RMS value of 0.126 nm was observed for sample AS 10-S 13, an 

epitaxial film grown at 850°C with a 5 minutes H, bake on Si(lOO) passivated with 

HF/methanol passivation solution, producing the smoothest surface. 

Box Scan 

1. The epitaxial film grown at 750°C with a 5 minutes Hj bake on sample AS10-S21 

after passivation with HF/methanol exhibited the highest RMS of 0.152 nm. 

2. The smoothest surface, with a RMS of 0.090 nm, was observed on an epitaxial 

film grown at 750°C without Hj bake on sample AS 10-S 19, passivated with 

aqueous HF. 
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Normalized Box Scan 

1. The roughest surface with a RMS value of 0.265 nm was observed on an epitaxial 

film, sample AS10-S7, grown at 950°C with a 5 minutes bake on Si(lOO) 

passivated with aqueous HF. 

2. The least rough surface with a RMS roughness of 0.059 nm was observed on 

sample AS10-S17. This sample was passivated with HF/methanol and the epitaxial 

film was deposited at 750°C without bake. 

The correlations between the areal density of disordered Si atoms and the RMS 

roughness are shown in Figures 8.5 through 8.7. In these figures, the areal density and 

RMS are plotted as a function of sample number. The correlation between disordered Si 

areal density and RMS measurements across the whole image is given in Figure 8.5. A plot 

of the areal density of disordered Si versus RMS roughness taken over the particulate free 

area referred to as a "Box" is shown in Figure 8.6. The correlation based on normalized 

box values is given in Figure 8.7. The following conclusions can be drawn from these 

figures: 

1. The RMS measured after cleaning is almost always lower than the one measured 

before, in both Figures 8.6 and 8.7. This demonstrates that the RMS is clearly a 

reflection of the number of particulates on the surface even after attempting to select 

them out via the box. This is a very direct evidence of the particulate effect on 

RMS, since the number of particulates was also observed to decline by optical 

observation as shown in Table 8.4. 

2. Littie correlation is observed between the areal density of disordered Si atoms at the 

surface and the measured RMS, indicating also that the RMS may reflect more the 

number of particulates. The areal density of disordered Si atoms at the surface 

definitely increases at low temperature, where the quality of epitaxy is expected to 
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decrease, as seen with the in Figure 8.3. The RMS shows little correlation with 

the temperature of deposition. 

8 .2 .4  Secondary  Ion  Mass  Spec troscopy  Ana lys i s  

The thickest epitaxial films (1.00 (im), grown on the even numbered samples were 

analyzed by Secondary Ion Mass Spectroscopy (SIMS), in order to detect C, O, and F at 

the epitaxial film and Si substrate interface [23]. The analyses were performed on the 

CAMECA IMS4f located at SEMATECH, Austin, Texas [24]. A detailed description of the 

SIMS technique is given in Chapter 4. The sputtering rates of the Si matrix used when 

detecting carbon, oxygen, and fluorine in the experiment AS 10 are given in Table 8.5. The 

rates varied between 69.0 A/sec to 85.6 A/sec for carbon, 69.8 A/sec to 85.9 A/sec for 

oxygen, and 69.5 A/sec to 85.5 A/sec for fluorine. The interfacial atomic concentrations of 

C, O, and F detected by SIMS as a function of depth for the samples from the experiment 

AS 10 is shown in the Appendices F8 through F19. The areal densities of C, O, and F 

measured at the epitaxial film and Si(l(X)) substrate interface are listed in Table 8.6, based 

on the 500 ± 50 A interface broadening by SIMS sputtering. Not all samples had detectable 

levels of C, O, and F at the interface. The background detection limits for C, O, and F for 

CAMECA IMS4f SIMS chamber, measured using float zone grown Si sample, were [25]: 

Species Detection Limits (atoms/cm^) Detection Limits (atoms/cm^') 

Carbon 5.0 X 10'® 2.5 X 10" 

Oxygen 3.2 X 10'' 1.6 X 10'^ 

Fluorine 7.6 X lO"' 3.8 X 10' 
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No interfacial C, O, and F were observed on the epitaxial samples deposited at 950°C. 

C, O, and F were observed at the interface for the films deposited at 850°C without a prior 

H2 bake. Sample ASIO-SIO, passivated with HF/methanol, showed higher concentrations 

of C and F when compared to sample AS10-S12, passivated with aqueous HF. Sample 

ASIO-SIO showed carbon and fluorine concentrations of 2.90 x 10" atoms/cm^ and 1.00 

X 10" atoms/cm\ respectively. The corresponding concentrations for sample AS10-S12 

were 8.90 x 10'° atoms/cm^ and 8.60 x 10' atoms/cm^, respectively. These numbers 

reflect differences of 226% and 1063%, respectively. The amount of oxygen was larger 

than carbon and fluorine in these samples. A slightly lower concentration of O, 5.60 x 10" 

atoms/cm^, was observed on sample ASIO-SIO passivated in HF/methanol, when 

compared to 7.80 x 10'^ atoms/cm^ on sample AS10-S12 passivated in aqueous HF. The 

percentage difference in residual O was 39.29%. Thus HF/methanol removed oxygen more 

efficiendy at this lower temperature of 850°C. 

All the samples with epitaxial films deposited at 750°C with and without Hj bake and 

after chemical processing in either HF/methanol or aqueous HF solution exhibited C, O, 

and F at the epitaxial film and Si(lOO) substrate interface. The interfacial concentrations 

were higher than those measured in the samples generated at 850°C. Similarly to samples 

grown at 850°C, the oxygen concentration was higher than carbon and fluorine. Sample 

AS10-S18 with an epitaxial film deposited without a prior Hj bake on Si(lOO) wafer 

passivated in HF/methanol solution showed the highest interfacial carbon concentration of 

1.50 X 10'^ atoms/cm^ and the lowest concentration of 3.00 x 10" atoms/cm^ was 
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observed on the sample AS 10-S24, where the epitaxial film was deposited after a 5 minutes 

H2 bake on Si(IOO) passivated with aqueous HF. This corresponds to a difference of 400% 

in C concentration. The oxygen concentration ranged between 1.20 x 10'"* atoms/cm^ for 

sample ASIO-S20, an epitaxial film deposited without a prior bake on a Si(lOO) 

passivated in aqueous HF, and 1.40 x 10"* atoms/cm^ for sample AS10-S24. Thus, the 

variation in O concentration was small compared to C concentration across all the samples 

deposited at 750°C. The largest variation in O interfacial concentration was 16.67%. The 

lowest fluorine concentration of 4.60 x 10' atoms/cm^ was measured for sample AS 10-S20 

and the largest, 2.30 x 10" atoms/cm^ for the sample AS10-S18. The variation in F 

across all the samples with epitaxial films deposited at 750°C was 4900%. 

In summary, detectable amounts of C, O, and F were found at the epitaxial film and 

Si(lOO) substrate interface for all the samples with epitaxial films deposited at 750°C. At 

this temeperature, samples processed with no Hj bake showed higher concentrations of C 

and F when compared to the samples processed with 5 minutes Hj bake for passivation 

with either HF/methanol or aqueous HF. It can also be mentioned that HF/methanol 

passivation showed higher concentrations of C and F when compared to aqueous HF. Only 

Si(lOO) samples processed at 850°C with no Hj bake showed evidence of detectable 

amounts of interfacial C, O, and F when passivated with either HF/methanol or aqueous 

HF. All other samples processed at eithet 850°C or 950°C did not detect any evidence of 

interfacial C, O, and F. 
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8 .2 .5  Chemica l  Etch  Analys i s  

This section describes the procedure and results obtained by revealing the defects via 

chemical etching performed at SEMATECH, Austin, Texas, for the epitaxial wafers 

processed in the experiment AS 10 [26]. The goal was to obtain a measurement of the 

stacking fault density to correlate it to the interfacial contamination and defects that originate 

at the interface of the epitaxial film and the Si(l(X)) substrate. 

Initially, visual inspection was performed on the epitaxial samples. Haze pattern 

observed. The wafer surfaces were photographed. Both a Secco and Wright etch were used 

to delineate the stacking faults [27-29]. After removal of the native oxide using a diluted 

HF solution, stacking faults were clearly observed after processing with a Wright etch. The 

Secco etch was not successful. Therefore, only the Wright etch was used in this study. The 

composition of the Wright etch used in this analysis was: 

Component 1; 2 gms cupric nitrate, Cu(N03)2 

60 ml deionized water 

Component 2: 15 gms chromium trioxide, CrOj 

30 ml deionized water 

Component 3: 30 ml nitric acid, HNO3 

60 ml glacial acetic, CH3COOH 

60 ml hydrofluoric acid, HF 

In this procedure, the experimental process conditions were determined based on the 

rate of removal and the optimization of stacking fault delineation for the Wright etching. 

Samples were cut out from the original wafers, processed in Wright etch to determine the 

etch rate. Wax was used to mask an area before etching. After the etch, the wax was 

removed and the etch rate was obtained by profiling using a Dektak UA stylus profilometer. 

The etch depth for a 5 seconds etch was 550 A. 
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Delineation of the stacking faults was optimized by using sample AS10-SI8 as the 

bench mark. This sample had observable stacking faults and epi spikes prior to the etching 

process. Epi spikes are the point defects with a height attached to them and can be seen by 

naked eye under a bright light. Photos were taken prior to and after each timed etch. Based 

on these photos, processing for 25 seconds duration in the Wright etch optimized the 

delineation of stacking faults. Therefore, all the wafers were etched for 25 seconds. The 

etched samples were inspected under a Polyvar light microscope. Wafers showing haze 

were inspected and photographed in the regions with and without haze, as well as, at the 

center, at half radius, and at the flat edge. On wafers without haze, a 1 mm x 1 mm area 

was inspected and photographed at the center, at half radius, and at the flat edge. The 

results are summarized in Tables 8.7 and 8.8. The epitaxial samples deposited at 950°C did 

not show any stacking faults or epi spikes. A low number of stacking faults and epi spikes 

were observed in epitaxial films grown at 850°C. In these films, the stacking faults were 

located in the center and at the flat edge of the wafer. The number of stacking faults were 

higher at the flat edge. The epi spikes were mostly observed at the flat edge. No haze was 

found on the epitaxial films deposited either at 950°C or 850°C. The highest number of 

stacking faults were observed as expected on all the epitaxial samples grown at 750°C. 

Sample AS10-S22, an epitaxial film grown after a 5 minutes bake on Si(lOO) passivated 

in HF/methanol, showed the largest number of stacking faults. On average, sample AS 10-

S20, showed the fewest stacking faults among the 750°C samples. The epitaxial film on 

sample AS 10-820 was deposited without H2 bake on Si(lOO) passivated with aqueous HF. 

Epitaxial films deposited at 750°C, with and without bake, on samples passivated with 

HF/methanol showed epi spikes across the wafer. The number of epi spikes was greatest 
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on the epitaxial sample, ASI0-S22, deposited with 5 minutes bake. For samples 

processed with aqueous HF and epitaxial films deposited at 750°C, epi spikes were 

localized to within the haze and to near the flat edge regions. 

8.3  Correlat ion of  IB A and TMAFM to Part ic le /Defect  Counts  on Epitaxial  

Samples 

To establish the correlation between Ion Beam Analysis (IBA), Tapping Mode Atomic 

Force Microscope (TMAFM), and particle/defect counts, DBA and TMAFM analysis were 

performed on two of the eleven Si on Si(lOO) epitaxial samples provided by SEMATECH 

[30]. Table 8.9 gives the details of the experimental conditions under which these samples 

were grown [30]. These samples were generated by SEMATECH in an experiment to 

study the effect of pressure and temperature in the RTCVD reactor upon the quality of Si 

epitaxial films grown on Si(IOO) cleaned with conventional aqueous HF, and grown at 

temperatures greater than 800°C. The number of particles and defects were measured by 

SEMATECH using a Particle/Defect counter. The processing of the samples, the 

particles/defects measurements, and the TMAFM analysis were performed at Lawrence 

Semiconductor Research Laboratories, Tempe, Arizona [31-33]. The Ion Beam Analysis 

(IBA) was performed at IBeAM Facility, Goldwater Center, Arizona State University, 

Tempe, Arizona [34]. 

Two wafers, identified as STl-PDC and ST1-S39, were selected for IBA and 

TMAFM. The first sample, STl-PDC, had a very low particle/defect count totaling to 40 

and the second sample, ST1-S39, had a very high particle/defect count with a total of 

24347. These wafers were cut into four pieces with areas of approximately 0.5 inch x 0.5 

inch in size. Two of these pieces were cut from the center, and were labeled "C". Two 
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other pieces were cut from the edge and were labeled "E". IBA and TMAFM were 

conducted on one piece each firom the center (C) and edge (E). The following sections 

summarize the IBA results and TMAFM observations from this study. 

8.3 .1  Ion Beam Analysis  

The Ion Beam Analysis (IBA) was performed using 200,000 counts of 2 MeV incident 

''He-'" ions with the samples aligned (a) along the Si(lOO) optical normal with respect to the 

''He^^ beam and (b) along an Si<l 11> axis. 

(a) In the optical normal direction, a sharp Si surface peak is detected for the sample 

STl-PDC but not for the more defective sample ST1-S39, as shown in Figures 8.8 

and 8.10: 

• the sample with the lower particle/defect count shows a sharp surface 

signal, with a width AE = 14 keV while the one with a higher particle/defect 

count does not exhibit such a feature. 

• the sample with the lower particle/defect count exhibits a clear resolution of the 

3 Si isotopes, with an energy separation of AE = 14 keV at the surface, 

whereas, the second sample does not. 

(b) Figures 8.9 and 8.11 show the spectra gathered when samples were aligned in a 

<1 Il> direction. 

• Both samples exhibited the expected minimum yield for epitaxial material, 

Y . =3%. ^mlD ^ 

• The Si surface peaks measure the amount of disorder, via the number of 

unregistered Si atoms with respect to the bulk. The sample STl-PDC has a 



570 

lower number of unregistered Si atoms at the surface when compared to sample 

ST1-S39. 

In other words, while both samples were epitaxial, the surface peak for the one with 

less particles/defects, STl-PDC, allows for the qmntitatve detection of a less defective 

surface than that of ST1-S39, in agreement with particle/defect counter measurements. 

The oxygen signal from the native oxide was also confined to 14 keV for the sample 

STl-PDC, while the sample ST1-S39 exhibited a straggling distribution of AE = 20 keV, 

similar to that observed in Figure 8.11, which interfered with discrimination of the 3 Si 

surface peaks. The area of the signal measures the number of oxygen atoms. In conclusion, 

while both samples were found to be epitaxial, the quality of the surface in sample STl-

PDC is radically better than that of sample ST1-S39, as all signals fell within expected 

energy intervals, while those of ST1-S39 were spread out and did not allow for the 

resolution of Si isotopes. 

8.3 .2  Tapping Mode Atomic Force Microscopy Analysis  

The Tapping Mode Atomic Force Microscopy (TMAFM) results support the 

conclusions from the Ion Beam analysis. TMAFM enables characterization of the 

topography, and of defects inducing the high particle/defect counts in sample ST1-539, and 

correlate it to the broadening of the surface peak observed in channeling in the IB A data 

shown in Section 8.3.1(a) for that sample [33]. The TMAFM images were obtained using a 

large area DI-3000 Tapping Mode Atomic Force Microscope manufactured by Digital 

Instruments located in Santa Barbara, CA [35]. The TMAFM topographs, not shown here, 

were taken on five different scanning areas (1 ^.m x I jim, 2 ^im x 2 (xm, 5 pm x 5 [im, 

10 p.m X 10 |im, and 20 p.m x 20 p.m) and demonstrated the following: 
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A. Sample ST1-S39 with high particle/defect count: 

(a) Large area systematic Scanning: 

Vertical resolution: 0.5 nm 

Lateral resolution: 5 nm 

Scanning time: 10 minutes 

• Particulates of size < 0.05 [im were detected over area's ranging from 

20 (xm X 20 p.m to 1 |im x 1 nm, with an average density of about 0.3 

particulates/p.m" in the center to 1 particulate/^im^ at the edges. 

• Clear discrimination between particulates (raised features) and pits 

(depressed features) in the Si epitaxial fihn was achieved. Pits were 

found near the edge with an estimated density of 0.005 per 

(b) High resolution scanning: 

Vertical resolution: 0.1 nm 

Lateral resolution: 5 nm 

Scanning time: 10 minutes 

• No Si diatomic ledges due to step flow were detected. These are 

characteristic of smooth and flat layer-by-layer, defect free, epitaxy. 

B. Sample STl-PDC with low particle/defect count: 

(a) Large area systematic Scanning: 

Vertical resolution: 0.5 nm 

Lateral resolution: 5 nm 

Scanning time: 10 minutes 
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• No particulates of size < 0.5 nm were detected over all the area's 

ranging from 20 fim x 20 |im to 1 ^im x 1 ^m, with a density of about 0 

particulates/mm^ for the center and the edge. 

• No particulates and pits in the Si epitaxial film were detected. 

(b)  High resolut ion scanning:  

Vertical resolution: 0.1 nm 

Lateral resolution: 5 nm 

Scanning time: 10 minutes 

• Periodic Si diatomic ledges, approximately 0.5 nm high, about 300 nm 

in length, and more than 10 nm wide, due to step flow were detected. 

These are characteristic of smooth and flat layer-by-layer, defect free, 

epitaxy. 

In conclusion, sample ST1-S39 exhibited very poor epitaxial quality based on the Si 

and O surface signals in IB A, while sample STl-PDC exhibited ideal signal definition, 

with surface peaks for Si and O approaching the detector resolution (10 keV). TMAFM 

confirmed the presence of defects, and provided a count of pits, and particulates. The lack 

of diatomic ledges on sample ST1-S39 provides a criteria for detecting layer-by-layer, high 

quality epitaxy. TMAFM also confirmed the absence of defects and the presence of 

diatomic ledges on sample STl-PDC, which are characteristic of smooth and flat layer-by-

layer, defect free, epitaxy. 

In a brief summary, a good correlation was established between surface peak analysis, 

TMAFM, and optical defect counting. When a film is found to be very low of defects, IBA 

detects a well defined surface peak, with a minimum width. 



Table 8.1 Summary of the experimental conditions and analysis techniques used for the samples produced in the experiment 
AS 10. 

Sample # Temp. (°C) Final Passivation H: Bake Thickness (A) Post Measurement 
ASIO-SI 950 HF/Methanol N 750 RBS, AFM 
AS10-S2 950 HF/Methanol N 10000 SIMS, Stacking Faults, Haze 
AS10-S3 950 HF/HjO N 750 RBS, AFM 
AS10-S4 950 HF/H2O N 10000 SIMS, Stacking Faults, Haze 
AS10-S5 950 HF/Methanol Y 750 RBS, AFM 
AS10-S6 950 HF/Methanol Y 10000 SIMS, Stacking Faults, Haze 
AS10-S7 950 HF/HjO Y 750 RBS, AFM 
AS10-S8 950 HF/H2O Y 10000 SIMS, Stacking Faults, Haze 

AS10-S9 850 HF/Methanol N 750 RBS, AFM 
ASIO-SIO 850 HF/Methanol N 10000 SIMS, Stacking Faults, Haze 
ASlO-Sll 850 HF/HjO N 750 RBS, AFM 
AS10-S12 850 HF/H2O N 10000 SIMS, Stacking Faults, Haze 
AS10-S13 850 HF/Methanol Y 750 RBS, AFM 
AS 10-814 850 HF/Methanol Y 10000 SIMS, Stacking Faults, Haze 
AS10-S15 850 HF/HjO Y 750 RBS, AFM 
AS10-S16 850 HF/H2O Y 10000 SIMS, Stacking Faults, Haze 

AS10-S17 750 HF/Methanol N 750 RBS, AFM 
AS10-S18 750 HF/Methanol N 10000 SIMS, Stacking Faults, Haze 
AS10-S19 750 HF/H2O N 750 RBS. AFM 
AS10-S20 750 HF/H2O N 10000 SIMS, Stacking Faults, Haze 

Ln 
CO 



Table 8.1 (cont.) 

Sample # Temp. (°C) Final Passivation Hi Bake Thickness (A) Post Measurement 
AS 10-821 750 HF/Metlianol Y 750 RB8, AFM 
AS10-S22 750 HF/Methanol Y 10000 SIMS, Stacking Faults, Haze 
AS 10-823 750 HF/H2O Y 750 RBS, AFM 
AS 10-824 750 HF/H2O Y 10000 SIMS, Stacking Faults, Haze 

Note; All samples received modified RCA type clean at Arizona State University, Tempe, AZ, prior to final 
passivation step. 
1 ^im = 10,000 A. 
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Table 8.2 Summary of the deposition times used for the Si epitaxial growth on 
H-passivated Si(lOO) samples generated in the experiment AS 10. 

Rim Sample Target Deposition time 

Type # Thickness (^m) (min:sec) 

Dunmiy Test 1 1.00 15:00 
Wafers Test 2 0.120 15:00 

ASIO-SI 0.075 19.7 
AS10-S2 1.00 4:23 
AS10-S3 0.075 19.7 
AS10-S4 1.00 4:23 

AS10-S5 0.075 19.7 
AS10-S6 1.00 4:23 
AS10-S7 0.075 19.7 
AS10-S8 1.00 4:23 

Device AS 10-89 0.075 57.7 
Wafers ASIO-SIO 1.00 12:49 

ASlO-Sll 0.075 57.7 
AS10-S12 1.00 12:49 
AS10-S13 0.075 57.7 
AS10-S14 1.00 12:49 
AS10-S15 0.075 57.7 
AS10-S16 1.00 12:49 
AS10-S17 0.075 8:49 

AS10-S18 1.00 117:39 

AS10-S19 0.075 8:49 
AS10-S20 1.00 117:39 
AS10-S21 0.075 8:49 
AS10-S22 1.00 117:39 
AS10-S23 0.075 8:49 
AS10-S24 1.00 117:39 

Note: Test 1 and Test 2 wafers were both baked in hydrogen and deposited at 850°C and 
750°C, respectively. These wafers received the standard LSRL low temperature 
preclean in a tank located in a clean room with recirculation pump on. 
Test 1: This wafer had 7 LPD's and some bumps when inspected under 

microscope. 
Thickness of this layer is 1.05 fim ± 3.8% when measured by Nicolet on 4 
points (center and edges). 

Test 2: This wafer had 1 LPD and 1 haze circle when inspected under microscope. 
Notably the 750°C process gave good results, not a poly, though the layer 
was thin (1200A). It was hard to spot defects on it. Still the results were 
encouraging. 



Table 8.3 Summary of tlie "Bright Light" and "Optical Microscope" inspection observations on the epitaxial samples generated 
in the experiment AS 10. 

Sample 

Number 

Brighi 

Number of LPD's 

Light 

Presence of Haze 

Microscop 
Number of de 

50 X 

e Analysis 
fects per scan 

200 X 
ASIO-SI 13 No ND -100 
AS10-S2 50-100 No ~ 100 -100 
AS10-S3 <10 No 0 0 
AS10-S4 <5 No 0 0 
AS10-S5 1 No 0 0 
AS10-S6 50-75 No 10 2 
AS10-S7 0 No 

AS10-S8 
~ 25 small cluster of 
LPD's at 9 O'clock 

position and 0 elsewhere 
No 0 0 

AS10-S9 25-50 No 

ASIO-SIO 25-50 No 1 defect and I epi stacking 
fault 0 

ASlO-Sll 3 No 
AS10-S12 0 No 0 0 
AS10-S13 15 No 

AS10-S14 25-50 No 

0 with small area with 
residue and tweezer 

scratches & residue near 
the maior flat 

0 and tweezer scratches & 
residue near the major flat 

AS10-S15 5 Faint? 

AS10-S16 15 Faint? 0 0 except 2 residual lines at 
the major flat 

AS10-S17 100-200 No 
-J 
OS 

* 



Table 8.3 (cont.) 

Sample 
Number 

Brighi 

Number of LPD's 

Light 

Presence of Haze 

Microscop 
Number of de 

50 X 

e Analysis 
fects per scan 

200 X 

AS 10-818 Heavy haze all over, particles, and radical streaks > 1000 defects per FOV > 1000 defects per FOV 
AS10-S19 0 No 

AS10-S20 > 1000 Faint? 0 and faintly visible haze 
2 defects per FOV at 

center and ~ 1000 defects 
per FOV at the edge 

AS 10-821 25-50 No 

AS10-S22 Heavy Haze 
> 1000 defects per FOV 

and uniformilv distributed 
> 1000 defects per FOV 

and uniformilv distributed 
AS10-S23 2 No 

AS 10-824 > 1000 
Isolated spots and rings of 
high defects density with 

no haze elsewhere 

Very faint haze with 0 at 
the center and ~ 1000 per 

FOV at edge 

1 defect per 10 FOV's at 
the center and ^ 100 per 

FOV at the edge 

Notes: "Haze?" means faint haze was seen under the bright light on some wafers after epi growth. All wafers received a post-epi 
SCI clean after bright light and microscopic examination. Although the wafers were not re-examined, the post-epi SCI 
clean normally removes this haze, which is caused by a thin layer of chlorosilane deposit from the reactor walls. "Bright 
Light" inspection was performed under a bright tungsten-filament lamp in a darkened box. This inspection norm^ly 
reveals defects down to slightly below a micrometer in size. LPD means "light point defect" - a bright spot under the light. 
"Microscope" inspection was performed on a Nikon microscope with Nomarski interface contrast, at 50 x and 200 x. 
Two diameters were scanned at each ring. "FOV" means field of view. Where the defect count was high, it was expressed 
in defects per FOV rather than defects per diameter scan. Except for samples SI, S3, and S5, the 0.075 jim epi layers 
were not examined under the microscope. Only one epi stacking fault was observed, on the sample # ASIO-SIO. 
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Table 8.4 Comparison of the light point defects (LPD) and haze for epitaxial films before and after standard LSRL cleaning 
process. 

Sample Pre SCI Post SCI 
# Number of LPD Presence of Haze Number of LPD Presence of Haze 

ASIO-SI 1000+ No 5-10 No 
AS10-S3 500-1000 No 1 No 
AS10-S5 250-500 No 3 No 

AS10-S7 100+ No 2-3 No 
AS10-S9 50-100 No 10-25 No 
ASlO-Sll 50-75 No 5 No 
AS10-S13 50-100 No 10-25 No 
AS10-S15 100-250 No 10-25 No 
AS10-S17 50-100 No 25-50 No 
AS10-S19 50-75 No 4 No 
AS10-S21 50-75 No 25-50 No 
AS10-S23 50-75 No 10-25 No 

Note: Samples S3, Si5, and S19 showed one or two scratches before SCI treatment and they 
were present after the treatment too. 
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Table 8.5 Comparison of sputter rates for carbon, oxygen, and fluorine used in the SIMS 
analysis of the epitaxial samples generated in the experiment AS 10. 

Sample 
# 

Element of 
Interest 

Sputter Rate 
(A/sec.) 

AS10-S2 Carbon 69.0 AS10-S2 
Oxygen 69.8 

AS10-S2 

Fluorine 69.5 
AS10-S4 Carbon 79.5 AS10-S4 

Oxygen 79.5 
AS10-S4 

Fluorine 79.5 
AS10-S6 Carbon 71.6 AS10-S6 

Oxygen 72.1 
AS10-S6 

Fluorine 72.1 
AS10-S8 Carbon 81.3 AS10-S8 

Oxygen 83.4 
AS10-S8 

Fluorine 83.8 
ASIO-SIO Carbon 77.4 ASIO-SIO 

Oxygen 78.5 
ASIO-SIO 

Fluorine 78.3 
AS10-S12 Carbon 75.7 AS10-S12 

Oxygen 75.6 
AS10-S12 

Fluorine 75.2 
AS10-S14 Carbon 84.8 AS10-S14 

Oxygen 85.7 
AS10-S14 

Fluorine 85.5 
ASI0-S16 Carbon 84.1 ASI0-S16 

Oxygen 84.8 
ASI0-S16 

Fluorine 85.3 
AS10-S18 Carbon 85.6 AS10-S18 

Oxygen 85.9 
AS10-S18 

Huorine 85.4 
AS10-S20 Carbon 74.2 AS10-S20 

Oxygen 74.3 
AS10-S20 

Fluorine 74.3 
AS10-S22 Carbon 75.6 AS10-S22 

Oxygen 75.5 
AS10-S22 

Fluorine 75.4 
AS10-S24 Carbon 75.5 AS10-S24 

Oxygen 76.0 
AS10-S24 

Fluorine 76.3 
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Table 8.6 Summary of the impurity level measurements by SIMS at the interface of 
epitaxy to substrate for the samples generated in the experiment AS 10. 

Sample Dose (atoms/cm^) 
Number C 0 F 
AS10-S2 - - -

AS10-S4 - - -

ASI0-S6 - - -

AS10-S8 - - -

ASIO-SIO 2.90E+I1 5.60E+13 l.OOE+11 
AS10-S12 8.90E+10 7.80E+13 8.60E+09 
AS10-SI4 - - -

AS10-S16 - - -

ASI0-S18 I.50E+12 1.30E+14 2.30E+II 
AS10-S20 4.30E+I I 1.20E+I4 4.60E+09 
AS10-S22 8.00E+11 1.30E+14 1.60E+II 
AS10-S24 3.00E+11 1.40E+14 1.20E+I0 

Note: Detection Limits 

Carbon: 5.06 x 10" atoms/cm^ 

Oxygen: 3.20 x 10'^ atoms/cm^ 

Fluorine: 7.60 x lO'"* atoms/cm^ 



588 

Table 8.7 Summary of the stacking fault defects observed by chemical etching for the 
epitaxial samples generated in the experiment AS 10. 

Sample Stacking Faults Defects per cm^ 
# In Haze Out Haze Center 1/2 R Flat 

AS 10-52 N/A N/A 0 0 0 
AS 10-54 N/A N/A 0 0 0 
AS 10-56 N/A N/A 0 0 0 
AS 10-58 N/A N/A 0 0 0 
AS 10-510 N/A N/A 0 0 0 
AS 10-512 N/A N/A 0 0 400 
AS 10-514 N/A N/A 100 0 400 
AS 10-516 N/A N/A 100 0 0 
AS 10-518 2.40E+06 5.20E+05 1.12E-J-06 8.00E+05 7.20E+05 
AS 10-520 2.60E+05 6.20E+05 7.60E4-05 6.00E+05 6.00E-I-05 
AS 10-522 2.68E-h06 1.60E+06 1.30E-t-06 1.20E+06 2.00E+06 
AS 10-524 1.20E+06 6.00E+05 1.80E+06 1.70E+06 1.20E+05 

Table 8.8 Summary of the epi spikes observed by chemical etching for the epitaxial 
samples generated in the experiment AS 10. 

Sample 
# In Haze 

EF 
Out Haze 

'I Spikes per c 
Center 

:m^ 
1/2 R Hat 

AS 10-52 N/A N/A 0 0 0 
AS 10-54 N/A N/A 0 0 0 
AS 10-56 N/A N/A 0 0 0 
AS 10-58 N/A N/A 0 0 0 

AS 10-510 N/A N/A 0 0 0 
AS 10-512 N/A N/A 0 0 800 
AS 10-514 N/A N/A 0 0 400 
AS 10-516 N/A N/A 100 200 0 
AS 10-518 8.00E+05 4.00E+04 4.00E+05 3.20E+05 3.00E+04 
AS 10-520 6.60E+05 0 0 0 0 
AS 10-522 2.40E+06 3.50E+05 2.50E+05 4.00E+05 6.00E+05 
AS 10-524 1.35E-f06 0 0 0 3.00E+04 
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Table 8.9 Description of the samples generated in the experiment STl. 

Sample Recipe H2 Flow Rate Pressiu-e DCS Particle Counts 
# Name SLM Terr SCCM In Out 

STl-PDC PDC-1050-1-25 895 40 
ST1-S31 Preclean 31 25 25 112.5 52 691 
ST1-S32 Preclean 32 10 40 25 166 21 
ST1-S33 Preclean 33 40 10 195 35 48 
ST1-S34 Preclean 34 10 10 65 77 1123 
ST1-S35 Preclean 35 40 40 195 26 507 
ST1-S36 Preclean 36 10 40 65 31 597 
STl-837 Preclean 37 10 10 25 39 58702 
ST1-S38 Preclean 38 40 40 100 52 156 
ST1-S39 Preclean 39 40 10 100 27 24347 
ST1-S40 Preclean 40 25 25 112.5 47 1024 

Note: DCS - Dichlorosilane 
SLM - Standard litre per minute 
SCCM - Standard cubic centimeter per minute 
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CHAPTER 9 

CHARACTERIZATION OF MATERIALS FOR USE AS HYDROGEN 

STANDARD 

Hydrogen-rich materials, in the present case polymers, were systematically 

characterized by Ion Beam Analysis (IBA) techniques and compared for their suitability as 

hydrogen standards. The key issue was the stability of the polymer and its H concentration 

during ion beam analysis. The progressive depletion of H under IBA is unavoidable, but 

has to be as low and as reproducible as possible to use the material as a standard. The 

motivation for this study is that Elastic Recoil Detection (ERD), an IBA technique, is not a 

standardless method like FIBS, since only one element, the one being recoiled, is detected. 

Hence, the hydrogen signal from a sample has to be compared to the signal of a standard 

with known hydrogen content. Bulk polymers and thin films were compared for this smdy. 

Thin polymeric films were spun coated and cured on 100 mm. Si(IOO) wafers in diameter. 

Bulk polymers were analyzed for use during situations of non-availability of Si(lOO) 

wafers coated with thin films. Bulk polymers were analyzed because they are easier to 

procure than wafers coated with thin films and are thus more available. Table 9.1 lists the 

stoichiometry and elemental ratio for all the polymer standards evaluated for this study [1-

6]. The present chapter is organized into three major sections: 

1. General description of the materials. 

2. Experimental analysis of the materials. 

9.1 General Description of the Materials 

This section gives background on the polymeric materials evaluated as H standards for 

this study. This section is divided into two sub-sections - (1) bulk polymers and (2) thin 
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films on Si(lOO) wafers. Key information such as properties, advantages, disadvantages 

and applications is summarized. 

9.1.1 Bulk Polymers 

Five different bulk polymers were evaluated for use as hydrogen standards based on 

the stability of their H-signal under irradiation. These polymers were selected based on 

availability and extensive usage in industry. The polymers were polyvinylidene fluoride 

(PVDF), polytetrafluoroethylene (Teflon), polyvinylchloride (PVC), white polypropylene 

(WPP) and high density polyethylene (HDPE). Figure 9.1 depicts the molecular structure 

for bulk polymers [1,2]. A summary of the advantages, disadvantages and applications of 

the bulk polymers is given in Table 9.2 [7]. 

9.1 .1 .1  Polyvinyl idene Fluoride (PVDF) 

A fluoropolymer of interest in electronic applications is polyvinylidene fluoride. PVDF 

is the acronym selected for polyvinylidene fluoride, although many workers in the field still 

refer to it as PVFj. It is also correctly named poly(l,l-difluoroethylene) [8]. PVDF is a 

hard, tough thermoplastic fluoropolymer. PVDF, was patented in 1948, and discovered as 

part of Du Pont's research on fluoropolymers. The Du Pont patents, were licensed 

originally to Pennsalt Corp, which was renamed later to Pennwalt Corp. This fluorocarbon 

polymer has exceptional electrical properties and starting in 1958, Pennwalt Corp. 

developed this copolymer into a major component of the fluoropolymers industry. 

Pennwalt Corp. is currently the sole US manufacturer of PVDF, which it sells under the 

trademark KYNAR® [9]. Properly processed films of KYNAR exhibit high piezo- and 

pyroelectric behavior. In fact, PVDF has the highest piezo- and pyroelectric coefficients of 

any known polymer, with values comparable to those of piezoelectric ceramics. This means 
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that PVDF film will generate an electric voltage in response to force or heat energy [9]. 

Conversely, an applied electric voltage will mechanically strain it, resulting in film 

movement [10,11]. KYNAR films are widely used in a diverse range of sensor/transducer 

applications. These have been reviewed by Broadhurst et al. [12]. The most important 

applications are in industrial instmmentation as pressure, strain, infrared, vibration, or 

impact sensors, and in the consumer area as speaker and microphone diaphragms [9]. 

PVDF is prepared by free-radical initiated polymerization, either in suspension or 

usually in emulsion systems. Changes in the details of the conditions used for 

polymerization result in some differences in the melting point ranging between 154°C to 

182°C and other important end-use properties [8]. 

The basic raw material for PVDF is vinylidene fluoride (VFj or VDF). A preferred 

synthesis is dehydrochlorination of chlorodifluoroethane, CFC-142b. Several other 

syntheses also are available. Since all of these fluorochemicals require replacement of 

chlorine with fluorine at some step in the synthesis, they are relatively expensive [8]. 

Polyvinylidene fluoride is processed by typical thermoplastic molding and extrusion 

methods. As expected, its chemical and solvent resistance is intermediate between fully 

fluorinated polymers and polyvinyl fluoride [7]. For the present comparative study of 

polymers for calibration standards and radiation damage, the PVDF analyzed was procured 

from Philip's Plastics, Phoenix, Arizona. 

9.1 .1 .2  Polytetraf luoroethylene (PTFE) -  Tef lon 

Polytetrafluoroethylene is commonly known by its acronym, PTFE. It is also referred 

to as TFE resin or TFE fluorocarbon resin. TFE, the acronym for the monomer is 

sometimes used misleadingly by itself to mean the polymer, PTFE [13]. 
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Polytetrafluoroethylene was the first of the fluorocarbon polymers and was discovered by 

the observant serendipity of Roy J. Plunker just before World War n [7]. Since then, it 

has become well known for its almost optimum combination of a thermal capability from 

cryogenic to 250°C, excellent chemical resistance and electrical properties. PTFE is a hard, 

tough thermoplastic [13]. It is highly crystalline with a melting point of 327°C [14]. Its 

two significant shortcomings are its high permeability and its susceptibility to cold flow or 

creep [15]. Filled molding compositions significantly improve this weakness. The 

polymer's extremely low dipole moment is in part responsible for its excellent lubricity and 

non-sticking character, the latter familiar in most kitchens [7]. 

In spite of good chemical resistance, mechanically, PTFE has a low strength and a low 

elastic modulus compared to other engineered plastics [14]. Impact strength is high, and the 

coefficient of friction is lower than that of almost any other material. PTFE is nonbuming, 

with an exceptionally high oxygen index used as a measure of oxygen content. It has a very 

low dielectric constant and dissipation factor, both of which are stable over wide ranges of 

temperature and frequency [14]. Also, PTFE does not absorb appreciable moisture. These 

characteristics favor rapid signal transmission, which is an increasingly important criterion 

as the clock rate of electronic circuits increases [14]. 

Although PTFE is a linear polymer its processing methods are significantly different 

than other linear thermoplastics [15]. It has an exceptionally high melt viscosity, which 

prevents processing by conventional injection-molding or melt-extrusion methods [14]. In 

many respects the processing methods used for PTFE are similar to those used in the 

metals and ceramics industries [13]. Most commonly, the powdered polymer is pressed 

cold into the desired shape and then subjected to a free-standing sintering step of 

temperatures above 325°C [14-16]. 
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PTFE is made by a free-radical initiated polymerization of the gaseous monomer, 

tetrafluoroethylene, in an aqueous medium under pressure [13]. The chemistry of this 

polymerization is such that extremely pure monomer and other ingredients are required in 

order to achieve the very high molecular weight required for plastics applications. TFE 

monomer is a very hazardous material having a wide explosive range in air. It has a 

propensity to disproportionately rearrange its molecular structure to form carbon and 

carbon tetrafluoride with an explosive force similar to that of black powder [13]. As a 

result, extreme care and very high capital investment are required for the manufacture of the 

monomer and polymer. 

The basic raw materials for TFE and PTFE are fluorspar (calcium fluoride), sulfuric 

acid, methane, and chlorine. The methane is chlorinated to form chloroform, and the 

fluorspar is converted into hydrogen fluoride with the sulfuric acid. Reaction of chloroform 

with HF produces chlorodifluoromethane, which is pyrolyzed to form TFE [13]. Although 

the basic raw materials are inexpensive and readily available, the complexity of the 

processes required, the need for exd-eme resistance to corrosion, the large amount of by

product hydrogen chloride, and the problems in handling the hazardous TFE result in a 

polymer that inherentiy is expensive [13]. 

The main suppliers of PTFE are Du Pont and ICI, under the Teflon* and Fluon® 

tradenames, respectively. To improve the processibility of PTFE but still retain its desirable 

properties, suppliers are developing blends and copolymers of fluorinated polymers 

[17,18]. Examples of these include fluorinated ethylene propylene (FEP) and 

perfluoroalkoxy resin (PFA) polymers. To date, such materials have not found use in 

electronic applications. Teflon AF®, a new material recently introduced by Du Pont, is a 

totally amorphous version of PTFE and has better properties. Because of its solubility in 
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perfluorinated solvents, the production of PTFE thin films and coatings by spin coating and 

other techniques has become possible [14]. For the present comparative study of polymers 

for calibration standards and radiation damage, the Teflon analyzed was procured from 

Cadillac Plastic and Chemical, Phoenix, Arizona. 

9.1.1.3 Polyvinylchloride (PVC) 

Flexible polyvinyl chloride (PVC) plastic encompasses a wide variety of molding 

compounds with a broad spectrum of properties, applications, and uses in almost all 

thermoplastic processes [19]. Although at room temperature, the PVC polymer is hard and 

brittle, heat sensitive, and difficult to process, it can be made into an elastomeric plastic 

with the addition of plasticizers and stabUizers [20]. Additives help overcome the process 

limitations of PVC. Unmodified polyvinylchloride is a very rigid thermoplastic. Flexibility 

can, however, be increased over a wide range by the addition of varying amounts of 

several plasticizers such as dioctyl phthalate [7]. To make PVC a versatile plastic, vinyl 

chloride polymer is combined with a plasticizer, a stabilizer, a filler, and other additives, 

depending on the properties desired and the process to be used [19]. A frequent method of 

processing PVC involves the suspension of solid particles of the polymer in an appropriate 

plasticizer. This suspension, a "plastisol", is then heated resulting in a homogenous 

system which becomes a flexible solid upon cooling [7,21]. 

The vinyl chloride polymer may be a homopolymer of repeating units of vinyl chloride 

monomer (VCM). Or, the copolymer, also used in making this plastic, would be repeating 

units of VCM with other monomers such as vinyl acetate, propylene, or maleate 

interspersed in a random fashion [19]. Several alloys and copolymers are possible with 

PVC, including styrene and acrylonitrile [7]. Alloys or polyblends may also be obtained by 

the incorporation of other polymers such as acrylonitrile, SAN, ABS, SBR, CPE, acrylate. 
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and even some "B" stage thermosetting resins. In addition to these PVC polymers, 

additives give PVC plastic properties that cannot be achieved any other way [19]. 

VCM was first prepared by Regnault in 1835 and E. Baumann discussed the reaction of 

vinyl halides and acetylene in a sealed tube in 1872 [22]. The most significant development 

occurred in 1921, when Plausen discovered how to polymerize PVC from dry acetylene 

which made PVC more than a laboratory curiosity [23]. Use of PVC has grown steadily 

since its commercial-scale production in the early 1930's to become a very widely used 

plastic with a myriad of uses from films and moldings to extruded pipe [19]. Waldo L. 

Simon, of B.F. Goodrich, made the first major breakthrough by plasticizing PVC [24]. 

This was the start of commercialization of flexible PVC in the United States. Two major 

technologies emerged in the United States around 1940s: the B.F. Goodrich technology 

based on the homopolymer and the Union Carbide technology based on the copolymer 

[19]. These developments were based on the Ried patent on the manufacture of PVC 

copolymers, the Doolittle patent on the use of lead stabilizers, the Quattlebaum patents on 

tin stabilizers, and the Gresham patent on die use of DOP (dioctyl phthalate) as a plasticizer 

[25-28]. 

In the 1930s, PVC manufactured products included film and sheeting for their water

proofing properties, electrical insulation, and flashlight cases [29]. In the 1940s, molding 

compounds for toys and industrial applications were developed. Since then, there has been 

a continuous improvement in vinyl plastics. Resins have become more heat stable and 

additives more effective because of sophisticated techniques [19]. In 1984, the average 

flexible PVC formulation was comprised of 63 parts additives to 100 parts of resin, 

approximately 39% of a flexible PVC plastic is composed of additives. In 1970, the PVC 

market constituted 16.4% of the entire thermoplastic market place [30]. In 1980, the PVC 

market share increased to 17.8% [31]. 



601 

There are three separate and distinct PVC vinyl technologies: rigid, flexible and 

plastisol. The additives used in each technology may be different or may be used for a 

different purpose. All three technologies use PVC resin [32]. However, there are some 

differences in the use of the resin. Plastisol requires a very small particle size, usually 1 

micron, therefore, an emulsion - type resin is used for this purpose. In flexible PVC, a 

resin particle that would have a very high oil sorption characteristic is used so that the 

plasticizer is absorbed. In rigid PVC, a particle with high bulk density is desired for 

maximizing throughput by weight [33]. All three technologies are thermoplastic, unless 

special additives are added for cross linking. Products produced by all three technologies 

have similar characteristics such as heat sensitivity and the ability to be made either clear, or 

opaque, and in a wide range of colors [32]. 

Rigid polyvinyl chloride (PVC) is characterized by strength and excellent chemical 

resistance. The homopolymer has repeating units of vinyl chloride monomer (VCM), 

whereas, the copolymer has repeating units of VCM along with another monomer, in 

various proportions, such as vinyl acetate (the most popular), ethylene, propylene, maleate, 

and so on. In Europe, rigid PVC is referred to as unplasticized PVC. In the United States, 

most papers are published and presented with the term "vinyl" regardless of which material 

is being discussed [34]. Rigid PVC finds applications in pipe, conduit, building panels, 

window frames, house siding, credit cards, profiles, and so on [32]. 

Acetylene, ethylene, chlorine and oxygen feedstocks are necessary to manufacture vinyl 

chloride monomer (VCM). In the early days of VCM production, acetylene was the 

dominant method, today, only 7% of the VCM is so manufactured. The remainder is 

produced by oxychlorination [32]. All of the VCM produced is consumed in the 

manufacture of PVC resin. At normal temperature and pressure, VCM is a colorless, 

dense, pleasantly sweet - smelling gas. It is usually stored in a pressurized liquid state in 
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steel tanks. VCM is soluble in aliphatic and aromatic hydrocarbons and insoluble in water 

[32]. 

PVC resin is manufactured by four methods: suspension, emulsion, bulk or mass, and 

solution. In the United States, the breakdown by method is 83% suspension, 8% 

emulsion, 7% bulk and 2% solution [35]. Worldwide, it is estimated that 70% is 

manufactured by the suspension method, 20% by emulsion, 9% by bulk, and 1% by 

solution. 

The suspension polymerization process is sometimes referred to as pearl, bead, or 

granular processing [36]. PVC so produced has relatively large particles (40 to 200 mesh), 

low levels of impurities, and resembles, in particle form, shrunken oranges. In the United 

States, the emulsion polymerization process is used to produce plastisols and organasols, 

whereas, in Europe, it is used for production of general-purpose PVCs having a small ( 1 

micron), particle size, a spherical shape, and the highest levels of impurities [37]. Unlike 

the other processes, bulk polymerization produces particles that are irregular and, in some 

cases, must be cryogenically ground [37]. The resultant PVC contains little or no 

impurities. The solution polymerization process is used to make highly specialized resins 

used for metal coatings, record manufacture, powder coatings, and surface coatings that 

require resistant finishes [36]. 

In summary, PVC has excellent resistance to water and aqueous solutions, but it is 

attacked severely by stronger solvents such as aromatic hydrocarbons, ketones, esters and 

chlorinated solvents [7]. Recently discovered health hazards due to extended exposure to 

the vinyl chloride monomer have resulted in strict production controls. As mentioned 

above, PVC can be made either flexible and soft, or rigid, hard and tough [32]. For the 

present comparative study of polymers for calibration standards and radiation damage, the 

PVC analyzed was procured fi-om Cadillac Plastic and Chemical, Phoenix, Arizona. 
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9.1.1.4 White Polypropylene (WPP) 

Polypropylene (PP) is a versatile thermoplastic offering a useful balance of heat and 

chemical resistance, good mechanical and electrical properties, and processing ease over 

polyethylene [7,38]. White polypropylene (WPP) is a polypropylene material which is 

white in color. Polypropylene was introduced in the late 1950s and has demonstrated 

certain advantages in improved strength and higher temperature capability over 

polyethylene. It is readily formed by typical thermoplastic forming techniques and has also 

been used in various laminated composite forms [7]. Polypropylene has been very 

successfully applied to the forming of fibers due to its good specific strength. It happens to 

be one of the lightest plastics available with a density of 0.90 gm/cm^ [7]. 

Crystalline polymers of propylene were first described in the literature in 1954 by G. 

Nattaand his associates at the Chimica Industriale del Politechico di Milano [39]. Earlier 

efforts to initiate propylene polymerization had only resulted in noncrystalline polymers of 

little or no importance [38]. With the introduction of heterogeneous, stereospecific catalysts 

discovered by K. Ziegler for the low-pressure polymerization of ethylene, the scene 

suddenly changed [40]. The reaction products of transition metal compounds with selected 

organometallic compounds contain active sites for polymerization, such that each new 

propylene molecule is incorporated in the polymer chain in a regular, geometric manner 

identical to all preceding methyl groups [41-43]. 

Although numerous advances have been made in commercial polymerization processes, 

multistage continuous reactor chains, propylene solution and vapor phase bulk 

polymerization, and loop reactors, for example, basic catalyst technology has not changed 

in 30 years [38]. However, improved techniques for manufacturing catalysts and emphasis 

on proprietary cocatalysts or adjuvants have increased catalyst efficiency manyfold and 

optimized crystalline polymer yield [44]. 
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Three geometric forms of the polymer chain can be obtained. Natta classified them as: 

1. Isotactic - All methyl groups aligned on one side of the chain. 

2. Syndiotactic - Methyl groups alternating. 

3. Atactic - Methyl groups randomly positioned [43]. 

Although both isotatic and syndiotactic forms will crystallize when they are cooled from 

molten states, commercial injection-molding and extrusion-grade polypropylenes (PP) are 

generally 94 to 97% isotactic. Fabricated parts are typically 60% crystalline, with a range of 

polyhedral spherulite forms and sizes, depending on the particular mode of crystallization 

from the melt [45]. Syndiotactic PP remains a laboratory curiosity. However, atactic PP 

recovered as residue from solvent or as recycle from slurry diluent distillation is a useful 

by-product. Although, it is not suited to structural plastic uses, major applications have 

been developed as modifiers in hot-melt adhesives, roofing compounds, and 

communications cable interstitial-filler gels [46]. 

During the time period 1953 thru 1956, scientists at Hercules, DuPont, Amoco, 

Phillips, and Montecatini of Italy found it possible to polymerize propylene to the 

crystalline state [47-52]. In 1971, the U.S. Patent Office awarded priority of invention for 

crystalline PP to G. Natta at Montecatini [53,54]. In 1983, the ruling was overturned and 

the basic composition of matter rights were granted to Phillips [55]. 

Commercial production of crystalline PP was first put on stream in late 1957 by 

Hercules in the U.S., by Montecatini in Italy, and by Farbewerke Hoechst AG in Germany 

[56]. It had unique processing characteristics that were not duplicated by any other polymer 

at that time. Crystalline PP was the first polymer to establish major applications in all 

thermoplastic processing categories - injection molding, sheet and profile extrusion, film 

(both oriented and cast), monofils, and multifilaments. By capitalizing on the basic 

characteristics of light weight, good stiffness and chemical resistance, a unique ability to 
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form integral hinges, high heat resistance, and toughness when alloyed with elastomers, 

crystalline PP quickly opened new markets in molded luggage, appliance housings, 

housewares, hospital ware, and automotive components. The annual production increased 

from 40 million pounds during 1960 in the United States to 7.3 billion pounds in 1988. It 

has risen at an annual rate of about 13 percent [57]. Since late 1980s, the industry has been 

operating at or near capacity. There are now approximately 120 PP producing companies 

(including joint ventures) in the world, located in North America, Western and Eastern 

Europe, Africa, Asia, Australia, and South America. 

All forms of polypropylene can be produced by the following polymerization 

techniques - solution polymerization, slurry polymerization, bulk polymerization and vapor 

phase polymerization [58-64]. Solution polymerization is generally considered obsolete 

because of its high costs and limited product range. Use of Ziegler catalysts minimizes or 

eliminates expensive soluble polymer extraction and catalyst residue de-ashing steps 

required in slurry processes developed for earlier Ziegler catalyst systems [65]. 

Technologies exist for production of propylene/ethylene block copolymers via bulk 

polymerization employing stirred or loop reactors, however, details of these are closely 

held as proprietary information, not yet generally described to the industry [66]. Although, 

the products made by vapor-phase polymerization contain high levels of titanium and 

aluminum residues, a unique finishing step during extrusion pelletizing reduces active 

chlorides to an innocuous level [59]. For the present comparative study of polymers for 

calibration standards and radiation damage, the WPP analyzed was procured from Philip's 

Plastics, Phoenix, Arizona. 
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9.1.1.5 High Density Polyethylene (HDPE) 

Polyethylenes are major olefin polymers achieving significant growth each year [67]. 

After its experimental preparation in the 1930's, its application in high frequency radar 

cables during World War n gave impetus to its commercial production [7]. The 

combination of useful properties, easy fabrication, and good economics has earned 

polyethylenes global importance as commercial materials [68]. Polyethylenes are 

thermoplastic resins produced by high and low pressure processes using various 

sophisticated catalyst systems. The result is several families of polymers (low density, 

linear low-density, and high density), each having very different behavior and performance 

characteristics [67]. This thermoplastic is available in a range of flexibilities depending on 

the production process. High density materials are the most rigid [7]. Generally, all 

polyethylenes possess excellent electrical properties, excellent resistance to water and 

moisture, and good resistance to organic solvents and chemicals. They are ti^anslucent, light 

weight, tough, and flexible materials [67]. The polymer can be formed by a wide variety of 

thermoplastic processing methods and is particularly useful where moisture resistance and 

low cost are required. Vinyl acetate can be copolymerized with ethylene. The resulting 

product has improved transparency over homopolymerized polyethylene because of a 

reduction of crystallinity in the copolymer [7]. Polyethylene is limited by a rather low 

temperature capability (90 -125°C) but nevertheless is manufactured in billions of pounds 

per year [7]. For the United States alone, polyethylene volumes in billion of pounds were 

estimated in 1983 at 11.5, in 1984 at 14.3, in 1985 at 15.5 and in 1986 at 15.9 [69]. 

The experimentation which led to the discovery of polyethylene stemmed from studies 

of the effects of high pressures on chemical reactions, which were conducted by the Alkali 

Division of ICI in 1932. The study conducted with ethylene and benzaldehyde at 170°C 
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and 20,000 psi resulted in a white, waxy solid to be deposited on the walls of the test 

vessel, which was identified as a polymer of ethylene [70]. By late 1930's and early 

1940's, ICI, Du Pont and Union Carbide were operating high-pressure polyethylene 

production facilities [67]. 

Continued experimentation and analysis of polyethylene showed it to have a molecular 

structure composed of both crystalline and amorphous regions [67]. Depending on the 

polymerization process, either linear long-chain hydrocarbon or highly branched side chain 

hydrocarbons were obtained. This lead to high density polyethylene (HDPE) and low 

density polyethylene (LDPE). For normal molecular weight polyethylenes (melt index > 

0.5), the density of homopolymer HDPE is fixed at 0.960 to 0.965 gms/cm^, depending on 

manufacturing process. However, HDPE spans the density range of 0.941 to 0.967 

gms/cm^, by the use of copolymers that add side-chain branches and thus reduce the 

density [71]. In general, high density grades of polyethylene have densities up to 0.97 

g/cm^. Low density grades are as low as 0.91 g/cm^ [7]. The density of HDPE is 

controlled in the manufacturing process by the amount of comonomer added to the reactor. 

Typical comonomers used with ethylene in HDPE are propylene, butene, hexene, and 

octene [71]. Typically, the high-density material is more linear and consequently more 

crystalline [7]. As the molecular weight of polyethylene increases, the longer polymer 

chains do not crystallize as readily and the lower amount of crystallinity further reduces the 

density of a HDPE homopolymer (melt index < 0.5) [71]. As might be expected, this 

higher crystallinity permits use of temperatures up to 130°C with somewhat better creep 

resistance below that temperature. Low density polyethylene has less stifftiess than the high 

density type. Blends of the two types are common [7]. 

HDPE is a partially crystalline, partially amorphous thermoplastic material. The degree 

of crystallinity depends on the molecular weight, the amount of comonomer present, and 
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the heat treatment given. The crystallinity of a given HDPE resin can be varied over a wide 

range by the rate of cooling from the molten state - slower cooling rates favor crystalline 

growth. The range of crystallinity for HDPE is normally 50 - 80% [71]. A density value 

normally quoted on data sheets for HDPE is determined by the compression molded sheet 

that has been cooled at the rate of 15°C per minute [72-74]. Most commercial fabrication 

processes cool from the melt at much faster rates. As a result, an article fabricated from 

HDPE rarely reaches the density quoted on a data sheet. Because the amount of crystallinity 

in HDPE is variable, HDPE can be considered as an amorphous polymer having a variable 

amount of crystalline filler [71]. 

HDPE is manufactured by a low pressure process. By comparison, low density 

polyethylene (LDPE) is manufactured by a high pressure process. The pressure used in 

manufacturing HDPE is below 2000 psi, in many cases, it is below 1000 psi. In 

manufacturing LDPE, pressures commonly exceed 10,000 psi [71]. There are three major 

commercial processes used for polymerization of HDPE: solution, slurry, and gas-phase 

processes. The catalysts used in the manufacture of HDPE are usually either a transition 

metal oxide type or a Ziegler/Natta type. It is important to note that the performance of 

HDPE resins having identical melt indexes, densities, and molecular weight distributions 

(MWDs) can vary if the resins are produced by different processes. These differences 

normally are seen only in critical applications having very narrow processing windows. 

For most applications, HDPE resins selected from more than one supplier will perform 

adequately, even if the resins are made by different processes [71]. 

As mentioned, along with melt index and density, MWD is a distinguishing property of 

HDPE. As HDPE is polymerized, polymer molecules of many different lengths (molecular 

weights) are produced. If an HDPE resin has a narrow range of molecular lengths, it is said 

to have a narrow MWD. Conversely, an HDPE having a broad range of molecular lengths 



609 

is said to have a broad MWD. The MWD is a plot of molecular weight versus the number 

or frequency of a given molecular weight. As the MWD of an HDPE is broadened, the 

processibility and melt strength increase, while impact strength, low-temperature 

toughness, and warpage resistance decrease. The MWD of HDPE is largely controlled by 

the type of catalyst used in polymerization and by the type of manufacturing process 

employed [71]. For the present comparative study of polymers for calibration standards 

and radiation damage, the HDPE analyzed was procured from Philip's Plastics, Phoenix, 

Arizona. 

9.1.2 Films Coated on Si(lOO) Wafers 

Three different films coated on Si(lOO) wafers were analyzed for use as hydrogen 

standards. The films were polystyrene (PS), Probimide, and FOx® Flowable Oxide. 

Probimide and FOx* Flowable Oxide are manufactured by Olin Ciba Geigy and Dow 

Coming Corporation, respectively. These materials will be referred to as Olin Ciba Geigy 

(OCG) and Dow Coming (DC) in this text.. 

9.1.2.1 Polystyrene (PS) 

Polystyrene (PS) is a crystal-clear thermoplastic which is easily processed. The 

stracture of polystyrene is shown in Figure 9.2 [1,2]. Key properties are summarized in 

Appendix G1 [75,76]. The impact strength of the homopolymer is rather poor and 

consequently several modified forms of polystyrene are available. For example, 

copolymers with small amounts of butadiene impart some degree of flexibility [7]. 

Considerable quantities of the polymer are produced in the form of heat-expandable beads 

containing a suitable blowing agent which ultimately result in familiar foamed polystyrene 
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articles. Polystyrene has been known for well over one hundred years but its real molecular 

nature was not clarified until about 1920 when the work of Staudinger elucidated the 

material's molecular structure in the very early days of polymer science [7]. 

Styrene is, along with ethylene, propylene, and vinyl chloride, one of the plastics 

industry's "big four" building blocks [77]. Styrene (CgHg) monomer is a clear mobile 

liquid. Polymerization occurs across the -CH=CH2 bond, forming linear, unbranched, 

noncrystalline molecules hundreds to thousands of units long with corresponding 

molecular weights of several hundred thousand to millions [77]. 

Styrene has been known, at least since 1831, when Bonastre distilled it from a tree 

resin. Simon polymerized styrene by exposing it to sunlight in 1839. Berthelot, in 1869, 

discovered the first synthetic method, based on ethylbenzene, for making polystyrene [78]. 

Matthews in 1891 gave the first suggestions for commercial uses of polystyrene as 

replacement for traditional materials. High cost and development of fine cracks which could 

lead to ultimate failure, limited use of polystyrene to Germany. Britain began production of 

polystyrene in the 1930s and in 1936 commercial production commenced in the U.S [78]. 

Wamer found evidence to credit Neuman with earlier discovery of styrene as a result of 

experiments similar to those of Bonastre and described, under the title "Storax", in 

Nicholson's 1786 publication, "A Dictionary of Practical and Theoretical Chemistry", a 

second edition of which was published in 1808 [79]. Wamer successfully repeated the 

Neuman and Bonastre experiments with storax, liquid amber resin, from the balsam tree, 

proving the presence of styrene. Simon retains the distinction of naming styrene [77]. 

Many other notable early day chemists, their works described in useful detail by Wamer, 

contributed to the extensive analysis and experimentation on which modem styrene 

chemistry is based. 
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Styrene monomer is prepared by reacting benzene with ethylene to produce 

ethylbenzene based on the following reaction: 

CgHg + CjHg => CgHg (9.1) 

where, CgHg => Benzene 

C2Hg => Ethylene 

CgH, => Ethylbenzene 

followed either by catalytic dehydrogenation to styrene, 

CgH, + Catalyst + Heat => C8Hg + H2 (9.2) 

where, CgHg => Styrene 

or by oxidation of ethylbenzene to ethylbenzyl peroxide, followed by reaction with 

propylene. The resulting methyl benzyl alcohol and propylene oxide are dehydrated to 

styrene [77]. Styrene monomer is prevented from polymerizing during shipment and 

storage by adding to it small amount of inhibitor and by keeping it cool. 

Polymerization of styrene yields a clear, colorless general-purpose polystyrene (GPPS) 

thermoplastic that is hard and stiff. Rubber, diene and other types, are added to provide the 

extensibility, toughness, and impact resistance needed in certain applications [77]. These 

latter styrenic plastics are referred to as "high-impact polystyrene" (HIPS), even when it 

might be more appropriate to use the term "medium-impact polystyrene" (MIPS), or 

"rubber-modified polystyrene" (RMPS) for those grades that develop only modest 

increases in toughness over the unmodified homopolymer. The physical properties that 
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distinguish polystyrene which is not fiber-reinforced from other thermoplastics are 

summarized in Appenidx 9.1 [75,76]. 

Styrene can be polymerized simply by heating it. However, such massive thermal 

polymerization results in polystyrene that is too viscous to pump except at temperatures so 

high as to risk depolymerization. The reaction is also highly exothermic and, difficult to 

control in large quantities [77]. Diluting styrene slows the reaction and, if the diluent is also 

a solvent for the polymer formed, pumping is facilitated. Ethylbenzene, a solvent for 

polystyrene (but not a reactant), is a common diluent in peroxide-catalyzed thermal 

polymerizations. Styrene is also a solvent for polystyrene but it is a reactant and thus is 

used up. Heat is removed to prevent temperatures from rising above 177°C [77]. 

Polystyrene does not form a second phase in mass solution polymerization. It remains 

in solution, from which it is later recovered by flashing off ethylbenzene and unreacted 

styrene [77]. When impact-resistant grades are desired, poly butadiene and other special 

rubber compounds are dispersed in the solution. The reactions are represented by: 

CgHg + Heat + Catalyst => (C8H8)„ (9.3) 

where n = 10,000 - 20,000 [77]. 

The incorporation of halogen groups into acrylate- and styrene-based polymers has 

been found to facilitate radiation-induced crosslinking with high crosslinking efficiency 

[80]. The mechanism involves radiation-induced cleavage of the carbon-halogen bond to 

generate a radical that may then undergo rearrangement, abstraction, or recombination 

reactions, leading to the formation of a crosslinked network. The mechanism has been 

extensively studied by Tabata et al. [81]. The localized nature of the crosslinking reaction in 

these polymers, as opposed to the chain-propagation mechanism found in the epoxy and 
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vinyl-containing resists, eliminates the postcuring reactions observed in the vinyl and 

epoxy materials. Taylor and coworkers found that incorporating halogen into methacrylate 

and acrylate polymers results in a significant increase in sensitivity to radiation-induced 

crosslinking [80]. This observation was applied to styrene-based resists by Thompson et 

al. [82] for the application of electron photolithography. Polystyrene is a high-resolution, 

negative electron and x-ray resist with excellent plasma resistance. However, its sensitivity 

is too low for practical application. Sensitivity can be improved through incorporation of Q 

or chloromethyl groups into the polymer. Alternatively, sensitivity can be improved 

through copolymerization with known radiation-sensitive monomers such as glycidyl 

methacrylate. The copolymer of chlorostyrene and glycidyl methacrylate (GMC) 

incorporates both of these sensitivity enhancing features [83]. This material has good 

sensitivity to electrons (1-5 |i.C cm"^), satisfactory contrast (y = 1.4 ± 0.2), and has been 

used to fabricate devices with features as small as 0.25 jim. This material also exhibits 

excellent plasma etching resistance, adhesion, and shelf-life. 

The incorporation of chloromethyl groups into polystyrene can be accomplished by a 

variety of routes including polymerization of chloromethylstyrene, chlorination of 

poly(methylstyrene), and chloromethylation of polystyrene [84-86]. As little as 5 wt. % of 

chlorine, substituted at the methyl moiety, results in more than an order of magnimde 

improvement in sensitivity compared with polystyrene of similar molecular weight (2 |iC 

cm'^ vs. 50 |iC cm'^). Many such resists have been described, all of which exhibit good 

lithographic performance [87]. 

In summary, polystyrene has various advantages including optical clarity, high gloss, 

FDA grades available, processable by all thermoplastic methods, low cost, good 

dimensional stability, and good rigidity [7]. The main disadvantages include poor thermal 

stability, subject to stress and envirormiental cracking, homopolymers are brittle, poor 
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solvent resistance - attacked by many chemicals, and flammable but retarded grades 

available. Typical applications of polystyrene include household goods, expanded foam 

articles, containers, fumiture and packaging [7]. A thin film on Si(l(X)) wafers obtained by 

spin coating molten polystyrene and curing is used in this study. 

9.1.2.2 Probimide 203A Thin Film 

The role of polyimide materials as stmctural materials has grown from applications 

such as drop-on stress relief coatings on die that are packaged in TO-3 cans, to dielectrics in 

multilayer polymer-metal interconnects for multichip modules (MCMs) [88]. Most 

polyimides of reasonable molecular weight are insoluble in common solvents and must be 

generated by the thermal cure or imidization of a soluble precusor. In the cure reaction, 

polyamic acids are converted to polyimides with the concurrent loss of two water molecular 

per polymer repeat unit. On the other hand, polyamic esters are converted with the loss of 

two alcohol molecules per polymer repeat unit [88]. 

Probimide 203A belongs to the Probimide 200 series manufactured by Olin Ciba Geigy 

[89]. The stucture of Probimide 203A is given in Figure 9.2 [90]. It is a pre-imidized 

polyimide and is a 3% solution of 200 resin in a solvent system comprising 63% Gamma 

Butyrolactone and 34% xylenes [91]. Percentages are reported in weight percents. The key 

properties are summarized in Appendix G2 [92], Synthesis of Probimide 200 series 

polyimides is carried out in two stages [93,94]. First, the precursor of the imide moiety, 

polyamic acid, is formed by a polycondensation reaction of an acidic dianhydride with a 

difunctional base according to the equation: 

Pyromellitic Dianhydride + Diamine Polyamic Acid (9.4) 
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Pyromellitic Dianhydride is referred to as PMDA. Polyamic acid is readily soluble in 

polar organic solvents such as N-methyl-2-pyrrolidone (NMP), Dimethyl Formamide 

(DMF), and Dimethylsulfoxide (DMSO). Over the years a large number of polyamic acids 

have been prepared from various aliphatic and aromatic dianhydrides and diamines, but 

aromatic constituents are primarily used in the preparation of polyamic acids destined for IC 

use [95]. 

During the second step, the polyamic acid is converted to the poiyimide at temperatures 

high enough to remove the solvent and initiate ring closure with intramolecular expulsion of 

water. This reaction can be represented by the following equation: 

Polyamic Acid + Heat —> Poiyimide + ZHjO (9.5) 

This heat treatment, known as "curing", typically has a final temperature range of 300 

to 500°C. The imidization reaction can be very hindered and the completeness of the 

reaction depends upon the nature of the functional groups, as well as the specific conditions 

of the imidization or cure. The imidization and its associated crosslinking affect poiyimide 

properties, such as, mechanical, thermal and electrical stability [93]. Currently, the bulk of 

the material received by end-users for poiyimide application in integrated circuit processing 

is in the polyamic acid form, which undergoes conversion to poiyimide only after 

application onto the wafer and cure. 

The Probimide 200 series require an external adhesion promoter. An amino silane 

solution provides the best adhesion promotion [96]. The versions with the addition of the 

letter "A" of the Probimide 200 series do not require adhesion promoters. The adhesion 

promoter is prepared by mixing one part of adhesion promoter concentrate (QZ 3289) with 

9 parts of diluent prepared from Isopropyl alcohol (IPA, 2-propanol) and filtered deionized 
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water [96]. The solution should be stored in plastic containers and best results are obtained 

if the solution is allowed to stand overnight prior to use. Good adhesion is achieved by a 

application of a very thin layer, theoretically a monolayer, of adhesion promoter to the 

surface of the substrate. The material can be spun coated on the substrate at 4000 rpm for 

20 seconds until dry [96]. A subsequent bake at 110°C to 120°C for 20 seconds on hot 

plate is recommended but is optional. The bake is recommended for use with porous 

substrates or if the relative humidity in the laboratory is greater than 30%. 

In general, Probimide 200 series materials have the following features [96]: 

1. Not photosensitive 

2. Fully imidized as supplied 

3. Stable under storage at room temperature 

4. Low shrinkage on cure 

5. No high temperature cure required 

6. Can be thermally crosslinked for high solvent resistance 

7. Excellent adhesion to most substrates using adhesion promoter 

8. Easy rework capability 

9. May be patterned using dry etching processes 

Probimide 200 series material was used succesfully in the following applications 

[92,97-103]: 

1. Planarazition layer in metal lift-off process 

2. Passivation coating 

3. Interlayer dielectric in Si and GaAs technologies 

4. LCD alignment layers 

5. Application range: 0.5 - 20.0 |J.m. 
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The following chemical methods can be used for stripping Probimide 200 series 

materials [92]: 

1. N-Methyl-2-Pyrrolidone (NMP) or Gamma Butyrolactone (GBL) at 80°C to 

100°C for 15 minutes followed by brief CF/Ojetch. 

2. QZ 3322 Polyimide stripper at 80°C to 100°C for 15 minutes. 

3. O2 plasma followed by O2CF4. 

4. Mixture of H2SO4 and HjOj. 

The following steps describe the general process flow used for dry etching Probimide 

200 series polyimide [92]: 

1. Substrate is cleaned by dipping in 10:1 HF for 1 minute followed by a 

deionized water rinse and spin drying. 

2. A pretreatment step involving dehydration bake followed by application of 

adhesion promoter is performed. 

3. Polyimide is spun coated to achieve 1 to 5 |i.m. film thickness. 

4. The polyimide film is cured in either a convection oven with Nj purge or 

vacuum oven with N2 purge. 

5. An aluminum or CVD oxide hard mask is applied. 

6. A 1 to 1.5 (im. thick photoresist is spun coated and softbake, low temperature 

anneal below the glass transition, is performed on a hotplate maintained at 

100°C to 125°C for 1 to 2 minutes followed by anneal in an atmospheric 

convection oven maintained at 100°C to I20°C for 30 minutes. 

7. Photoresist is exposed and developed by contact, proximity, projection spray or 

immersion techniques. 
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8. Pattern is etched into hard mask material by wet etch or dry reactive ion etching 

(RIE) processing. 

9. The pattern is transferred into poiyimide using reactive ion etching (RE) or Oj 

plasma. 

10. The hard mask material is removed using wet or dry processing techniques. 

9.1.2.3 FOx® Flowable Oxide 

FOx® Flowable Oxide is manufactured by Dow Coming Corporation [104]. It belongs 

to the class of Hydrogen Silsesquioxane. The development work leading to the synthesis of 

"Hydrogen Silsesquioxane" took place during the late 1960's and early 1970's. In late 

1960's, increased attention was accorded to prismatic silsesquioxane oligomers 

[(RSi03/2)8.,o.i2] [105-114]. Muller and coworkers obtained (HSi03/2)8 material fortuitously 

and in exceedingly small yield, about 0.2%, while studying the preparation of 

Me3Si0(HSi202SiMe3)^SiMe3 by the hydrolysis of HSiC^ with 80% H2SO4 in the 

presence of MejSiOSiMe, [115]. The stmcture which Muller, et al., assigned on the basis 

of molecular weight and other analytical data was subsequently confirmed by single-crystal 

X-ray crystallography [116]. In a latter studies, a soluble resinous product was obtained by 

a "Scarce-water" hydrolysis procedure involving the addition of a benzene solution of 

HSiCl3 to a stirred mixture of benzene and SOj-fortified sulfuric acid [117]. The volatile 

components of this resin were isolated by preparative vpc and identified by mass and NMR 

spectroscopy as the oligomeric silsesquioxanes, T,o.,g, where T represents the trifunctional 

silsesquioxy unit HS 103^2 subscript represents the number of HS163/2 present. 

This volatile fraction accounted for 15 - 35% of the total product, depending on 

experimental conditions. The composition of the volatile fraction was reported as 

approximately 5 - 15% T,o, 40% T,2,40% T,4, and 15 - 5% T,g [117]. It was also reported 
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that Tg and, to a lesser extent, T,o were highly susceptible to rearrangement by H2SO4, 

leading to very low yields. Frye and Collins obtained acceptable yields, 

approximately 13%, of Tg from the dilute-solution hydrolysis of HSiCOMe), with 

concentrated hydrochloric acid in a cyclohexane-acetic acid medium [117]. 

These oligomers all exhibited closely similar infi-ared spectral features. All showed 

absorption maxima arising from Si-H stretching (2260 - 2285 cm '), asymmetric stretching 

of polycyclic SiOj^j moieties (1140 cm '), Si-H rocking (870 cm"'), and silsesquioxane 

skeletal deformations (one at about 565 and the other at about 400 cm '). The absorption at 

565 cm"' for Tg was reported as not nearly so intense, and also an additional distinct 

maximum occured at 465 cm"' [117]. The soluble nonvolatile amorphous HSiOj/j resin 

showed similar peaks except that it contained an additional relatively weak band at about 

1075 cm ', asymmetric SiOj^j stretching, which was believed to arise from the occasional 

junctures of incompletely closed-cage moieties. The relative intensities of the bands at 1075 

and 1140 cm"' indicated that even the resinous portion of this material was made up of 

largely polycyclic components, which were presumably strung together in a more or less 

random bead - chain fashion. The NMR spectra indicated two relatively strain-free 

structures for Tg and T,o, whereas, two unstrained geometrical isomers were suggested for 

T,2[117]. 

Dow Coming FOx® Flowable oxide is a new flowable, inorganic polymer that is 

designed to meet industry demands for improved dielectric materials [118]. The structure of 

the flowable oxide is given in Figure 9.2 [119,120,121]. A surmnary of the key properties 

is given in Appendix G3 [122]. It is a direct replacement for low temperature chemical 

vapor deposition (CVD) and silicon-on-glass (SOG) processes, and typically results in 

improvements in circuit performance, reliability, yield, and cost. These new materials are 
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semiconductor grade (< 10 ppb trace metals), and are available in several versions to 

produce a range of film thicknesses up to 1 fim with a single coat [123]. 

FOx® Flowable Oxide is supplied in clean-room-compatible packaging [124]. It is 

applied using standard spin-on glass (SOG) equipment. It can be spin-coated under a wide 

range of conditions which will optimize uniformity on complex geometries. After spin-

coating, hot plates held under a nitrogen gas flow between I50°C and 350°C are used to 

not only remove solvent as with conventional SOGs, but also to melt and flow the film 

utilizing three subsequent anneals [123]. Three hot plates under a nitrogen blanket, each 

capable of maintaining 150°C to 350°C. The melt and flow properties of the material help 

to provide superior smoothing to level surface topography and gap filling by enabling it to 

flow into narrow gaps [124]. After flow, the film is converted to the final dielectric film in 

a standard quartz diffusion furnace. After conversion, the material will not melt during 

subsequent processing. The resulting oxide film features state-of -the-art surface 

planarization, a low dielectric constant, controlled film thickness, excellent gap fill, and 

very low defect density [121,123,125-131]. At this point, the material is ready for the next 

processing step and no etchback is required. 

The characteristics of FOx® Flowable Oxide make it the ideal material for use as an 

interlevel dielectric in multilevel metal integrated circuit designs with excellent planarity and 

gap filling features in a simple spin-on application [124]. The material can also be used to 

markedly improve topside planarity when applied prior to final passivation [123]. The use 

of flowable oxide in device fabrication results in improved circuit performance due to low 

dielectric constant, greater reliability and yield with reduced defects and voids, and lower 
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cost obtained by high throughput, lower capital cost equipment, and elimination of 

etchback [121,123,125-131]. 

Dow Coming FOx® Flowable Oxide is also a carbon-free polymer. The absence of 

carbon reduces the potential for poisoned vias [124]. Because of this, it is not necessary to 

remove the oxide from areas surrounding vias, and a non-etchback process can be used. 

CVD layers above and below the FOx® Flowable Oxide layer can provide additional device 

protection and maximize coating thickness [121,124]. 

9.2 Experimental Analysis of the Materials 

The materials described in Section 9.1 were analyzed using ion beam analysis (IBA) to 

test their reliability as standards for hydrogen elastic recoil detection (ERD). A detailed 

description of IB A, including ERD, is given in Chapter 4. EBA analysis were performed at 

IBeAM Facility located in the Goldwater Research Center, Arizona State University, 

Tempe, Arizona [132]. This section gives the details of the analysis and is organized into 

the following two major sub-sections: 

1. Sample preparation 

2. Ion beam analysis of the materials 

9.2.1 Sample Preparation 

The experimental procedures used in the preparation of the samples prior to ion beam 

analysis are given in this section. The section is organized into; 

1. Bulk polymers 

2. Polystyrene thin films on Si( 100) 

3. OCG Probimide 203A thin films on Si(l(X)) 
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4. Dow Coming FOx® Flowable Oxide tJiin films on Si( 100) 

9.2.1.1 Bulk Polymers 

Polyvinylidene fluoride (PVDF), polytetrafluoroethylene (Teflon), polyvinylchloride 

(PVC), white polypropylene (WPP) and high density polyethylene (HDPE) are the bulk 

polymers analyzed in the present study. A general description of these polymers was given 

in Section 9.1.1. These materials were obtained from various plastic distributors in the 

form of sheets ranging in different lengths and thicknesses [133,134]. These sheets were 

mechanically machined into 0.5 inch x 0.5 inch pieces of 20 mils thick [135]. Five pieces 

were machined for each polymer. The pieces were later cleaned of surface contaminants 

such as oils, greases, and metal particles using an ultrasonic bath in a class 100 clean room. 

The clean room is described in detail in Chapter 3. The cleaning sequence involved 

immersion of the pieces into a 50 ml. beaker half filled with class 10 graded isopropyl 

alcohol (IPA) solution followed by placement of the beaker in an ultrasonic bath filled with 

18.3 meg ohm deionized water. [136]. The properties of IPA are given in Chapter 3. The 

ultrasonic bath was later run for 10 minutes. The pieces were then taken out and placed into 

a 50 ml. beaker half filled with 18.3 meg ohm deionized water. This beaker was placed in 

the ultrasonic bath and was run for 10 minutes. This sequential procedure cycle was 

repeated three times and the pieces were finally dried using a nitrogen gun connected to a 

purified nitrogen cylinder. Several pieces from the same polymer were cleaned together at 

one time. The dried pieces were placed in teflon sample holders before removal from class 

1(X) clean room [137]. To perform ISA, the pieces were mounted on a sample holder in a 

laminar flow hood located next to the Tandem accelerator outside the clean room. A detailed 

description of the laboratory is given in Chapter 3. 
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9.2.1.2 Polystyrene Thin Films on Si(lOO) 

Polystyrene films coated on 100 mm Si wafers were obtained from Bellcore, Red 

Bank, New Jersey [138]. These films were spun coated on the Si wafers and cured in an 

oven. The thickness of the films was reported as 0.35 nm. Other experimental details were 

not available. 

9.2.1.3 OCG Probimide 203A Thin Films on Si(lOO) 

Four samples with different thicknesses of OCG films on 100 nun Si wafers were 

prepared in this study [139]. The thicknesses of the films were 0.05 p.m, 0.1 (im, 0.2 pm 

and 0.3 ^im. Prior to spin coating the OCG films, the Si wafers were pretreated by dipping 

them in 10:1 HjOrHF for 1 minute followed by a deionized water rinse and spin drying. 

Dehydration was performed by baking at 200°C for 2 hours. The wafers were then spun 

coated with Probimide 203A polyimide to achieve different thickness films by the 

following conditions: 

0.3 fim Thick Film 

2 ml of polyimide were dynamically dispensed at the center of substrate during a four 

second 700 rpm spin followed by a spin at 300 rpm for 30 seconds. A two-step softbake 

was later performed by a hotplate bake at 70°C for 3 minutes followed by a bake at 100°C 

for 3 minutes. 

0.2 fjm Thick Film 

2 ml of polyimide were dynamically dispensed at the center of substrate during a four 

second 700 rpm spin followed by a spin at 700 rpm for 15 seconds. A two-step softbake 
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was later performed by a hotplate bake at 70°C for 2 minutes followed by a bake at 100°C 

for 2 minutes. 

O.l fim Thick Film 

2 ml of polyimide were dynamically dispensed at the center of substrate during a four 

second 700 rpm spin followed by a spin at 2000 rpm for 40 seconds. A two-step softbake 

was later performed by a hotplate bake at 70°C for 1 minute followed by a bake at 100°C 

for 2 minutes. 

0.05 fjjn Thick Film 

2 ml of polyimide were dynamically dispensed at the center of substrate during four 

second 700 rpm spin followed by a spin at 6000 rpm for 60 seconds. A two-step softbake 

was later performed by a hotplate bake at 70°C for 1 minute followed by a bake at 100°C 

for 2 minutes. 

A final bake was later performed on all the four samples in a Heraeus vacuum hotplate 

oven with 15 scfh nitrogen purge. The heating cycle included a ramp from 50°C to 350°C in 

1.5 hours followed by a hold for 2 hours at 350°C and cooling to room temperature over 2 

hours. The 0.3 |J.m film showed edge bead effect. 

9.2.1.4 Dow Corning FOx* Flowable Oxide Thin Films on Si(lOO) 

Three different sets of Dow Coming samples were prepared [140,141]. Two wafers 

per set were prepared. The samples were prepared on 5-inch Si wafers by using a Spin on 

Glass (SOG) spin coater. FOx® Flowable Oxide was dispensed at the center of the wafer 

by solvent evaporation and spin coated at 3000 rpm. Two wafers were prepared according 
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to this procedure and were referred to as "Spin Coat". Two more wafers were spun coated 

at 3000 rpm followed by melt and flow step under nitrogen three times at I50°C, 250°C and 

350°C, respectively, for I minute each. These wafers were referred to as "Pre-annealed". A 

third set of wafers was prepared by following the above steps and in addition they were 

exposed to a final bake at 400°C in a quartz tube diffusion fiimace for 1 hour in a nitrogen 

atmosphere. This step helps in final conversion of the FOx* Flowable Oxide. The wafers 

were referred to as "Annealed". 

9.2.2 Ion Beam Analysis of the Materials 

Ion beam analysis of the above materials was performed with a goal to obtain hydrogen 

calibration. All the analyzed materials contained either carbon or oxygen or both. Hydrogen 

areal density was calculated using elemental ratio's and areal densities of either carbon or 

oxygen in the particular material. Carbon and oxygen peaks were obtained by performing 

Rutherford Backward Scattering (RBS) spectroscopy on the samples, whereas, Elastic 

Recoil Detection (ERD) was used to detect the hydrogen peak. More details of RBS and 

ERD are given in Chapter 4. This section describes the results obtained by Ion Beam 

Analysis (IBA) and also about the strategy used in obtaining hydrogen areal density per 

count. The section is sub-divided into bulk polymers, polystyrene sample, Dow Coming 

samples, Olin Ciba Geigy samples and comparison between film samples for reliability as 

calibration standards and radiation damage. 

9.2.2.1 Bulk Polymers - Analysis Methodology 

a. Energy Calibration Method 

The RBS spectra gathered at initial ion energies of 4.315 MeV and 4.28 MeV for 

different bulk polymers is given in Appendices G4 and G5. These spectra have the 
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abscissae calibrated into scattering energy, whereas, the original spectra abscissae was 

obtained in channel numbers. Channel numbers are converted into scattered energy values 

based on energy calibration. The energy calibration are shown in Appendices G6 and G7. 

In these calibrations, the calculated scattering energy of carbon atoms and the energy of 

americium 241 a emission are plotted against the channel number positions measured for 

carbon and americium 241 a emission radiation. The scattering energy of "'He^'^ ions in 

carbon is obtained by the product of the kinematic factor for "'He^^ ions with the initial 

energy of the beam as given by Eqn. 4.2 mentioned in Chapter 4. The energy for 

americium 241 a emission is obtained from literature [142]. A relationship is obtained 

between scattering energy and channel numbers by performing a linear fit through the data 

points. Using these linear fits, the channel numbers from the original data are converted 

into scattering energy in Appendices G4 and 05. 

b. Comparison Between Surface and Bulk Carbon Concentrations 

A summary of the carbon areal densities for different bulk polymers calculated using 

peak area and height is given in Appendices G8 through Gil. The data were obtained by 

using initial ion energies of 4.315 MeV, above C resonance, and 4.28 MeV, right at 

the C resonance, on the surface. As a comparison, the results obtained by IBA analysis of 

polystyrene film are reported in these appendices. The percent difference and ratio factor 

between carbon areal density obtained using peak area and height for a particular initial 

ion energy was also calculated. The differences between resonating C below the 

surface at 4.315 MeV and right on the surface at 4.28 MeV are illustrated in Figures 9.3 

and 9.4 for the calculations based on peak area and height, respectively. 
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Carbon Areal Density Calculations Based on Signal Area 

White polypropylene (WPP) and polystyrene (PS) showed the highest carbon areal 

density, based on peak area, at initial ion energies of 4.315 MeV and 4.28 MeV, 

respectively. Teflon showed the lowest areal density values at both of these energies. White 

polypropylene (WPP) showed 1.32 x 10'® atoms/cm^ at 4.315 MeV and 2.83 x 10'^ 

atoms/cm^ at 4.28 MeV with a lower value by a factor 4.7 at the surface. WPP showed the 

highest carbon areal density at 4.315 MeV among all the polymers. Polystyrene (PS) film 

showed 7.43 x 10" at 4.315 MeV and 5.86 x 10'^ atoms/cm^ at 4.28 MeV with a 26.79% 

difference between bulk and surface value based on the signal area. PS showed the highest 

areal density at 4.28 MeV Teflon showed 3.68 x 10" atoms/cm^ and 6.95 x 10'® 

atoms/cm^ for 4.315 MeV and 4.28 MeV initial ''He^^ ion energies, respectively. The 

percent difference between areal density values calculated using peak area obtained at 4.315 

MeV and 4.28 MeV initial energy varied from 27% percent for polystyrene (PS) film 

to 677% for polyvinylidene fluoride (PVDF). The average percent difference across all the 

polymers is 372%. Percent difference is calculated using the formula: 

Percent Difference = 
(Areal Density)43,; - (Areal Density)4^g 

(Areal Density )4 28 
X100 (9.6) 

In terms of ratio factors, these differences yield 1.27, 7.77 and 4.72 respectively. Ratio 

factor is calculated by the following equation: 

Rado Factor = (Areal Density)„„>,, 
(Areal Density), J, M.V 
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The average error are 1.14 x 10'® atoms/cm^ and 3.64 x 10'^ atoms/cm^ for carbon 

areal densities measured with 4.315 MeV and 4.28 MeV initial '^He^'^ ion energies, 

respectively. The average error is calculated as an overall average of the errors for the 

individual bulk polymer. A detailed explanation for the calculation of error on IBA data is 

given in Chapter 4. 

Carbon Areal Density Calculations Based on Signal Height 

For the calculations based on peak heights, shown in Figure 9.4, the conclusions are 

similar to those based on peak area, though the absolute areal density values are different. 

White polypropylene (WPP) showed the highest carbon areal density, based on signal 

height, at 4.315 MeV initial ion energy . The areal density values for WPP are 6.29 x 

10'® atoms/cm^ at 4.315 MeV and 2.66 x 10'® atoms/cm^ at 4.28 MeV with a lower value 

by a factor 0.42 at the surface. Polystyrene (PS) film showed the highest areal density at 

4.28 MeV initial ion energy. PS film showed 5.11 x 10'® at 4.315 MeV and 5.40 x 

10'® atoms/cm^ at 4.28 MeV. The bulk concentration is lower than surface concentration 

for polystyrene by a factor 0.95. This indicates that the polystyrene is a better choice for a 

calibration standard since both surface and bulk concentrations are similar. Teflon showed 

the lowest areal density values at both energies of incoming "He^^ ions. Teflon areal 

densities are 1.88 x 10'® atoms/cm^ and 7.02 x 10'^ atoms/cm^ for 4.315 MeV and 4.28 

MeV initial ion energies, respectively. Based on the range of percent difference 

between areal density values calculated using signal height for carbon obtained using 4.315 

MeV and 4.28 MeV initial ions, the most reliable polymer is polystyrene (PS) with 

5.44% and the least reliable is PVDF with 470%. The average percent difference across all 
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the polymers is 206%. In terms of ratio factor, these differences correspond to 0.95, 5.70 

and 3.06, respectively. The average absolute errors are 4.18 x 10'^ atoms/cm^ and 1.81 x 

10'^ atoms/cm^ for carbon areal densities measured with 4.315 MeV and 4.28 MeV initial 

ion energies, respectively. Obviously, polystyrene film has the most reliable signal 

since it is similar at and below the sample surface. Hence, it is the best choice compared to 

bulk polymers for a hydrogen standard. 

Comparison Between C Areal Density Calculations Based on Signal Area and Height 

It is quite obvious from the appendices and also by comparison of Figures 9.3 and 9.4 

that areal densities obtained by use of area of the peak are larger than those calculated using 

height of the peak. This conclusion is based on the calculations done using the equations: 

Percent Difference = 
(Areal Density- (Areal Density)p^ 

(Areal Density)p^ 
X100 (9.8) 

r- . _ (Areal Density)p^^ 
Ratio Factor = — r=: :—^ (9.9) 

(Areal Density )t.^ Heigh 

Obviously, the peak height analysis method gives more reproducible values than the 

area method. For the case of 4.315 MeV initial '*He^^ ions, percent difference between 

calculations based on peak area and height varied between 1354% and 2021% with an 

average value of 1717%. In terms of ratio factor, the variation is between 14.54 and 21.21 

with an average value of 18.17. Whereas, for 4.28 MeV initial ions, the percent 

difference varied between 890% and 1113% with an average value of 1021%, and the ratio 

factor variation is between 9.90 and 12.13 with an average value of 11.21. The variations 
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for carbon areal density, measured using either signal area or height, are lower at the lowest 

energy i.e. at the surface by a factor 0.60 based on the average values. While C resonance 

analysis based on peak area and height yield different quantities, and are chosen depending 

on the purpose of the calculation, better sensitivity to C concentration changes are 

obviously obtained by the area method by a factor 2. 

c. Hydrogen Analysis 

This section is divided into three sub-sections to help in reaching the main goals of this 

research study. Elastic recoil detection spectra section gives the analysis of the ERD spectra 

gathered in this study. Radiation damage rate calculations are given in the next section tided 

"Radiation Damage Rate - H Depletion". The last section, hydrogen calibration, gives 

insight into how the ERD results can be used for using different polymers as H-standards 

for LBA applications. 

Elastic Recoil Detection (ERD) Spectra 

Figure 9.5 is an illustration of an ERD spectra gathered for polyvinylidene fluoride 

(PVDF) using 20,000 counts of initial ''He^"^ ion dose at 2.8 MeV energy with the sample 

tilted at 75° from the beam normal. In this chapter, for future references, this angle will be 

referred to as sample tilt. The ERD spectra for other bulk polymers analyzed in this study 

are given in Appendices G12 through G16. The ERD spectra were gathered in increments 

of 20,000 counts for initial ion dose for all bulk polymers except Teflon. Teflon 

spectra were gathered at 20,000 and 100,000 counts of initial '*He^'^ ion dose. Appendices 

G17 and 018 summarizes the area and height of the hydrogen peak as a function of initial 

ion dose. Data is presented in terms of periodic increments of 20,000 counts as well 

as cumulative doses. Figures 9.6 and 9.7 show the forward scattering yield as a function of 
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initial ion dose obtained from the area and height of the H signal, respectively. It can 

be concluded from Figures 9.5 - 9.7 and Appendices G12 - G16 that the forward scattering 

yield decreases with increasing ''He^^ ion dose. White polypropylene (WPP) shows the 

highest number of hydrogen counts and Teflon the lowest. 

Radiation Damage Rate -H Depletion 

The rate of decrease in hydrogen counts with increasing initial '*He^^ ion dose 

corresponds to a rate of radiation damage calculated using the equation: 

^ . Sum of Counts m Peak Area 
Rate of Radiation Damage by Peak Area = r—r- (9.10) 

He Ion Dose 

« ^ . XT . . Counts in Peak Height 
Rate of Radiation Damage by Peak Height = 7—r- =— (9.11) 

He Ion Dose 

where, ion dose is the number of ions per cm^ and is calculated by the following Equation 

[143] 

40 X # Counts X (lO " Coulomb/Count) 
Ion Dose I, ions/cm = 7 z 7—^ -r— (9.12) 

(5 X 10 cm ) X (1.6 X 10 Coulomb/ion) 

where, 40 is the chopper duty cycle and area of the beam spot at 75° sample tilt is calculated 

as 5 mm^. The chopper duty cycle is a unitless calibration constant taking into account the 

rate of sampling the beam current to yield the actual dose. In other words, the chopper 

sampling the beam current does so about 1/40 or 2.5% of the time during analysis. 
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Rates of radiation damage values are calculated based on the total ion dose of 

5 X 10'® ions/cm^ which corresponds to 100,000 counts of initial ions. A table 

summarizing the rates of radiation damage for the bulk polymers analyzed in this study is 

given in the Appendix G19 and plotted in Figure 9.8. White polypropylene (WPP) shows 

the highest rate of radiation damage and Teflon the least based on both peak area and 

height. Hence the radiation damage is inversely proportional to the amount of H in the 

sample. Rate of radiation damage for WPP are 7.49 x 10 '° counts/cmVion and 5.87 x 10 '^ 

counts/cmVion, whereas, Teflon values are 5.10 x 10*'^ counts/cmVion and 3.40 x lO '"* 

counts/cmVion based on H signal area and height, respectively. Teflon really exhibits only 

trace amount of H as theoretically, based on Table 9.1, Teflon should not have any H 

atoms. The percent difference in rate of radiation damage based on peak area and height 

varied from 1400% to 12964%. When reported in terms of ratio factor, the variation is 

from 15 for Teflon followed by polystyrene (PS) at 30 and is higher at 130.64 for high 

density polyethylene (HDPE) followed by White polypropylene (WPP) at 128. 

d. Hydrogen Calibration 

Hydrogen calibration calculations are shown in Appendix G20. Hydrogen areal density 

are obtained from the areal density of carbon measured by ElBS and the H/C elemental ratio 

based on the known stoichiometry of the polymer. Areal densities of hydrogen are 

calculated based on areal densities of carbon obtained with 4.315 MeV and 4.28 MeV initial 

•^He^"^ ion energies using either the peak area or height. The areal density of hydrogen per 

count is calibrated by using either the peak area or height. Figures 9.9 through 9.12 are the 

plots of hydrogen areal density per count as a function of the number of initial "^He^^ ions. 

It can be concluded from Figures 9.9 and 9.11, that PVDF showed, in the bulk, the highest 
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hydrogen areal density per count, whereas. Teflon showed the least hydrogen areal density 

per count for the measurements and calculations done based on 4.315 MeV initial ion 

energy using hydrogen peak area and height, respectively. This trend is valid for the whole 

range of'He^^ ion counts. But from Figures 9.10 and 9.12, it is obvious that WPP, at the 

surface, showed the highest hydrogen areal density per count and Teflon the least based on 

4.28 MeV initial ion energy using hydrogen peak area and height, respectively. 

Similarly to the forward scattering yield and rate of radiation damage, hydrogen areal 

density per count decreases with increasing ion dose. It is also obvious from 

Appendix G20 that hydrogen areal density per count based on peak height is always larger 

than those based on peak area by about 90%. This is true for both 4.315 MeV and 4.28 

MeV initial "'He^'^ ions. The variation in hydrogen areal density per count for a particular 

bulk polymer across the whole range ofion counts is within 0.5%. 

In conclusion, the most critical observation in using bulk polymer as standard is that, 

despite the fact that their radiation damage rate is high, these rates remain remarkably steady 

with increasing ''He"^ ion dose. Possibly, the bulk material provides a constant supply of 

undamaged material. Nevertheless, it is worth noticing that despite the changes occurring in 

the material composition and structure from depletion of H and irradiation the damage rate 

remains steady. Henceforth, bulk polymers are a viable option as calibration standard, 

since their rate of damage is remarkably steady and the rate of H depletion remains linear 

with ion dose. Comparing Figures 9.9 through 9.13, PVDF (H^C^Fj) exhibits the 

best radiation damage resistance or lowest rate and is thus the best choice if a bulk polymer 

is to be used as a standard. 

Finally, as noted above, bulk polymers with the lowest concentration of H exhibit 

lowest radiation damage rate. This trend is quite obvious from the calculations shown in 

Appendix G19, Teflon with no H exhibit the lowest radiation damage rate and WPP with 



634 

highest H content shows highest damage rate. Polystyrene (CgHg) film on Si(lOO) showed 

the very low rates that do not agree with the above observation and as such, it can be said 

that bulk polymers tend to behave different from thin films. However, the presence of 

halogen clearly helps in increasing the resistance to radiation damage. Both PVDF 

(H2C2F2) samples, with lower hydrogen content and presence of fluorine in similar 

concentrations to hydrogen, showed rates very close to polystyrene film on Si(lOO) and 

Teflon. PVC (H3C2CI) material has higher radiation damage rate and possibly can be 

attributed to higher hydrogen concentration and presence of heavier halogen element, CI, 

compared to PVDF samples. This may be indicating that CI, if anything, because of its 

higher mass is less effective in providing radiation resistance when compared to F. 

9.2.2.2 Polystyrene Thin Fi lms on Si( lOO) as  a  Calibration Standard 

This section gives the details of IBA analysis performed with polystyrene films spin 

coated on Si(lOO) wafers. Films were analyzed on two separate days, viz., December 1", 

1995, and March H"*, 1996 to understand the long term reproducibility of polymer 

characterization by IBA. The first sample was done as part of a study to compare different 

thin film materials spin coated on Si(lOO) wafers. The second sample was done along with 

bulk polymer analysis, in an effort to compare bulk polymers to polystyrene films. Due to 

its ready availability, the polystyrene sample is used as the standard in all the experiments 

done in this study on the H-passivation of Si(lOO) wafers, as reported in Chapters 6 

through 8. 

a. Carbon Areal Density 

Carbon areal density values for the polystyrene film are calculated based on the spectra 

gathered only on March H"*, 1996. This was done by doing nuclear resonance analysis 
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(NRA), a special form of IB A, with 50,000 counts of 4.315 MeV and 4.28 MeV energy 

initial ions. The spectra are shown in Appendix G21. As already discussed for bulk 

polymers, channel numbers are converted into scattering energy using an energy 

calibration, shown in Appendix G22. A summary of the carbon areal densities obtained by 

using either carbon peak area or height from the spectra gathered with 4.315 MeV and 4.28 

MeV initial ion energies is given in Appendix G23 and a plot is given in Figure 9.13. 

Carbon areal densities, based on peak area, are 7.43 x 10'^ atoms/cm^ for measurements 

done with 4.315 MeV initial ions and 5.86 x 10'^ atoms/cm^ with 4.28 MeV initial 

•*He^^ ions. For calculations made using peak height, carbon areal densities are 5.11 x 10'® 

atoms/cm* and 5.40 x 10'® atoms/cm^ for 4.315 MeV and 4.28 MeV initial ''He^'^ ion 

energies, respectively. A percent difference of 1354% is found between area and height 

measurements at 4.315 MeV ion energy and is 985% at 4.28 MeV "'He^'^ ion energy. 

The average percent difference is 1170%. This is equivalent to 14.54, 10.85, and 12.70 in 

terms of ratio, respectively. A percent difference of 26.79% based on peak area is noticed 

between 4.315 MeV and 4.28 MeV and is 5.37% based on peak height. The average 

difference between measurements done with 4.315 MeV and 4.28 MeV using peak area 

and height is 10.71%. These correspond to ratio factors of 1.27, 0.95, and 1.11. It can be 

concluded that based on peak area measurements, the carbon areal density is larger in the 

bulk than at the surface. Whereas, the C concentration is fairly stable when based on peak 

height. This is probably due to the width of the C resonance, making the height method 

preferrable in this case. 
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b. Elastic Recoil Detection of Hydrogen 

The elastic recoil detection spectra gathered on December l®*, 1995 are shown in Figure 

9.14. These spectra were gathered as a function of initial ion dose in periodic 

increments of 30,000 counts for a total counts of 90,000 counts. Similar spectra gathered 

on March M"*, 1996 are shown in Appendix G24 and were collected in periodic increments 

of 20,000 counts of initial ''He^^ ion dose for a total counts of 100,000 counts. 

Hydrogen Peak Area, Height and Width 

Based on the Figure 9.14 and Appendix G24, it can be concluded that the depletion of 

hydrogen with increasing initial ions is very small. The quantification of this 

depletion is done by measuring the hydrogen peak area, height, width and height/width 

aspect ratio. Appendices G25 and G26 give a summary of these measurements for spectra 

collected on December 1", 1995 and March 14'*', 1996, respectively. Corresponding plots 

are shown in Figures 9.15 through 9.17. Area of the peak measured as sum of counts 

decreased with increase in initial ions. The rate of decrease is lower during first 

60,000 counts of ions when compared to the slope after 60,000 counts. The sum of 

counts changed by 4.7% for the spectra gathered on December I", 1995 and by 10.63% 

for March 14"', 1996. The height of the peak measured in counts varied by 8.81% for the 

spectra gathered on December 1", 1995 and by 27.30% on March M*, 1996. The rate of 

decrease is pretty constant over the entire range of ''He^^ ion dose for December 1", 1995 

measurements, whereas, a drastic change in rate is noticed after 80,000 counts for the 

March 14"", 1996 measurements. The change in width of the peak, which would 

correspond to a thinning of the sample, is low and ranges between 253 and 276 keV for 

measurements done on both days. The variation in peak width did not follow any particular 

trend as a function of number of initial ion counts. 
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Height/Width Aspect Ratio 

To examine the relationship between the H depletion and film thinning, the height/width 

aspect ratio is shown as a function of initial ion counts in Figure 9.17, and are 

dominated by the effect of the peak width. Similar to the peak width, the variation is fairly 

small and did not follow any particular trend. The aspect ratio of the hydrogen signal varied 

between 1.81 to 1.68 and 1.41 to 1.20 for the spectra gathered on December 1", 1995 and 

March 14"', 1996, respectively. 

Radiation Damage Rate - H Depletion 

Hydrogen depletion is calculated in terms of rate of radiation damage using Equations 

9.10 and 9.11. The values are summarized in Appendix G27 and plotted in Figure 9.18. 

The values obtained using hydrogen peak height are lower than those calculated by peak 

area for spectra gathered on both days. For spectra from both days, peak area based values 

are about 1 x 10"" counts/cmVion, whereas, peak height based values are about 3 x 10"'^ 

counts/cmVion, with a percent difference of 3100%, or ratio of 32. The rate of radiation 

damage calculations show very similar results between the spectra gathered on December 

1", 1995 and March W"*, 1996, with a percent difference of 4.85% based on peak area and 

7.30% based on peak height. This does indicate that the DBA analysis of polystyrene are 

very reproducible over time. 

c. Hydrogen Calibration 

The calculations for hydrogen calibration are shown in Appendix G28. The 

corresponding plots are shown in Figures 9.19 and 9.20. The calculations are based on 

hydrogen peak area and height, as well as, carbon areal densities measured by "He^^ ions 

initially at either 4.28 MeV or 4.315 MeV. The hydrogen areal density is calculated from 
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carbon areal density by using the polystyrene stoichiometry. The hydrogen calibration is 

obtained by normalizing the hydrogen aieal density per count. The counts are obtained 

from either peak area or height for hydrogen signal. The hydrogen calibration depends on 

the ion dose. 

Hydrogen Spectra Gathered on December 1st, 1995 

Referring to the Appendix G28, for the spectra gathered on December 1", 1995, the 

hydrogen areal density per count, based on peak area, decreased from 3.74 x 10'^ 

atoms/cmVcount at 30,000 ion counts to 1.27 x 10'^ atoms/cmVcount at 90,000 

ion counts for 4.28 MeV calculations, reflecting a 66% decrease. The 4.315 MeV 

calculations showed a decrease from 4.74 x 10" atoms/cmVcount at 30,000 '*He^* ion 

counts to 1.61 X 10'^ atoms/cmVcount at 90,000 ion counts indicating a decrease of 

66%. The hydrogen depletion, based on peak height calculations, ranges from 1.03 x lO''* 

atoms/cmVcount at 30,000 "'He^'^ ion counts to 3.60 x 10'^ atoms/cmVcount at 90,000 

•*He^"^ ion counts for 4.28 MeV and from 1.09 x lO'"* atoms/cmVcount at 30,000 "^He""^ ion 

counts to 3.81 x 10'^ atoms/cmVcount at 90,000 ion counts for 4.315 MeV. The 

trends report a 65% decrease at both energies. It can also be noted that height values are 

higher than those for area values by about 64% and 57% for the measurements done at 

4.28 MeV and 4.315 MeV, respectively. The absolute areal density per count 

measurements at 4.315 MeV are larger than those at 4.28 MeV for calculations based on 

both peak area and height. In all cases, for measurements done on December 1", 1997, the 

rate of hydrogen depletion, calculated as the ratio of hydrogen areal density per count after 
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30,000 and 90,000 counts of intial ion dose, decreases by a factor 0.35. The rate of 

H depletion are very similar for both energies, showing that depletion occurs at about the 

same rate on the surface and somewhat below. 

Hydrogen Spectra Gathered on March 14th, 1996 

On the other hand, for the measurements done on March M"*, 1996, the hydrogen areal 

density per count decreased by about a factor 5, from 5.19 x 10'^ atoms/cmVcount at 

20,000 ion counts to 1.09 x 10'^ atoms/cmVcount at 100,000 ion counts for 

4.28 MeV measurements and from 6.59 x 10'^ atoms/cmVcount at 20,000 ion counts 

to 1.38 X 10'^ atoms/cmVcount at 100,000 ion counts for 4.315 MeV measurements 

based on peak area calculations. The hydrogen depletion rate also decreased by a factor 4 

from 1.32 x 10'"* atoms/cmVcount at 20,000 "'He^^ ion counts to 3.02 x 10'^ 

atoms/cmVcount at 100,000 ''He^^ ion counts for 4.28 MeV measurements and from 1.40 x 

10'"* atoms/cmVcount at 20,000 ion counts to 3.19 x 10'^ atoms/cmVcount at 

100,000 '*He^^ ion counts for 4.315 MeV measurements based on peak height calculations. 

A decrease in areal density per count of 79%, based on peak area, and 77%, based on peak 

height, are seen for measurements done either with 4.28 MeV or 4.315 MeV initial 

ion energy, respectively. Thus the hydrogen depletion rate are very similar to the previous 

measurements done on December 1", 1995. The measurements done on March 14"', 1996 

show a percent difference between height and area values about 62% and 55%, with height 

values being larger, for measurements done with 4.28 MeV and 4.315 MeV mitial 

ion energies, respectively. 
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Comparison of Hydrogen Spectra Gathered on December I", 1995 and March 14''', 1996 

A one-on-one comparison between the two measurements is done by utilizing the Hata 

collected for 60,000 counts and is summarized in a table within Appendix G28. Percent 

difference is calculated using the following equation: 

Percent Difference = 
(Areal Density), 2fI/199S (Areal Density), /4/1996 

(Areal Density) '3/4/1996 

xlOO (9.13) 

The percent differences are the same for measurements done using either 4.28 MeV or 

4.315 MeV ions. The differences are 6.71%, based on signal area calculations, and 

11.09%, based on signal height calculations, showing a good reproducibility of the 

hydrogen depletion rates. 

Nomograph Construction 

To facilitate calibration, a nomograph was constructed based on the data given for 

hydrogen calibration in Appendix G28. It relates the hydrogen areal density per count for 

sample to the fraction of hydrogen in a sample, based on a polystyrene standard, as a 

function of the number of counts measured within the area of the hydrogen peak for the 

polystyrene standard. The calculations are summarized in the Appendix G29 and the 

corresponding plots are shown in Figures 9.21 and 9.22. The hydrogen areal density is 

calculated using the elemental stoichiometry of polystyrene and the carbon areal density 

measured at 4.28 MeV with a sample tilt of 0°. The plots are given for 5000, 10000, 

15000, 15662 and 20000 sum of counts in the hydrogen peak area for polystyrene 

samples. Wherein, 15662 is the sum of counts expected experimentally for polystyrene by 

ERD of hydrogen using 30,000 initial ions. Figure 9.21 is a plot for the hydrogen 
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fraction from 0% to 100%, whereas. Figure 9.22 is a plot for hydrogen fraction from 0% 

to 10%. The second plot is an enlargment of the lower 10% region, in which most of the 

results obtained in this study are found. The actual hydrogen areal density on the sample 

can be calculated by multiplying the hydrogen calibration for the sample from the 

nomograph with number of counts in the hydrogen peak for the sample. The nomograph 

was generated with polystyrene film as the standard due to its extensive use in the present 

study. 

9.2.2.3 Dow Corning FOx® Flowable Oxide Thin Fi lms on Si( lOO) 

The details of the ion beam analysis (IBA) performed on the Dow Coming samples 

during the period from November 2°'', 1995 through November IS"*, 1995 are given in this 

section. The samples are made up of FOx* Flowing oxide spin coated on Si(lOO) wafers. 

A general description of Dow Coming coatings is given in Section 9.1.2.3. and sample 

preparation is described in Section 9.2.1.4. Three different sets of samples were prepared 

and analyzed. They are referred to as spin coated, pre-annealed and final annealed based on 

the process conditions to which these samples were exposed. Two samples are prepared 

for each step. The samples were prepared, numbered and shipped by Dow Coming 

Corporation for analysis at the EBeAM Facility [140]. Sample #'s 1174 and 1175 

underwent the whole process and are referred to as "Final Annealed". Samples 1176 and 

1177 were just spin coated and accordingly called "Spin Coated". Sample #'s 1178 and 

1179 were taken out prior to the final anneal and are referred to as "Pre-Annealed". 

Dow Coming samples are made up of Si, O, and H. Appendix G30 gives the RBS 

spectra gathered using 50,000 counts of 2 MeV initial ions with the beam normal to 

the sample surface indicating a sample tilt of 0°. The location of the oxygen peak is 
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highlighted. The step in the Si signal corresponds to the presence of Si in the film. The 

spectra for six different samples are displayed in the plot and show littie variation in the 

stoichiometry of the films. 

a. Energy Calibration Method 

To convert the x-axis from channel numbers to scattering energy, the energy calibration 

plots given in Appendix G31 are used. The energy calibration is based on the charmel 

numbers and scattering energies for oxygen and silicon. The linear fit equations for the 

different samples giving the calibration relationship between energy and channel numbers 

are shown in the plot. 

b. Oxygen Areal Density 

The quantification of oxygen areal density using either peak area or height is given in 

Appendix G32. Error factors for the areal density values are also reported. The 

corresponding plot of oxygen areal density versus sample number is given in Figure 9.23. 

Hydrogen concentration and radiation damage rates for each sample are also reported. The 

radiation damage rate analysis is described below in the Section tided "Hydrogen 

Analysis". The oxygen areal density is found to decrease with increasing depletion rate of 

hydrogen. The oxygen areal density based on peak area increased from 1.07 x 10'® 

atoms/cm^ for Sample # 1177 to 1.37 x 10'® atoms/cm^ for Sample # 1175. Based on peak 

height, oxygen increases from 5.05 x 10'^ atoms/cm^ for Sample # 1177 to 5.53 x 10'® 

atoms/cm^ for Sample # 1175. The trends observed by using either peak area or height are 

similar, but the area method indicates a total increase by 30% of oxygen including an 

increase in film thickness, while the height gives an average concentration in the film. 
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which increased by 10%. Hence, the average concentration of oxygen increased by 10%, 

but the total thickness of the film increased by 30% implying -0.1 x 30% change. Overall, 

the aieal density calculations done using peak area are larger than those obtained by peak 

height. The percent difference varied from 2024% for Sample # 1177 to 2381% for Sample 

# 1175. The average difference across all the samples is about 2190%. In terms of ratio 

factor, the corresponding differences are 21.24, 24.81 and 22.90, respectively. 

c. Elastic Recoil Detection of Hydrogen 

The effect of helium irradiation on Dow Coming Sample # 1178 is shown in Figure 

9.24. This particular spectra was generated in an experimental study performed on 

December 1", 1995, in an attempt to compare different films coated on Si(lOO) wafers. The 

films included one polystyrene film and IK k OCG sample besides Dow Coming Sample 

# 1178. Based on Figure 9.24, hydrogen in the film decreases with increasing dose. 

The spectra gathered during the time period from November 2'"', 1995, through November 

15'*', 1995, for all the Dow Coming samples as a function of initial ion dose are 

shown in Appendices G33 through G38. The area and height of the hydrogen peaks as a 

function of "'He^'^ ion dose are shown in Appendix G39. The correlation of peak area and 

height, with respect to increments in "'He^^ ion dose, are shown in Figures 9.25 and 9.26. 

Both figures show a decreasing trend in hydrogen concentration with increasing 

dose. For 30,000 counts of ions, based on peak area, hydrogen counts also 

decreased with each process step. For these measurements, there is a clear correlation 

between process steps and the H concentration measured. In other words, the depletion rate 

of H under irradiation is found to be process-dependent. This implies that the highest 

number of hydrogen counts is found in spin coated samples and the least number in final 

annealed samples. However, with the increase in ''He^^ dose, correlation between H 
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concentration and number of process steps is not defined, although, final annealed samples 

do show the lowest number of hydrogen counts with increasing "'He^^ dose. Using the H 

signal height for hydrogen counts, the trend do not correlate with respect to process steps 

for 30,000 ion dose. Final annealed samples consistently showed lowest number of 

counts. In summary, both peak area and peak height measurements did not show a 

consistent trend with respect to process steps as a function of ion dose. 

Analysis of Signal Shape 

The shape of hydrogen signal has to be examined carefully to determine whether 

1. the film is simply losing hydrogen, in which case the signal keeps the same 

width, but its height decreases as it scales with hydrogen concentration. In other 

words, the aspect ratio would decrease. 

2. the film is simply getting thinner, in which case the signal width decreases, but 

the height of the signal remains the same. In this case, the aspect ratio would 

increase. 

3. the film is getting depleted in hydrogen and is getting thinner. In this case, both 

signal width and aspect ratio have to be tracked. 

Thus, the full width half maximum (FWHM) of the signal was analyzed to determine 

whether the film gets thinner, and the height to width ratio of the signal was calculated to 

track hydrogen depletion as well. The values are reported in Appendix G40. The 

corresponding plot is shown in Figure 9.27. The variation in aspect ratio as a function of 

number of initial ''He^^ ions is similar to that observed for peak area and height. There is a 

very clear decrease in aspect ratio with increasing ''He^^ dose. At 30,000 counts of "He^^ 

ions, the dependence on process steps is again not well defined, following the trend seen 

using peak heights. This inconsistence prevailed over the whole range of ion dose 
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used. Henceforth, the method based on signal area yielded the most consistent results. 

Figure 9.28 is a plot summarizing variation in peak area, height, width, and aspect ratio as 

a function of hydrogen concentration for 30,000 counts of initial ions at 2.8 MeV. It 

can be concluded that the increase in peak area with increasing hydrogen concentration is 

greater than that observed for peak height and aspect ratio. It can be clearly seen from 

Figure 9.28, that the second highest concentration of hydrogen (18.18%) is present in the 

sample with the largest number of counts, thus largest amount of total hydrogen. The 

corresponding aspect ratio takes a dip to less than 0.6, showing clearly that the film is 

thicker. The highest concentration of H reported (19.28%) corresponds to a lower signal 

area, but a higher aspect ratio, thus a thinner film. 

In summary, the increase in aspect ratio between 13.40% and 13.67% of H, and 

between 15.95% and 16.51% of H, corresponds to the overall increase of H in the signal 

area, matching clearly the increase of concentration, and not to an increase in thickness. But 

the sample with 18.18% of H clearly is thicker than the sample with 19.28% of H. These 

results underlies the importance of conducting a complete analysis of the shape of the signal 

for calibration standards. Overall, for all the films, since both height and width were found 

to vary, it is safe to state that both H is depleting and the sample is thinning, but the 

dramatic drop in aspect ratio, as shown in Figure 9.28, indicates that H depletion is much 

more significant than film thinning. 

Radiation Damage Rate -H Depletion 

The effect of ion radiation on hydrogen content of the Dow Coming samples is 

reported in terms of radiation damage rate. These rates are calculated using either peak area 

or peak height and Equations 9.10 and 9.11. The values are summarized in Appendix G41 

with corresponding plots shown in Figures 9.29 and 9.30. Figure 9.29 is a plot of 
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radiation damage rate in Dow Coming samples with increasing hydrogen content. Figure 

9.30 is a similar plot with the x-axis giving hydrogen concentration. It is quite obvious 

from these two plots that the radiation damage rate is again lower for samples with lower 

hydrogen content as was observed with bulk polymers in Section 9.2.2.1. It could also be 

said that with each processing step, the radiation damage rate decreased. This means that 

spin coated samples exhibited a higher radiation damage rate when compared with final 

annealed samples. The pre-annealed samples showed mid range radiation damage. Based 

on peak area, spin coated samples exhibited an average radiation damage rate of about 2.55 

X 10''^ counts/cmVion, whereas, final annealed samples showed 2.12 x 10"'^ 

counts/cmVion. In terms of peak heights, spin coated samples exhibited a radiation damage 

rate of 8.36 x 10"''* counts/cmVion and final annealed samples exhibited a similar rate of 

7.57 X lO"'"* counts/cmVion. The percent difference between calculations done based on 

peak area and height ranged between 2697% and 3005%. Ratio factor values varied 

between 27.97 and 31.05. In summary, analyzing the signal area gives much more 

sensitivity to relatively small variations in concentration as shown in Figure 9.28 and 

Appendix G39. It is also not clear whether the drop in radiation damage rate is due to the 

process or to the drop in hydrogen concentration, and probably both. 

d. Hydrogen Calibration 

The strategy used in calculating hydrogen calibration is shown in Appendix G42. 

Hydrogen calibration is reported in terms of areal density per count. These values were 

calculated based on the oxygen areal density obtained by using 2 MeV ions and also 

the stoichiometric H/O elemental ratio. The hydrogen calibration values were calculated 

using either area or height for oxygen and hydrogen peaks. The corresponding graphs are 



647 

shown in Figures 9.31 and 9.32 for the calculations based on peak area and height, 

respectively. Both graphs show a decrease in hydrogen areal density per count with 

increasing dose. A steeper decrease is seen between 30,000 and 60,000 counts when 

compared to 60,000 to 90,000 counts. No correlation is observed with respect to process 

condition, i.e., spin coated, pre-annealed, and final annealed. It is not clear from the 

previous paragraph why there is no good linear correlation between H concentrations and 

number of counts. But this may be due to 2 factors: 

1. The actual concentration are not exactly what the vendor reports 

2. The processing is effecting the radiation damage rate. 

Probably both factors are present. 

To test these hypotheses, hydrogen calibration was conducted using the simulated film 

areal densities obtained by RUMP software, measured height of the hydrogen peak, vendor 

reported thickness, and stoichiometric H atomic conccentration [144,145]. The calculations 

are shown in Appendix G43. The following equations were used to obtain the values in 

Appendix G43: 

First, the film atomic density, atoms/cm^, was calculated based on the reported 

thickness from the Dow Coming Corporation, 

_ RUMP Simulated Fibn Areal Density (atoms/cm*) 

Vendor Reported Film Thickness (cm) 

and yielded 4.74 x 10^ atoms/cm^ for FOx* Flowable Oxide. 

Second, the measured height of the H signal was normalized, based on the reported 

concentration and annotated in Figure 9.33, 



^ Measured Height of H Peak 

Sum of Measured H Peak Heights 
X 

100 

Sum of H Atomic Concentration 
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(9.15) 

where, H atomic concentration is based on film stoichiometry and reported as percent 

fraction. 

Third, the hydrogen concentration in the film, atoms/cm^, was calculated using both the 

simulated results for atomic density and the normalized peak height based on the reported H 

concentration. 

= Normalized H Peak Height x Calculated Film Atomic Density (9.16) 

Fourth, the hydrogen atomic fraction for the film was calculated using atomic density 

obtained by Equation 9.16 and annotated Hjj^ in Figure 9.33, 

Hydrogen Concentration in the Film 

Sum of Hydrogen Concentrations in all Films 

The resulting hydrogen areal density in film is then calculated using this H^n^ and the 

reported thickness and concentration 

H Atomic Concentration x Reported Film Thickness x H Peak Width i o^ 
(9.1o) 

Average Peak Width for All Samples 

Finally, this hydrogen areal density can be converted into a hydrogen calibration factor 

by dividing it by the total number of counts in the signal area 
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Hydrogen Areal Density 
Hydrogen Areal Density per Count = . T— (9.19) 

Hydrogen Peak Area 

Figure 9.33 gives the measured hydrogen peak height, the normalized measured H 

peak height, and the H atomic fraction as a function of the H concentration calculated based 

on the film stoichiometry reported by Dow Coming Corporation [146]. The correlation 

based on a linear fit are also shown in the Figure 9.33. The measured H peak height and 

the H concentration simulated by RUMP showed the best correlation with stoichiometric H 

concentration, showing a correlation coefficient, R, of 0.88 in both cases. The measured H 

peak height after normalization, correlates with the H concentration obtained from 

stoichiometry only by a coefficient of 0.60. This may indicate that the H calibration, shown 

in Appendix G43, obtained using normalized height may not be as an accurate value as 

compared to the values reported in Appendix G42 and plotted in Figures 9.31 and 9.32. As 

such, it is recommended to use Appendix G42 calculations in future analyses. 

9.2.2.4 OCG Probimide 203A Thin Fi lms on Si( lOO) 

This section deals with results obtained by ion beam analysis of the Olin Ciba Geigy 

(OCG) samples performed on November 16"*, 1995. A general review of OCG material, 

Probimide 203A polyimide, is given in Section 9.1.2.2. The procedure by which the 

coatings were prepared on Si(lOO) wafers is described in Section 9.2.1.3. Coatings of 

0.05 p.m, 0.1 ^m, 0.2 (Xm and 0.3 |im thicknesses were analyzed in this study. Probimide 

203A polyimide consists of C, H, O, and N elements [91]. Carbon and hydrogen are 

dominant in the film. Different combinations of "'He^'^ ion energies and sample tilt angles 

were used for detecting the elemental composition of the Probimide 203A polyimide. RBS 

and NRA were used to analyze C and O areal densities in the film. RBS was performed by 
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using 2 MeV initial ions with sample tilted at CP and at 75° from helium beam, the 

latter to improve depth resolution. NRA of carbon and oxygen were performed using 4.315 

MeV and 3.05 MeV initial ions respectively, with the sample normal tilted at 75° with 

respect to the helium beam. ERD was used for detecting the H content in OCG samples 

with respect to the polystyrene standard. H detection was obtained by using 2.8 MeV ''He^^ 

ions with the sample normal tilted at 75° from the helium beam. A detailed review of RBS, 

NRA and ERD is given in Chapter 4. 

a. RBS and NRA Spectra 

The RBS spectra obtained with 2 MeV "'He^^ ions for sample tilts of 0° and 75° are 

shown in Appendices G44 and G45, respectively. It is obvious from these spectra that only 

carbon, nitrogen, and oxygen, are detected at this energy and angles. The main issue in 

those spectra is that ±e C, N, and O signal overlap and cannot be separated. However, at a 

sample tilt of 0°, the Si leading edge shift is not consistent with the film thickness and 

leading edge of C signal shift correlates moderately. In other words, the shift is largest for 

2K A film, and smaller for 3K A. Both, the Si and C leading edge signzds shift correlate 

well with thickness at 75°. The NRA spectra for carbon obtained with 4.315 MeV ''He^^ 

ions and a sample tilt angle of 75° for all film thicknesses are shown in Appendix G46. 

Only carbon signal is noticed and the size of the peak increased with an increase in film 

thickness. A clear step in the C peak is seen in the leading edge signal for larger film 

thicknesses. 

The NRA spectra for oxygen is shown in Appendix G47 for all film thicknesses. These 

spectra were gathered by using 3.05 MeV '*He^^ ions with a sample tilt of 75°. The 

increasing shift in the leading edge of Si signal towards lower energies correlates perfectiy 
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with the increasing thickness of the OCG films. There is a distinct difference in the 

occurrence of maxima for the O peaks in thinner films when compared to thicker films. 

b. Energy Calibration Method 

The energy scale in the x-axis for all the above plots was obtained by using the energy 

calibration plot shown in Appendix G48. Qiannel positions and corresponding energies 

for carbon and oxygen were used in order to generate this plot. The energy vs. channel 

number correlations have a very good linear fit for lower thickness films with a linear fit 

regression coefficient value, R, of 1.0, when compared to thicker films, with R being 

slightly lower with an average value of 0.99991. This may be due to the difficulty of 

locating the leading edge of the C signal at 2 MeV. 

c. Carbon and Oxygen Areal Densities 

The carbon and oxygen areal densities for Probimide 203A films based on peak area 

and height are given in Appendices G49 through G58. The corresponding plots are shown 

in Figures 9.34 and 9.35. The radiation damage rates based on hydrogen peak area and 

height are also mentioned in the figures. 

Measurements at 2 MeV^H^* and0°Sample Tilt 

The RBS spectra gathered with 2 MeV ions and a sample tilt of 0° showed an 

increase in carbon areal density with film thickness. The rate of increase is larger between 

0.5K A and IK A, and also between 2K A and 3K A. Carbon areal density ranges between 

6.39 X 10'^ atoms/cm^ and 7.93 x 10" atoms/cm^ based on peak area, whereas, between 

2.19 X 10'® atoms/cm^ to 4.77 x 10'® atoms/cm^ based on peak height. The percent 
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difference between areal densities calculated based on peak area and height varied between 

1507% and 2816% with an average value of 1988%. In terms of ratio factor, the variation 

is between 16.07 and 29.15 with an average value of 20.87. There is no relationship 

between areal density difference and film thickness. 

Measurements at 2 MeV'He^* Ions and 75° Sample Tilt 

Both the signal area and height measured at sample tilt of 0° do not correlate with the 

film thickness demonstrating the need for better resolution. Henceforth, the measurements 

at sample tilt of 75° were made. The RBS spectra obtained with 2.0 MeV ions with 

the sample normal tilted 75° from the ''He^"^ beam direction exhibited a clear increase in 

carbon areal density scaling with film thickness, when signal area is used - the carbon areal 

density increases by a factor 6, from 1.44 x 10" atoms/cm* for 0.5K A to 7.19 x 10" 

atoms/cm^ for 3K A, when the thickness increases by a factor 6 too. However, the C areal 

density increases only from 1.24 x 10'® atoms/cm^ to 3.95 x 10'® atoms/cm^ for 

calculations based on peak height. Henceforth, calculations based on signal area for these 

OCG Probimide 203A thin polymer films are clearly the best choice. The percent 

difference and ratio factors between areal density calculations based on peak area and height 

did not follow a consistent trend with respect to film thickness. The percent difference 

varied between 1065% and 1800% and in terms of ratio factor the variation is between 

11.65 and 19.00. The corresponding average values for difference based on all OCG 

samples are 1572% and 16.72. 
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Comparison of Measurements with 2 MeV'*He^* Ions at a Sample Tilt of 0° and 75° 

The values at OP are always greater than those at 75° for both peak area and height 

calculations. The percent difference for peak area calculations showed a variation from 

10.34% to 344% with an average value of 116%. In terms of ratio factor these values 

correpond to 1.10, 4.44 and 2.16, respectively. The variation for peak height calculations 

are between 20.68% and 116% with an average of 64.52%. These correspond to 1.21, 

2.16 and 1.65 ratio factors, respectively. The differences between 0° and 75° in both cases 

did not have a consistent correlation with film thickness. C/ear/y, of all measurements at 2 

MeV, only measurements taken at 75° sample tilt and based on signal area yield carbon 

areal densities scaling properly with the film thickness. 

Carbon Areal Density Measurements with 4.315 MeV^He^* Ions and 75°Sample Tilt 

The carbon areal densities obtained in NRA mode by 4.315 MeV ''He^^ ions at a sample 

tilt of 75° are shown in Appendix G53, and are plotted in Figures 9.34 and 9.35. The 

carbon areal densities increased with increasing thickness for total peak area and height 

calculations. The values based on peak area are greater than those obtained by peak height. 

The densities are in the range of 1 x 10'® atoms/cm^ based on peak area and 1 x 10'' 

atoms/cm^ with peak height calculations. The difference between the area and height 

calculations show an average percent difference of 1357% and 14.57 ratio factor. These 

areal density values are greater than values obtained by 2.0 MeV "'He^^ ions either with a 

sample tilt of 0° or 75°. Larger differences are seen for a sample tilt of 75° when compared 

to 0° sample tilt. The average differences between measurements done with 4.315 MeV 

"He"^ ions at 75° and 2.0 MeV ''He^* ions at 75° are 256% or 3.56 ratio factor based on 

peak area calculations and 328% or 4.28 ratio factor based on peak height. The difference 
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when compared to 2.0 MeV '*He^^ ions with a sample tilt of 0° based on peak area is 96% 

or 1.96 ratio factor and that with respect to peak height is 161% or 2.61 ratio factor. 

Measurements done at or above the C resonance do not yield as good correlation as at 2 

MeV as can be seen in Figures 9.34 and 9.35. 

Oxygen Areal Density Measurements with 3.05 MeV'He^* Ions and 75° Sample Tilt 

Oxygen areal density values obtained in the NRA mode using 3.05 MeV "'He^'^ ions at a 

sample tilt angle of 75° are shown in Appendix G58. The calculations were done using both 

peak area and height. As expected, based on stoichiometry, oxygen areal densities are 

lower than carbon areal densities measured either in NRA or RBS modes. The oxygen areal 

densities ranged between 3.16 x 10'® atoms/cm^ and 3.98 x 10'® atoms/cm^ for 

calculations done using peak area. The values varied from 3.64 x 10'^ atoms/cm^ to 4.01 x 

10'^ atoms/cm^ for peak height measurements. The areal densities in both cases increased 

with increase in film thickness. The difference between peak area and height calculations 

varied from 769% or 8.69 ratio factor to 893% or 9.93 ratio factor with an average value of 

854% or 9.54 ratio factor. Again, there is no correlation between the difference in areal 

density and film thickness. 

Normalization of Carbon and Oxygen Areal Densities 

The areal density data for carbon and oxygen were normalized to determine which 

particular areal density measurements are most useful in calculating the hydrogen areal 

density based on stoichiometric elemental composition. The calculations involved in the 

normalization process are shown in Appendix G59. All the samples are normalized with 

respect to OCG IK A thick film. This choice was made so that the normalized areal density 
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values can be easily compared to the thickness progression, for example a value of 1.00 

matches IK A. The hydrogen areal densities calculated using the H/C and H/0 

stoichiometric ratios in combination with carbon and oxygen areal densities are also 

reported in the Appendix G59. The normalized areal density values for hydrogen, 

ofcourse, match the values obtained for C and O. The corresponding plots for carbon and 

oxygen areal densities based on area and height of peak are shown as a function of film 

thickness in Figures 9.36 and 9.37, respectively. Obviously, the elemental areal densities 

should increase linearly with film thickness [147-150]. It is evident from Appendix G59 

and also Figures 9.36 and 9.37, that only the measurements made at 2 MeV and 75° sample 

tilt scale with the film thickness and match the linear behavior most closely. This is true for 

calculations utilizing either peak area or height. Henceforth, it can be concluded that 

hydrogen calibration values should be calculated based on RBS at 2.0 MeV ions with 

a sample tilt of 75°, thus to obtain die most accurate and the best ones to use. 

d. Elastic Recoil Detection of Hydrogen 

Figure 9.38 shows ERD spectra detecting hydrogen in OCG sample with IK A 

thickness. The plot consists of three spectra successively gathered as a function of 

ion dose at increments of 30,000 counts up to a total of 90,000 counts. These spectra were 

collected as part of a study done on December 1", 1995 to compare three different films 

coated on Si(lOO) wafers. Clearly the H recoil signal of IK A thick OCG Probimide film 

shows very little change with increasing ion dose and is thus stable under 

irradiation damage. Appendices G60 and G63 depict the ERD spectra for all four different 

thickness OCG samples analyzed on November 16"', 1995. The spectra were gathered with 

2.8 MeV ions for 30K, 60K, 90K and 400K counts for a sample tilt of 75°. Clearly, 
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the thinnest OCG film, which was 0.5K A thick, showed a very rapid degradation when 

bombarded by 30,000 counts of "'He^^ ions. The degradation rate then decreased many fold 

with further increase in number of ''He^^ ions. However, the three thicker samples were 

more stable with the radiation over the whole range of dose. 

Hydrogen Peak Area, Height, Width and Height/Width Aspect Ratio 

The area, height and width of the peaks scaled with film thickness. Appendices G64 

and G65 give a summary of the area, height, width and height/width aspect ratio for all the 

films as a function ofion dose. The corresponding plots are shown in Figures 9.39 

through 9.41. The peak width, FWHM, is given in keV. As observed before, the hydrogen 

yield obtained by either peak area or height is very stable over the whole range of ''He^'^ ion 

dose for a IK A thick film. The forward scattering yield remains remarkably flat as a 

function of dose, varying by less than 3% after 90,000 counts of "^He^"^ dose. But a 

noticeable degradation is observed for thicker films with 6% after 90,000 counts of "'He^^ 

dose for 2K A thick film and 6.6% with 3K A thick film. Similar degradation is also 

observed with IK A thick OCG film. The same trend is also noticed with height/width 

aspect ratio as shown in Figure 9.41. Although, the stability of IK A thick film is not as 

good as that observed with peak area or height, the height/width aspect ratio remains within 

a narrow window ranging between 1.20 and 1.13. The aspect ratio did not decrease with 

increasing "He^* ion counts, but does fluctuate around 1.15. Other films showed a definite 

decrease in aspect ratio with increasing number of''He^^ ion counts, thus exhibiting a clear 

loss of hydrogen with irradiation. Figure 9.42 shows peak area, height, width and aspect 

ratio for the four OCG films based on measurements done using 30,000 counts of 2.8 MeV 

ions. Two different aspect ratios are plotted. The experimental aspect ratio, as shown 

in Appendix G65, was obtained from the height and width measured in the ERD signal in 
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counts per keV. The theoretical aspect ratio was calculated in A ' based on the hydrogen 

atomic fraction and film thickness reported by Olin Ciba Geigy. Peak area, height and 

width increase with increasing film thickness. The aspect ratio measured experimentally 

increases with film thickness up to 2K A thick film and then decreases. The theoretical 

aspect ratio shows a steady decrease with increasing film thickness. The trends for the two 

aspect ratios tend to agree for thickness variation from 2K A to 3K A, but clearly, there is a 

discrepancy between the reported thickness and the measured thickness. 

Radiation Damage Rate -H Depletion 

The effect of the ion radiation on the films was determined by measuring the 

change in hydrogen content of the films and is reported as radiation damage rate. The rates 

are calculated using Equations 9.10 and 9.11 based on peak area and height measurements, 

respectively. Appendix G66 summarizes the radiation damage rates for the four OCG films 

calculated using either peak area or height. The corresponding plots are shown in Figure 

9.43. In both cases, the radiation damage rates tend to increase with increasing film 

thickness, due to the higher hydrogen content in the thicker films. The radiation damage 

rates varied between 1.14 x 10 '^ sum of counts in cm^ per ion and 2.35 x 10"'^ sum of 

counts in cm^ per ion for calculations based on peak area. The variation is from 8.00 x 10" 

counts in cm^ per ion and 8.48 x 10"''' counts in cm^ per ion for calculations based on 

peak height. The rates based on peak area are greater than those calculated using peak 

height. The difference ranged between 1329% or 14.29 ratio factor and 2671% or 27.72 

ratio factor. The difference increased with increase in the film thickness. However, a key 

conclusion is that thinnest film, with the lowest radiation rate, exhibited the most dramatic 

deterioration of the ERD signal. Clearly, the radiation damage rate has to be normalized to 
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thickness to draw a meaningful conclusion. As such, the IK A thick film provides the most 

stable H standard under irradiatioru 

e. Hydrogen Calibration 

Hydrogen calibration for the OCG films was calculated using the carbon and oxygen 

areal density values along with the elemental stoichiometric ratio. The calculations are 

shown in Appendix G67. The strategy involved calculating the areal density for hydrogen 

from carbon and oxygen areal densities using the stoichiometric elemental ratio. The 

hydrogen calibration was later obtained by dividing the areal density by either hydrogen 

peak area or height obtained from ERD spectra collected by 2.8 MeV '*He^'^ ions. Appendix 

G67 gives the hydrogen calibration values based on peak area and height along with 

different ''He^'^ ion energies and sample tilts used for carbon and oxygen determination. It 

also summarizes the differences between calibrated values calculated using peak area and 

height methods. Finally, it gives the average and standard deviation values across all the 

film thicknesses for a specific ion energy and sample tilt. Figures 9.44 through 9.51 

are the illustration of these results with a logarithmic scale. The plots are drawn as a 

function of ''He*"^ ion dose for individual film thickness for both peak area or height 

calculations. Figures 9.44 and 9.45 indicate that for OCG 0.5K A thick film, the hydrogen 

calibration variation across the whole range of helium doses is pretty stable with only a 

small decrease. This is true for ion measurements at different sample tilt angles. The 

calibration values ranged between 4.32 x 10'^ atoms/cmVcount and 2.75 x 10'"^ 

atoms/cmVcount for the ion energies and sample tilts used, thus remaining within a 

factor 1.5 of each other. For thicker films, the hydrogen depletion rate decreased with 

increasing ion dose. The rate of change increased with increasing film thickness. 

Figures 9.52 and 9.53 are the plots for hydrogen calibration as a function of film thickness 
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for 30,000 counts of ions with different energies and sample tilts calculated using 

peak area or height, respectively. The conclusion to be drawn from these figures is that the 

hydrogen calibration value is very stable for signal area calculations, and with a small 

variation for peak height calculations based on measurements taken at 2.0 MeV "He^^ ion 

energy with 75° sample tilt. All other measurements by ion beam analysis showed poor 

correlation and should not be used. So, obviously, the use of 2 MeV RBS at 75° is the 

best technique to calibrate the H signal. 

Nomograph Construction 

A nomograph was constructed for hydrogen areal density per count on a sample using 

the IK A thick OCG standard, based on 2 MeV data at 75° sample tilt. The data was chosen 

based on the stability observed with this thickness standard as described above. Hydrogen 

areal density per count calibration values for the sample used in the nomograph plot were 

obtained by multiplying the hydrogen areal density in the standard with the fraction of 

hydrogen in a sample, whencompared to that of the OCG IK A film, and then dividing by 

hydrogen peak area for the standard. The calculations are shown in Appendix G68. The 

resulting nomograph plot is shown in Figure 9.54 for a H fraction ranging from 0 to 

100%. But, the hydrogen fractions, with respect to the polystyrene standard, measured in 

the samples discussed in Chapters 6 through 8 are lower than 2%. Thus, a plot similar to 

Figure 9.54 is shown only for the range from 0 to 10% H fraction. These plots enable us to 

determine the true areal density of H in the sample. 

9.2.2.5 Final Comparison Between Thin Film Standards 

The elastic recoil detection (ERD) analyses were conducted on December 1", 1995, to 

compare the three possible best choices of thin films, studied in this research, for use as 
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hydrogen standards. The samples analyzed were polystyrene, Dow Coming Sample #1178 

and Olin Ciba Geigy IK A sample. All samples were bombarded with ions in 

increments of 30,000 counts for a total of 90,000 counts. ERD spectra for hydrogen were 

gathered. The peak area, height, width and height/width aspect ratio values measured from 

the spectra are shown in Appendices G69 and G70. The FWHM width for the signal was 

measured in keV. The corresponding plots are shown in Figures 9.56 through 9.58. OCG 

IK A thick sample showed very good stability in peak area and height, when compared to 

Dow Coming Sample #1178 and polystyrene. Both of the latter samples show a decrease 

in signal area as well as height with the increase in number of ions. The Dow 

Coming Sample #1178 and OCG IK A thick sample showed lower values for peak area 

and height when compared to polystyrene. The peak area and height values for Dow 

Coming Sample #1178 are in the range 2754 to 4612 sum of counts and 97 to 157 counts, 

respectively. The OCG IK A sample values are in the range 3438 to 3609 sum of counts 

and 220 to 223 counts, respectively. In comparison, the polystyrene peak area and height 

values are in the range 14958 to 15662 sum of counts and 454 to 494 counts, respectively. 

The Dow Coming Sample #1178 exhibited the lowest aspect ratio in the range between 

0.37 to 0.62, and the polystyrene showed the highest value within the range from 1.68 to 

1.86. The aspect ratio for the OCG IK A thick sample ranged from 1.09 to 1.15. Aspect 

ratio values for polystyrene and Dow Coming Sample #1178 decreased with increasing 

ion counts, whereas, for the OCG IK A thick sample the reverse trend is observed. 

The resistance of the samples for radiation are reported in terms of radiation damage rates 

which are a measure of hydrogen degradation. The rates were calculated using Equations 

9.10 and 9.11. Appendix G71 summarizes the calculated rates for these three materials 

which are plotted in Figure 9.59. Polystyrene showed the highest radiation damage rates 

based on both peak area and heights. Dow Coming showed the lowest rates. The values 
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are based on a total ion dose of 4.5 x 10'^ ions/cm^. The difference between radiation 

damage rates based on peak area and height varied between 1485% and 3154%. In terms of 

ratio factor, the difference varied between 15.85 and 32.54. Radiation damage rates based 

on peak area are always higher than those based on peak height. From Figures 9.56 

through 9.59, the OCG IK A thick film is obviously the best choice overall, for all types of 

films considered. 



Table 9.1 Summary of the polymers analyzed in this study by ion beam techniques inorder to establish a hydrogen standard 

for obtaining hydrogen surface concentrations of the experimental samples. 

Polymer 

Type 

Pol; 

Name 

ymer 

Abbreviation Stoichiometry 

Atomic Ra 

H/C 

itio from Sto 

H/0 

chiometry 

0/C 

Bulk Material Polyvinylidene Fluoride PVDF H2C2F2 1.00 - -Bulk Material 

Polytetrafluoroethylene Teflon C2F4 - - -

Bulk Material 

Polyvinyl Chloride PVC H3C2CI 1.50 - -

Bulk Material 

White Polypropylene WPP C3H, 2.00 - -

Bulk Material 

High Density Polyethylene HDPE C2H4 2.00 - -

Films on Si(lOO) Polystyrene PS CgHg 1.00 - -Films on Si(lOO) 

Dow Coming Samples: 

#1174 DC #1174 Ho.44SiO| 78 0.25 

Films on Si(lOO) 

#1175 DC #1175 Ho.43SiO| 78 - 0.24 -

Films on Si(lOO) 

#1176 DC #1176 Ho.eoSiO] 70 - 0.35 -

Films on Si(lOO) 

#1177 DC #1177 Ho,64SiO| 68 - 0.38 -

Films on Si(lOO) 

#1178 DC #1178 Ho,54SiO| 73 - 0.31 -

Films on Si(lOO) 

#1179 DC #1179 Ho.SzSiOl 74 - 0.30 -

Films on Si(lOO) 

Olin Ciba Geigy Samples: 

0.5K A OCG 0.5K A C35H24N203 0.69 4.80 0.14 

Films on Si(lOO) 

IK A OCG IK A C35H24N205 0.69 4.80 0.14 

Films on Si(lOO) 

2K A OCG 2K A C35H24N205 0.69 4.80 0.14 

Films on Si(lOO) 

3K A OCG 3K A C35H24N205 0.69 4.80 0.14 
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Figure 9.1 Illustration of structures of the bulk polymers analyzed in the present study 
(a) Polyethylene (b) Polypropylene 
(c) Polyvinyl Chloride (d) Polyvinylidene Fluoride 
(e) Polytetr^uoroethylene (Teflon) 



Table 9.2 Advantages, disadvantages and applications of the bulk polymers analyzed in the present study. 

Polymer Type Advantages Disadvantages Applications 

High Density 

Polyethylene 

(HOPE) 

Low cost, moisture resistance, 

food grades available, good 

chemical resistance and impact 

resistant from -40°C to 90°C 

Flammable, difficult to bond, 

high thermal expansion, 

subject to stress cracking, poor 

poor weathering resistance and 

poor temeperature capability 

Toys, utensils, films, bottles, 

pipes, processing equipment, 

wire and cable insulations 

Polytetrafluoro-

Ethylene 

"Teflon" 

Non-flammable, anti-stick, 

wide thermal capability, low 

surface friction, excellent 

weatherability, excellent 

chemical and solvent resistance, 

and excellent electrical 

properties 

Low strength, high density, 

subject to creep, toxic 

products of thermal 

degradation, high processing 

temperature required, not 

processable by common 

thermoplastic methods, and 

comparatively high cost 

Bearings, non-stick items, 

electrical items, chemical 

processing equipment and 

containers 

Polyvinylidene 

Fluoride 

(PVDF) 

Low creep, non-flammable, 

good solvent resistance, better 

abrasion resistance than teflon, 

excellent weatherability, higher 

strength than highly fluorinated 

polymers, and processed by 

thermoplastic methods 

Lower thermal capability and 

chemical resistance than highly 

fluorinated polymers, high 

dipole, and toxic products of 

thermal decomposition 

Tanks and containers, electrical 

applications and coatings, and 

chemical process equipment 



Table 9.2 (cont.) 

Polymer Type Advantages Disadvantages Applications 

White Polypropylene 

(WPP) 

Good impact strength, mold-in 

hinge possible, food grades 

available, excellent moisture 

resistance, excellent chemical 

resistance, processed by all 

thermoplastic methods, and 

ethylene copolymers available 

for modified properties 

Degraded by UV, flammable 

but retarded grades available, 

difficult to bond, attacked by 

clorinated solvents and 

aromatics, and several metals 

accelerate oxidative degrading 

Household goods, industrial 

parts for fluid processing, 

automotive and electrical 

hardware 

Polyvinylchloride 

(PVC) 

Non-flammable, dimensional 

stability, good resistance to 

weathering, comparatively low 

cost, plastisol processing 
possible, wide range of 

flexibility possible with 

varying levels of plasticizer, 

and processed by 

thermoplastic methods 

Attacked by several solvent 

types, higher density than 

many plastics, limited thermal 

capability, stained by sulfur 

compounds and thermal 

decomposition evolves HCl. 

Pipe, extruded wire covering, 

toys, bottles, film and fabric 

coatings 
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Figure 9.2 Dlustration of structures of the polymeric films analyzed in this study 

(a) Polystyrene, (b) Probimide 200 series polyimide, and (c) Fox® flowable 
oxide precursor. 
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Figure 9.6 Comparison of the sum of H counts obtained from the area of the hydrogen peak in different bulk polymers as a 
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Figure 9.7 Comparison of the H counts obtained from the height of the hydrogen peak in different bulk polymers as a function 
of number of initial ions in periodic increments of 20,000 counts. 
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Figure 9.8 Comparison of the rate of radiation damage for different polymers based on hydrogen peak area and height as 
measured by elastic recoil detection at 2.8 MeV with a sample tilt of 75°. 
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Figure 9.10 Comparison of hydrogen areal density per count as a function of number of initial ""He^^ ions for different bulk 
polymers - calculated based on carbon areal density obtained at 4.28 MeV with a sample tilt of 0° and hydrogen peak 
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Figure 9.11 Comparison of hydrogen areal density per count as a function of number of initial "'He^* ions for different bulk 
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Figure 9.13 Comparison of the carbon areal densities for polystyrene film on Si(lOO) obtained by IB A using initial "'He^^ ions at 
4.315 MeV and 4.28 MeV. 
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Figure 9.14 Comparison plot of the hydrogen spectra obtained by elastic recoil detection at 2.8 MeV with a sample tilt of 75° for 
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Figure 9.15 Comparison of forward scattered yield obtained from hydrogen peak area for polystyrene film coated on Si(lOO) 
wafers as a function of initial ion counts. 
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Figure 9.16 Comparison of forward scattered yield obtained from hydrogen peak height for polystyrene film coated on Si(lOO) 
wafer as a function of initial "'He^^ ion counts. 
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on Si(lOO) wafer. 
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function of initial ''He ions for different energies and sample tilt angles. 
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Figure 9.20 Comparison of hydrogen areal density per count based on the hydrogen peak height for polystyrene sample as a 
function of initial ''He ions for different energies and sample tilt angles. 
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Figure 9.30 Plot of radiation damage rate as a function of hydrogen concentration for Dow Coming samples calculated using 
cummulative values for hydrogen peak area and height for a total ''He^^ ion dose of 4.5 x lO'"* ions/cm^. 
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Figure 9.40 Comparison of the counts obtained from hydrogen peak height for Olin Ciba Geigy samples as a function of initial 
He * ions in periodic increments of 30,000 counts. 

2 



> 

§ 
o 
U 
o 

'I 
u u 
a 

I 
1) • ̂  (U 
X 

1.5-

1 -

0.5-

0-

~~~ A— 
• —A.— 

»• .. 
- - —A 

~ ~ ~ • 

- • 

• ^ 
—• 

•— 0.5K A 

» - IK A 

\ - *r- - 2 K A  

\ -- 3KA 

1st 2nd 3rd ~ 13th 

Initial Ions (30K Increments) 

Figure 9.41 Plot of height/width aspect ratio as a function of number of initial "'He^'^ ions measured in increments of 30,000 
counts for the Olin Ciba Geigy (OCG) films coated on Si substrates. 

o 



§ 
U § > 
• s a a  

|-i| 
^'53 J 

^ ̂  ̂  is ^ V 
Ah 

1.2 10 r2 

8000-

-0.5 

'D. 2000-

— •- - Peak Width 

- Peak Height 

Peak Area 

- Experimental Aspect Ratio 

• Theoretical Aspect Ratio 

a 

I 
3 
0 

1 
c?. o 

o 
s n) 
Ui 
Ui 

n 

H i: E? 
^qq''o 
0 5 3 .  
<3 % 5 

I'll 
> ^ >  W K* f> 

o n» r+ I O 
^ nZ 
^ " 
o* § p-

I o 
g" 
< 

0.5K A IK A 2K A 3K A 

OCG Film Thickness, A 

Figure 9.42 Plot of peak area, height, width and height/width aspect ratio as a function of hydrogen concentration for the Olin 
Ciba Geigy samples analyzed by 30,000 counts of 2.8 MeV initial "'He^^ ions. 



<D 

§ 
<u 

I 

25-

<i> 

Vi 
G 
O 

0 1 en O -H 

. X .  O  
U 

S( ^ 
^ I (U § 
SP 3 CO 

§ 
c3 

1 

20-

15-

10-

—^^eal^re^ 

/ ^ 

// 
/ / 

/ / 
/ / 
// 

// 
// 

// 
—- Peak Height | 

-0.8 

•0.6 

-0.4 

ro.2 

• 0  

g" 
& 

o 3 
o 

0 

1 I—« 
S o 
3 -N) U> 
^ T o ' 
S ® 

fD 
a. 
o 
o 
»T3 o> 

0.5K A IK A 2K A 3K A 1-

OCG Sample 

Figure 9.43 Plot of radiation damage rate for Olin Ciba Geigy samples calculated using cummulative values for hydrogen peak 
area and height for a total ion dose of 2.0 x 10'^ ions/cm^. 



o 
U 
ti 
D, 

O 
S ^ 0) <N 
Q e 
13 

I 
c (U 
bO 

I 
"X 

o 
C/3 
6 o 

10 
15 

io"'H 

10 
13 

2 MeV. and 0° 2 MeV. and 0° 

2 MeV. and 75° 

— A- - 4.315 MeV. and 75° 
• - - 3.05 MeV. and 75° 

f - —A 

*— ¥ 

• - - - -

*• —  ̂  ̂ -

Calculated using Hydrogen Peak Area 

1s t  2nd 3rd 13th 

Initial Counts (3 OK Increments) 

Figure 9.44 Comparison of hydrogen areal density per count based on the hydrogen peak area for 0.5K A thick Olin Ciba Geigy 
sample as a function of 30,000 count increments of initial ions for different energies and sample tilt angles. 
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Figure 9.45 Comparison of hydrogen areal density per count based on the hydrogen peak height for 0.5K A thick Olin Ciba 
Geigy sample as a function of 30,000 count increments of initial ions for different energies and sample tilt 
angles. 
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Figure 9.46 Comparison of hydrogen areal density per count based on the hydrogen peak area for IK A thick Olin Ciba Geigy 
sample as a function of 30,000 count increments of initial "'He^^ ions for different energies and sample tilt angles. 
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Figure 9.47 Comparison of hydrogen areal density per count based on the hydrogen peak height for IK A thick Olin Ciba Geigy 
sample as a function of 30,000 count increments of initial "'He^^ ions for different energies and sample tilt angles. 
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Figure 9.48 Comparison of hydrogen areal density per count based on the hydrogen peak area for 2K A thick Olin Ciba Geigy 
sample as a function of 30,000 count increments of initial "'He^^ ions for different energies and sample tilt angles. 
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Figure 9.49 Comparison of hydrogen areal density per count based on the hydrogen peak height for 2K A thick Olin Ciba Geigy 
sample as a function of 30,000 count increments of initial "'He^^ ions for different energies and sample tilt angles. 
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Figure 9.50 Comparison of hydrogen areal density per count based on the hydrogen peak area for 3K A thick Olin Ciba Geigy 
sample as a function of 30,000 count increments of initial ''He^'^ ions for different energies and sample tilt angles. 
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Figure 9.51 Comparison of hydrogen areal density per count based on the hydrogen peak height for 3K A thick Olin Ciba Geigy 
sample as a function of 30,000 count increments of initial ''He^^ ions for different energies and sample tilt angles. 
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Figure 9.52 Comparison of hydrogen areal density per count based on the hydrogen peak area for Olin Ciba Geigy samples for 
30,000 initial "'He^^ ions at different energies and sample tilt angles. 
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CHAPTER 10 

CONCLUSIONS 

The present study was motivated by the development of a low-temperature surface 

cleaning for Si( 100) wafers. Epitaxial growth and oxidation requires an initial surface that 

is ordered and as free as possible of contaminants such as C, O, or metallic impurities. Wet 

etching of Si(lOO) by a solution of HF in alcohol after a modified RCA clean, has been 

shown to produce (1x1) H-terminated hydrophobic Si surfaces that are ordered at room 

temperature. The four areas that were addressed are: 

1. Passivation of Si(lOO) surfaces, 

2. Effect of passivation of Si( 100) surfaces on subsequent oxidation, 

3. Effect of passivation of Si(lOO) surfaces on subsequent epitaxial deposition, and 

4. Characterization of materials for use as H calibration standards in ion beam 

analysis. 

The key conclusions obtained in this research study are summarized in this chapter. At 

the end of this chapter, suggestions are made for pursuing passivation of Si(lOO) surfaces 

and researching its effects on other process steps in silicon technology. 

In this study, it should be noted that ion beam analysis of carbon, oxygen, and 

disordered Si atoms were performed at 45°, 54.75°, and 75° tilt of the sample normal with 

respect to the initial beam. The tilt angles of 45° and 54.75° correspond to alignment 

of Si(lOO) surface in <I 10> and <111> channel directions. E>ue to the tilting, the effective 

thickness analyzed in the Si(lOO) sample increases by a geometric factor equal to the cosine 

of the tilt angle. The geometric factors corresponding to the tilt angles used in this study are 



725 

Tilt Angle f") Factor 

45 0.7071 

54.75 0.5772 

75 0.2588 

Based on the geometries used, when infering data from the results reported in this 

study, the surface coverages of carbon, oxygen, and disordered Si atoms appear larger and 

should be corrected by the above factors to obtain the correct absolute values. The values 

reported in this chapter will take into consideration the above geometric factors. It should 

also be noted that by sampling the surface coverages at a given tilt angle, the effective 

coverage measured increases and the experimental error decreases by the same geometric 

factor, thereby enhancing sensitivity in addition to channeling and nuclear resonance 

analysis (NRA). 

H-Passivation ofSi( 100) Surfaces 

Systematic characterization of Si(lOO) surfaces passivated with different HF/alcohol 

and aqueous HF solutions is performed. Liquid phase and vapor phase chemical treatments 

are compared for H-termination of Si(lOO) surfaces. The removal of C and O, the H-

coverage as well as the residual Si disorder at the surface are measured in a quantitative and 

reproducible fashion by ion beam analysis (IBA). Hydrogen is detected by the elastic recoil 

of "^He^^ at 2.8 MeV, whereas, O and C are detected by nuclear resonance analysis (NRA) 

at 3.05 and 4.265 MeV, respectively. NRA is combined with ion channeling to increase 

sensitivity to C and O as well as to measure the Si surface peak to correlate it to Si surface 

disorder. Tapping mode atomic force microscopy (TMAFM), Fourier transform infrared 

(FTIR) spectroscopy, and surface wetting measurements were also performed. The 
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characterization of Si(lOO) surfaces at different stages of surface cleaning and for different 

etching conditions demonstrates that: 

1. The amount of disordered Si, and the O, and C coverages, and their evolution 

during cleaning can be accurately measured by combining nuclear reaction analysis 

and ion channeling to an absolute precision of 0.25 x 10'^ atoms/cm^ for 

disordered Si, 0.64 x 10'^ atoms/cm" for C, and 0.52 x 10'"* atoms/cm^ for O. H 

coverages can be measured by elastic recoil detection (ERD) with an accuracy of 

0.13 X 10''* atoms/cm^. These values are based on the statistical error analysis of 

RBS spectra and take into account the geometry. 

2. Nuclear resonance of O at 3.05 MeV increases sensitivity by a factor of 10 and that 

of C at 4.265 MeV increases sensitivity by a factor of 128. The combination of 

NRA with ion channeling along the <111> axis lowers the background signal to 

noise ratio by a factor 100 for light atom, C and O, detection thereby yielding an 

absolute accuracy better than 0.58 x 10'^ atoms/cm^. 

3. The O, C, and H coverage as measured by IB A match the expected changes in 

surface composition during chemical processing involving a "Modified RCA" 

cleaning followed by final passivation in HF. 

4. The amount of unregistered Si, C, and O atoms on Si(lOO) surfaces are seen to 

decrease with increasing HF concentration and etching duration, while the 

hydrogen surface coverage increases. 

5. In general, when H coverage increases, surface oxygen decreases. This trend is 

most obvious during the passivation phase. H coverage increases with passivation 
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from 1 X 10'^ atoms/cm^ to 2 x 10'^ atoms/cm^ indicating a good passivation with 

0:H of 1:1. 

6. Two theoretical models based on ion beam analysis data, for the chemistry and 

structure of the Si(100)/amorphous SiOj interface, clearly indicate presence of less 

than one complete layer of SiOj on the Si(lOO) surface. This implies that a 

significant fraction of the displaced Si atoms cannot be due to oxide or monoxide 

formation only. Hence, surface disorder can be deduced from these experiments. 

The presence of an incomplete layer of SiOj and 2 x 10'^ atoms/cm^ hydrogen 

atoms on the Si(l(X)) surface leads to a low temperature desorption of passivation 

on Si(lOO). 

7. Absence of "Modified RCA" pre-cleaning step leads to a poorer passivation, 

rougher surface, more oxygen and less hydrogen. Poor passivation with a 0:H of 

2:1 is obtained. 

8. The absolute coverage obtained in rotating random spectra exhibits a systematic 

deviation towards higher values when compared to <111> channeling probably 

due in part to partial ordering in the interfacial SiO layer formed when O bonds to 

Si and due in part to a higher signal to noise ratio in rotating random spectra as 

compared to <111> channeling measurements. 

9. The C and O coverages measured in random and <111> channeling spectra 

correlate well, showing parallel increases or decreases as a function of surface 

processing. The absolute coverages obtained in the <111> channeling direction are 

in average lower by a factor of 0.71 for C and 0.35 for O with respect to the 

coverages obtained in rotating random spectra. 

10. After treatment in SCI solution, the amount of unregistered Si is seen to increase 

with the presence of oxygen, as expected from an oxidizing solution. Chemical 
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treatments in aqueous HF, SC2 solution, and HF in alcohol solutions are all found 

to lead to a decrease of unregistered Si as expected from the etching of Si02. 

11. HF/alcohol solutions, compared to aqueous HF, passivate Si(IOO) surfaces by 

decreasing O coverage by an average factor of 0.62, while C tends to remain 

unchanged. H coverage is higher by an average factor of 1.43. 

12. Absolute surface coverages are found to be reproducible in average by 0.26 x 10'"* 

atoms/cm^ for C, and by 0.11 x 10'"* atoms/cm^ for O when measured by IB A on 

samples identically processed. H coverage is reproducible within 0.55 x 10'"* 

atoms/cm^ when measured by ERD. Hence, the standard deviation obtained from 

reproducibility is better or close to the statistical error from IB A. 

13. H coverage increases monotonically with the etching duration in 1:9 HF/methanol 

up to a factor 3 after 5 minutes. Absolute coverage of C and O shows little 

decrease with increasing etching duration in 1:9 HF/methanol passivation. 

14. Selective area analysis, referred to as box, by tapping mode atomic force 

microscopy (TMAFM) shows that an increasing number of particulates is 

responsible for the apparent increase in the root-mean-square (rms) surface 

roughness after passivation. Taking this effect into account, all passivated surfaces 

exhibit similar roughness when compared to the original Si(lOO) surface with little 

difference between surfaces passivated in alcohols and the reference aqueous HF 

solution. A combination of either aqueous HF passivation followed by alcohol 

rinsing or HF/alcohol passivation followed by rinsing in deionized water was 

found to increase the number of surface particulates and thus surface roughness. 

The topography measurements performed by atomic force microscopy (AFM) 

correlate with the IB A measurements. 
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15. TMAFM rms values for the image are always larger than for the box by an average 

factor of 2.1, with box region roughness analysis giving better measure. The rms 

in the image increases with the absolute number of particulates rather than the 

actual Si surface roughness. Effect of particulates increases with the scan size. 

16. TMAFM analysis shows an increase in particulates but not roughness with 

increasing passivation. Roughness rms data proves that passivation does not 

necessarily roughen Si(l(X)). 

17. Fourier transform infrared (FTIR) spectroscopy in the attenuation total reflection 

(ATR) mode detected the presence of SiOj and silicon hydride (SiH^) signals on 

the Si(lOO) surfaces passivated with different HF/alcohol and aqueous HF. 

Dihydride and trihydride peaks were more prominent with the intensity of 

dihydride being the most prominent. A monohydride signal was observed on some 

samples indicating rougher surfaces. Splitting of the dihydride peak into 

symmetric and anti-symmetric peaks was very apparent. Presence of SiO^ species 

was apparent from the oxide signal. SiO^Hy and CH, species were also observed. 

18. In general, FTIR-ATR measurements also showed that HF/IPA and HF/ethanol 

solutions provided lower H coverage when compared to HF/methanol and 

aqueous HF. It was also observed that the passivated Si(lOO) surfaces are very 

stable over at least for 24 hours. The surfaces did not degrade during overnight 

transportation in nitrogen purged aluminum laminated plastic bags. Rinsing in pure 

ethanol or IPA reduced hydrocarbon contamination and HjO adsorption during 

overnight transport. It was also observed that a two-step passivation process 

involving both aqueous HF and HF/methanol did not show significant increase in 

passivation when compared to the use of HF/alcohol passivation only. 

19. However, FTIR depends on the chemical bonding of the species to the surface, 

while DBA is sensitive to the element itself rather than its bonding environment. 
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Thus, while EBA detects an increase in the absolute coverage of H with 

passivation, M IK shows that this H does not bond as a simple hydride to silicon. 

20. Both IBA and h i IK detected significant levels of oxygen on surfaces passivated 

with HF in alcohol and aqueous HF. The oxide is found to be present as a 

complete layer of SiO, and a discontinuous layer of SiOj layer. H is in 1:1 ratio 

with O. The observation that Si(lOO) surfaces passivated with HF in alcohol 

exhibit more H and can be desorbed at lower temperature, 550°C, than when 

passivation with aqueous HF, 900°C, indicates that the Si(lOO) surfaces have a 

significant amount of termination of the Si-O-H type or a more complex 

combination of Si, O and H atoms rather than Si-H. This arguement is supported 

by a desorption temperature of 200°C that was reported for Si(l 11) which were 

ideally terminated by H. 

21. The wetting nature of Si(lOO) surfaces as a fiinction of chemical processing was 

measured by a sample tilting technique. In this technique, a lower tilt angle 

indicates a higher contact angle which corresponds to a more hydrophobic surface. 

The results in this study show that aqueous HF solutions produced more 

hydrophobic surfaces when compared to HF/alcohol solutions. The difference in 

hydrophobicity between HF/alcohoI etched samples did not vary much with 

etching duration or concentration. Little correlation was found between the 

behavior of Si(lOO) surfaces processed with HF/methanol, HF/ethanol, and 

HF/IPA passivation solutions. HF/ethanol produced the best hydrophobic Si(lOO) 

surface when compared to HF/methanol and HF/IPA. The hydrophobic nature of 

Si(lOO) surfaces passivated with HF/IPA was slightly lower than those surfaces 
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passivated with HF/ethanoI. HF/methanoI produced the least hydrophobic Si(lOO) 

surfaces among the passivation solutions studied. 

22. The Si(lOO) surfaces etched in vapor HF also showed high hydrogen coverage 

when measured by IBA and FTIR-ATR. As observed with liquid phase 

processing, IBA detected an increase in H coverage and a decrease in C and O 

coverages with vapor phase HF chemical processing. The H coverage increases 

with the use of either a standard water or a proprietary rinse, while C and O 

coverages decrease. The proprietary rinse gave the highest hydrogen coverage. 

This can be attributed to the removal of reaction products by the rinse, which 

increases the affinity for further etching reaction. A short duration of vapor phase 

HF etching ranging between 2 seconds to 30 seconds is found to give higher 

hydrogen surface coverage than 1:100 HF/HjO liquid phase processing for 5 

minutes to 10 minutes followed by a very short, 10 seconds, or long, 5 minutes, 

standard deionized water rinse. Surface coverages are found to be reproducible in 

average by 0.11 x lO'"* atoms/cm^ for C, and by 0.21 x 10'"* atoms/cm^ for O 

when measured by IBA on Si(lOO) samples identically processed by vapor phase 

HF. H coverage is reproducible within 0.26 x lO'"* atoms/cm^ when measured by 

ERD. TMAFM measurements showed that vapor phase HF etching followed by a 

standard water rinse produced smoother surfaces than HF etching only or with 

proprietary rinse. Vapor phase HF processing followed by a proprietary rinse 

yielded the best hydrophobic surface with a 73° contact angle measurement. IBA 

and contact angle measurements correlate fairly well. However, TMAFM does not 

correlate with IBA and contact angle measurements. The infrared signal intensity is 

dominated by dihydrides, SiH2. A significant amount of trihydrides, SiHj, is also 
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observed, but the intensity associated with monohydrides, SiH, is small relative to 

that of the dihydride or trihydride. Similarly to the case of S 1(100) processed in the 

liquid phase, a split in the dyhydride peak into symmetric and anti-symmetric 

peaks is observed. The presence of both hydride species indicates atomic-level 

roughness and is consistent with previous studies of liquid phase HF processing 

and, hence, may be characteristic of Si(lOO) surfaces treated with HF. It is also 

surprising to note that in all cases, a larger intensity of the CH^ signal is observed 

compared to the SiH^ signal. This leads to the conclusion that more hydrocarbons 

may be left on the Si(lOO) surfaces after vapor HF chemical treatment 

Interestingly, the experimental results show no clear correlation between contact 

angle and the integrated SiH, intensity. This and mediocre correlation with IB A 

can be due to the dependence of contact angle measurement on the C, O, F and 

hydrocarbon presence in addition to SiH,. 

Role of H-passivated Si( 100) surfaces on oxidation 

Si02 thin films find widespread application in electronic devices. The oxidation of H-

passivated Si(lOO) surfaces was examined in this study to understand its effects on the 

characteristics of the Si-SiOj interface. The following conclusions can be drawn from this 

study; 

1. Thickness of oxide films across the 100 mm diameter of the wafer and between 

different wafers was fairly uniform. 

2. A variation of ± 50 A in oxide thickness was observed within a 1 inch x 1 inch 

sample piece and also across different pieces from the same oxidation run. Five 

pieces were oxidized in each oxidation run. Similar fluctuations were observed 
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between different oxidation runs. This trend was observed via measurements done 

by either eilipsometry or capacitance-voltage (C-V) curves. 

3. The difference in oxide thicknesses measured by eilipsometry and C-V curves 

varied between 4.05% and 15.25%. Only one sample showed a difference of 

15.25%. 

4. Si(lOO) passivated via a 1:9 aqueous HF solution followed by a 5-niinute rinse in 

methanol showed the thickest oxide film with an average thickness of 302 A. 

5. Si(lOO) passivated via a 1:9 HF/methanol solution for 2 minutes followed by a 5-

minute rinse in methanol showed the thinnest oxide film with an average thickness 

of 200 A. 

6. The refractive index of the oxide films varied between 1.45 and 1.59. A lower 

refractive index was found for Si(lOO) processed by all steps of the "Modified-

RCA" cleaning. The highest value was observed for Si(lOO) sample processed in 

1:9 HF/IPA solution for 1 minute followed by a 5-minute rinse in IP A solution. 

7. The correlation between oxide film thickness and refractive index was poor. The 

thinnest oxide showed the highest refractive index, and was grown after etching in 

aqueous HF during "Modified RCA" cleaning and also with HF/methanol solution 

followed by a methanol rinse. This was not true for oxides grown on Si(lOO) 

passivated using either HF/ethanol, HF/BPA or aqueous HF solutions followed by 

a rinse in alcohol solution. 

8. Processing in 1:9 HF/methanol was effective at passivating Si(lOO) surfaces for 

oxidation when used for 2 minutes followed by a 5-minute rinse in methanol 

solution. 

9. A final alcohol rinse was found effective in increasing the refractive index and the 

final rinse in de-ionized water tends to lower the refractive index. 
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10. The oxide thickness was seen to be the thinnest after processing with HF/alcohol 

solutions followed by an alcohol rinse. 

11. The charge density of the oxide fihn was observed to increase with a decrease in 

film thickness. 

12. Carrier concentration of the oxidized Si(lOO) sample were different after 

processing with SCI and SC2 solutions. SCI decreases and SC2 increases the 

carrier concentration. Passivation solutions tend to decrease the carrier 

concentration and, processing time and final rinsing were observed to play a major 

role. 

13. The flat band capacitance in the "As-Received" Si(lOO) sample was larger than in 

Si(lOO) sample processed by a "Modified RCA", as well as by most of the 

passivating solutions. The capacitance was seen to vary with the etching duration 

in the final passivation solution. The flat band capacitance was also seen to change 

with the concentration and rinsing used for the aqueous HF passivation solution. 

14. The oxide capacitance was seen to decrease with an increase in oxide film 

thickness. The capacitance for the "As-Received" sample was larger than after 

processing with a "Modified RCA" cleaning, as well as a final passivation. The 

trends observed with different final passivating solutions were not consistent and 

were seen to depend upon the final rinsing process. 

15. The electrical characteristics of the oxidized Si(lOO) samples were found to be very 

dependent on the processing conditions to which the samples were exposed prior 

to oxidation. 

16. The RBS spectrum gathered at a sample normal tilt of 75° with respect to incident 

beam showed a well-defined oxygen peak with a flat region, whereas, 

spectra at 54.75° and 45° did not resolve this feature because the oxygen signal 
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becomes narrower and smaller. A clear step in the Si background was also seen in 

the RBS spectrum gathered at 75° indicating the presence of Si in the oxide film. 

This was not resolved in the spectra gathered at 54.75° and 45°. 

17. The effect of the etching duration of the HF/methanol passivation on oxygen areal 

density is not well defined. The effect of the final rinse depends upon the HF 

passivation solution used. 

18. The stoichiometry of the silicon oxide films varied between 1.75 and 2.27 oxygen 

atoms for every atom of silicon. These results clearly indicate that the oxide film 

stoichiometry strongly depends on the nature of the chemical processing of 

Si(lOO) substrates. 

19. A correlation between the oxygen areal density and thickness of the oxide film 

measured by ellipsometry and C-V curves was performed using linear and second 

order polynomial least square fits. The second order polynomial fit showed the 

best correlation based on the least square fit correlation factor, R, values for both 

measurement technqiues. Also, the oxygen areal densities obtained with a sample 

tilt of 75°, when compared to 54.75° and 45°, correlated better with the oxide film 

thickness for measurements made with the ellipsometry and C-V curves. 

20. TMAFM results indicated that the trends, not the actual RMS measurements, 

obtained from the whole image and box regions were very similar, whereas, the 

normalized area RMS values were not. The RMS values obtained using the box 

region were more accurate because the noise created by foreign particles was 

eliminated. Nevertheless, the oxygen areal density did not correlate with RMS 

measurements, whether from the whole image, box and normalized box. 
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21. Secondary ion mass spectroscopy (SIMS) showed the presence of an uniform 

SiOj layer on the Si(IOO) surface with a step at the SiOj and Si(lOO) interface 

indicating a mix of SiOj and Si or a possibility of SiO. 

22. Fourier transform infrared (FTIR) spectroscopy showed the presence of a split 

silicon oxide peak in the range of 1210 cm '. This indicated the presence of SiOj 

with other oxide peaks shadowed by the Si02 peak. The split in the peak indicates 

the presence of other SiO, peaks. 

Role of H-passivated Si( 100) surfaces on homoepitaxy growth 

The effect of H-passivation of Si(lOO) substrates on homoepitaxial deposition of Si 

was investigated. The homoepitaxial films were deposited on Si(lOO) substrates, 

passivated either by aqueous HF or HF in alcohol solutions, in a rapid thermal chemical 

vapor deposition reactor at 950°C, 850°C and 750°C deposition temperatures. Prior to 

passivation, the Si(lOO) surfaces were processed with a "Modified RCA" cleaning. The 

following highlights can be concluded based on the results obtained in this experiment: 

1. Haze seen on the wafers after "Modified RCA" cleaning was reduced by cleaning 

with the low temperature standard Lawrence Semiconductor Research Laboratory 

(LSRL) chemical process using SCI solution and deionized water rinse followed 

by spin drying. 

2. Bright light inspection and optical microscopy observed an increase in defects with 

a decrease in epitaxial deposition temeperature for both Si(lOO) samples passivated 

in HF/methanol or aqueous HF. But, the wafers passivated in HF/alcohol 

exhibited consistentiy a higher number of defects, as well as a higher degree of 

haze. The epitaxial films grown at 950°C and 850°C were similar to one another. 
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and had drastically lower defect densities than those epitaxial films grown at 

750°C. 

3. All the epitaxial films deposited at 750°C had disordered Si area! densities larger 

than those deposited at either 950°C or 850°C. 

4. Films deposited at 750°C and 850°C showed lower areal densities of disordered 

Si when grown either without a bake on Si(IOO) wafers passivated with 

aqueous HF or with a 5 minutes Hj bake on Si(lOO) surfaces passivated with 

HF/methanol. 

5. Films grown at 950°C with and without Hj bake on Si(lOO) passivated with 

aqueous HF exhibited the lowest areal densities of disordered Si, when compared 

to Si(lOO) passivated with HF/methanol. 

6. The crystalline order, measured as by EBA, of the epitaxial film and the 

number of disordered Si atoms at the surface detected via the Si surface peak did 

follow the same trend and correlated well with optical detection of defects. 

7. The Xnun ranged between 2.64% and 6.23%, and increase with decreasing epitaxial 

deposition temperature which ranged between 950°C through 750°C in this study. 

A of 2.65% corresponds to the most perfect crystalline quality that can be 

detected by ion channeling. The steady increase in with decreasing deposition 

temperatures reflects clearly the degradation of epitaxial quality expected with 

decreasing temperatures. 
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8. The calculated via the area method and height method followed the same 

trend. The values obtained via the height method are more reflective of the quality 

of the crystal and are typically lower, but their low statistical significance produces 

a significant relative error. The area method integrates over several channels and is 

thus statistically more accurate, but is affected by dechanneling as the beam travels 

through more layers, and is thus artificially higher. 

9. TMAFM revealed stacking faults on the epitaxial films deposited at 750°C. 

10. RMS surface roughness values, based on whole image and box, indicated that the 

epitaxial films deposited at 750°C on the Si(lOO) samples passivated in 

HF/methanol produced the roughest surfaces. The RMS showed little correlation 

with the temperarnre of deposition. 

11. Little correlation is observed between the areal density of disordered Si atoms at 

the surface and the measured RMS, indicating that the RMS may reflect more the 

number of particulates than the actual surface smoothness. 

12. SIMS analysis did not detect any interfacial C, O, and F for the epitaxial films 

deposited at 950°C with or without Hj bake on Si(lOO) surfaces passivated with 

either HF/methanol or aqueous HF. 

13. Interfacial C, O, and F were detected by SEMS for the epitaxial films deposited at 

850°C without a prior bake, but none when a H2 bake was used. Si(lOO) 

samples passivated with HF/methanol showed higher amounts of C and F, when 

compared to those passivated with aqueous HF. Similar amounts of O were 

observed for Si(lOO) samples passivated with either HF/methanol or aqueous HF, 

and the amount of O at the interface was much larger than the amount of C and F. 
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14. Films deposited at 750°C with and without Hj bake on Si(lOO) samples passivated 

with either HF/methanol or aqueous HF showed the presence of interfacial C, O, 

and F by SIMS. The amounts were higher than those measured in films deposited 

at 850°C. At 750°C, samples processed with no Hj bake showed higher 

concentrations of C and F when compared to die samples processed with a 5 

minutes bake after passivation either with HF/methanol or aqueous HF. 

HF/methanol passivation led to higher concentrations of C and F than aqueous 

HF. Similar to 850°C, the amount of O at the interface was higher than the amount 

of C and F. 

15. No defects were found by chemical etching followed by examination under an 

optical microscope for films deposited at 950°C with and without H, bake on 

Si(lOO) samples passivated with either HF/methanol or aqueous HF. 

16. A very low number of defects were observed in the epitaxial films deposited at 

850°C. These were mostly located in the center and at the flat edge of the wafer, 

with a higher number of defects present near the flat edge. At this temperature, no 

defects were found when samples were passivated with HF/methanol and films 

deposited without Hj bake. 

17. Epitaxial films deposited at 750°C with and without Hj bake on Si(lOO) samples 

passivated with either HF/methanol or aqueous HF showed the highest number of 

defects. The number of defects was highest when samples were passivated in 

HF/methanol and films deposited with a 5 minutes Hj bake. 

18. Good correlation was established between surface peak analysis, TMAFM, and 

optical defect counting. When the film was found to be very low of defects, IBA 
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detected a well defined surface peak, with a minimum width and exhibited a clear 

resolution of the 3 Si isotopes with a minimum energy separation. The surface 

peak corresponded to a lower number of unregistered Si atoms at the surface for 

samples with a lower number of defects. TMAFM confirmed the absence of 

defects and the presence of diatomic ledges on a sample with a lower defects. The 

diatomic ledges are characteristic of smooth and flat layer-by-layer, defect free, 

epitaxy. 

Characterization of materials for use as H standards in ion beam analysis 

Bulk polymers and films coated on Si(lOO) wafers were analysed in this study for use 

as hydrogen standards in elastic recoil detection technique, a special configuration for ion 

beam analysis. In the present research, due to the ready availability of polystyrene films 

coated on Si(lOO) substrate, these films were used as the primary hydrogen standard and 

then compared to other polymers. 

1. Bulk polymers showed much more significant radiation damage when compared to 

thin polymer films deposited on Si wafers. This can be probably attributed to the 

fact that more of the damage is dissipated in the Si substrate supporting the thin 

film. 

2. Visual inspection shows that bulk polymers exhibit crater formation due to 

radiation damage. Thus, it is highly recommended to use, whenever possible, thin 

films on Si rather than the bulk polymers as hydrogen standards. 

3. Carbon containing films showed better stability under ion radiation, when 

compared to films not containing carbon. 

4. The radiation damage rate increased with increasing hydrogen content and also 

with the thickness for the films. 
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5. For most films and bulk polymers, the signal area, height, width and radiation 

damage rate decrease with increasing in '*He^* ion dose. Olin Ciba-Geigy (OCG) 

films, especially IK A thick, were least affected. 

6. The areal density normalization indicated that overall the Olin Ciba-Geigy IK A 

thick film exhibited the best stability under irradiation and thus were best for use as 

a hydrogen standard. 

Suggestions for the Future Work 

The need for producing and maintaining a clean Si surface prior to further processing is 

increasing with the complexity of silicon technology. This also calls for processing silicon 

devices at lower temperatures to avoid segregation of unwanted impurities and desired 

dopants. Low temperature processing reduces undesired stress and strains in different films 

and between films in the device. A driving force of such a magnitude, will definitely 

demand better understanding of the passivation of Si(lC)O) surfaces and their role in 

developing low temperature processes. It was reported in literature that passivation of 

silicon surfaces using HF solutions results in ideal termination by H. This was based on 

FTIR, XPS, and other techniques with emphasis on Si(IlI) surfaces. However, the 

present work has demonstrated that passivated Si(lOO) surfaces exhibiting a low 

temperature (T < 600°C) desorption after etching in HF/alcohoI exhibit a surface coverage 

of about 2 X 10'^ atoms/cm^ of H and 2 x 10'^ atoms/cm^ of O in a ratio of 1:1 for 0:H. 

This conclusion is based on the results obtained in this study using EBA and FllK-ATR. 

FTIR shows that this large amount of H is not mostly bond to Si, but to O too. This leads 

to that the Si(lOO) surface termination layer is composed of OH or a more complex surface 

consisting of Si, O, and H atoms. The observation of a more complex termination that H 

and the presence of residual oxygen can be accounted for by a simple model taking into 



742 

account bridging between Si02 and Si at their interface, leads to a substoichiometric oxide, 

which is easy to desorb. Hence, the prevailing picture of H-passivated Si(lOO) has to be 

revised, and the presence of an SiOH type termination has to be considered, as shown in 

Figure 10.1. The Si(lOO) surface passivation is yet to be understood by both theoretical 

modeling and experimental analysis. Current efforts are being made to understand the 

structure by performing computer simulations by "3-D String" software and also by 

analyzing the surface with x-ray photoelectron spectroscopy, XPS. 

In the present study, an attempt was made to understand and optimize the H-termination 

of Si(lOO) surfaces. Based on the results, presented in this study, it is clear that Si(lOO) 

surfaces are not solely terminated by H, but by complex species involving H and O. 

Further study to understand the mechanism and kinetics of passivation of Si(lOO), based 

on the optimization established in this study, is very highly recommended. 

It was found in this study that ordered silicon oxide can be grown on passivated 

Si(lOO) surfaces. This ordering has to be understood to help determine the key parameters 

that control its mechanism and kinetics, and develop a manufacturable process. By 

controlling the mechanism and kinetics of ordering, one could modify the structure to 

modulate the dielectric constant, k, of the silicon oxide films in order to develop either high 

k or low k materials, which are key for the development of future silicon technologies. 

The growth of epitaxial films at lower temperatures was explored in this study. The 

main drive for performing low temperature epitaxial growth is to reduce dopant segregation 

and avoid unwanted strain relaxation. Both in situ and ex situ cleaning techniques are being 

pursued. An ex situ process has been used in this study. It was observed that epitaxial 

films can be grown at temperatures as low as 750°C, but the quality of the films obtained 

were not optimal. As such, further experiments on low temperature epitaxy using the ex 

situ chemical processing are necessary. Efforts must be focused on understanding the 
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mechanism and kinetics of the ex situ chemical process, especially the effect of the final 

rinsing processes, the thermal desorption of the final surface, and the effect of a Hj bake 

prior to deposition. 
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Figure 10.1 Schematic illustration of the passivation layer on Si(lOO) as (a) reported in the 
past assuming H termination and (b) observed in the present study indicating 
a SiOH or a more complex termination involving Si, O, and H atoms. 
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Appenidx A1 Properties of class 10 grade hydrogen peroxide manufactured by General 
Chemicals. 

Assay (Weight %) Hydrogen Peroxide (H2O2) 30.0 - 32.0 % 
Particles/ml. (Maximum) Bottles 20 
> 1.0 |Xm. Pails 35 

Drums 50 
Physical Data Color (APHA) 7 Max. 

Density @ 25°C (gm./ml.) 1.11 (approx.) 
Acidity (neq./gm.) 0.2 

Impurities (Maximum), ppb. Residue after Evaporation RAE 20000 
Ammonium NH4 3000 
Chloride CI 2000 
Heavy Metals (as Pb) HM 500 
Nitrate NO3 2000 

Phosphate PO4 2000 

Sulfate SO4 5000 
Trace Metals (Maximum), ppb. Aluminum A1 1000 

Arsenic & Antimony (as As) As & Sb 10 
Boron B 50 
Calcium Ca 100 
Chromium Cr 50 
Copper Cu 50 
Gold Au 10 
Iron Fe 100 
Lead Pb 100 
Magnesium Mg 100 
Manganese Mn 50 
Nickel Ni 50 
Potassium K 1000 
Silicon Si 300 
Sodium Na 500 
Tin Sn 1000 
Titanium Ti 50 
Zinc Zn 100 
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Appenidx A2 Properties of class 10 grade ammonium hydroxide manufactured by General 
Chemicals. 

Assay (Weight %) Ammonium Hydroxide 28.0 - 30.0 % 
Particles/ml. (Maximum) 
> l.O Hill. 

Bottles 20 Particles/ml. (Maximum) 
> l.O Hill. Pails 20 
Particles/ml. (Maximum) 
> l.O Hill. 

Drums 50 
Physical Data Color (APHA) 7 Max. Physical Data 

Density @ 25'C (gm./nil.) 0.90 (approx.) 
Physical Data 

Appearance Pass 
Impurities (Maximum), ppb. Residue after Ignition RAI 3000 Impurities (Maximum), ppb. 

Carbon Dioxide CO2 20000 
Impurities (Maximum), ppb. 

Chloride CI 500 

Impurities (Maximum), ppb. 

Heavy Metals (as Pb) HM 200 

Impurities (Maximum), ppb. 

Phosphate PO4 400 

Impurities (Maximum), ppb. 

Pyridine Pass 

Impurities (Maximum), ppb. 

Substances Reducing KMn04 Pass 

Impurities (Maximum), ppb. 

Sulfate SO4 1000 

Trace Metals (Maximum), ppb. Aluminum A1 10 Trace Metals (Maximum), ppb. 
Arsenic & Antimony (as As) As& Sb 10 

Trace Metals (Maximum), ppb. 

Boron B 10 

Trace Metals (Maximum), ppb. 

Calcium Ca 20 

Trace Metals (Maximum), ppb. 

Chromium Cr 10 

Trace Metals (Maximum), ppb. 

Copper Cu 10 

Trace Metals (Maximum), ppb. 

Gold Au 10 

Trace Metals (Maximum), ppb. 

Iron Fe 20 

Trace Metals (Maximum), ppb. 

Lead Pb 10 

Trace Metals (Maximum), ppb. 

Magnesium Mg 10 

Trace Metals (Maximum), ppb. 

Manganese Mn 10 

Trace Metals (Maximum), ppb. 

Nickel Ni 10 

Trace Metals (Maximum), ppb. 

Potassium K 10 

Trace Metals (Maximum), ppb. 

Sodium Na 20 

Trace Metals (Maximum), ppb. 

Tin Sn 10 

Trace Metals (Maximum), ppb. 

Titanium Ti 10 

Trace Metals (Maximum), ppb. 

Zinc Zn 15 
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Appenidx A3 Properties of class 10 grade hydrochloric acid manufactured by General 
Chemicals. 

Assay (Weight %) Hydrochloric Acid (HCl) 36.5 - 38.0 % 
Particles/ml. (Maximum) 
> l.O jim. 

Bottles 20 Particles/ml. (Maximum) 
> l.O jim. Pails 35 
Particles/ml. (Maximum) 
> l.O jim. 

Drums 50 
Physical Data Color (APHA) 7 Max. Physical Data 

Density (% 25°C (gm./nil.) 1.19 (approx.) 
Physical Data 

Appearance Pass 
Impurities (Maximum), ppb. Residue after Ignition RAI 3000 Impurities (Maximum), ppb. 

Ammonium NH4 1000 
Impurities (Maximum), ppb. 

Bromide Br 50000 

Impurities (Maximum), ppb. 

Extractable Organics 5000 

Impurities (Maximum), ppb. 

Halogen (as CI2) Pass 

Impurities (Maximum), ppb. 

Heavy Metals (as Pb) HM 100 

Impurities (Maximum), ppb. 

Phosphate PO4 50 

Impurities (Maximum), ppb. 

Sulfate SO4 500 

Impurities (Maximum), ppb. 

Sulfite SO3 800 

Trace Metals (Maximum), ppb. Aluminum A1 300 Trace Metals (Maximum), ppb. 
Arsenic & Antimony (as As) As & Sb 5 

Trace Metals (Maximum), ppb. 

Boron B 100 

Trace Metals (Maximum), ppb. 

Calcium Ca 300 

Trace Metals (Maximum), ppb. 

Chromium Cr 100 

Trace Metals (Maximum), ppb. 

Copper Cu 50 

Trace Metals (Maximum), ppb. 

Gold Au 300 

Trace Metals (Maximum), ppb. 

Iron Fe 100 

Trace Metals (Maximum), ppb. 

Lead Pb 100 

Trace Metals (Maximum), ppb. 

Magnesium Mg 300 

Trace Metals (Maximum), ppb. 

Manganese Mn 300 

Trace Metals (Maximum), ppb. 

Nickel Ni 50 

Trace Metals (Maximum), ppb. 

Potassium K 300 

Trace Metals (Maximum), ppb. 

Sodium Na 300 

Trace Metals (Maximum), ppb. 

Tin Sn 300 

Trace Metals (Maximum), ppb. 

Titanium Ti 100 

Trace Metals (Maximum), ppb. 

Zinc Zn 300 
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AppenidxA4 Properties of class 10 grade hydrofluoric acid manufactured by General 
Chemicals. 

Assay (Weight %) Hydrofluoric Acid (HF) 48.8 - 49.2 % 
Particles/ml. (Maximum) 
> 1.0 |im. 

Bottles 20 Particles/ml. (Maximum) 
> 1.0 |im. Pails 35 
Particles/ml. (Maximum) 
> 1.0 |im. 

Drums 50 
Physical Data Color (APHA) 7 Max. Physical Data 

Density @ 25°C (gm./ml.) 1.153 (ai oprox.) 
Impurities (Maximum), ppb. Residue after Ignition RAI 5000 Impurities (Maximum), ppb. 

Chloride CI 5000 
Impurities (Maximum), ppb. 

Fluosilicic Acid (H2SiF6) FL AC 50000 

Impurities (Maximum), ppb. 

Heavy Metals (as Pb) HM 100 

Impurities (Maximum), ppb. 

Nitrate NOj 3000 

Impurities (Maximum), ppb. 

Phosphate PO4 1000 

Impurities (Maximum), ppb. 

Sulfate 

0
 

c
/3 

1000 

Impurities (Maximum), ppb. 

Sulfite SO3 1000 

Trace Metals (Maximum), ppb. Aluminum AI 50 Trace Metals (Maximum), ppb. 
Arsenic & Antimony (as As) As & Sb 30 

Trace Metals (Maximum), ppb. 

Boron B 50 

Trace Metals (Maximum), ppb. 

Calcium Cai 200 

Trace Metals (Maximum), ppb. 

Chromium Cr 10 

Trace Metals (Maximum), ppb. 

Copper Cu 50 

Trace Metals (Maximum), ppb. 

Gold Au 50 

Trace Metals (Maximum), ppb. 

Iron Fe 200 

Trace Metals (Maximum), ppb. 

Lead Pb 50 

Trace Metals (Maximum), ppb. 

Magnesium Mg 100 

Trace Metals (Maximum), ppb. 

Manganese Mn 50 

Trace Metals (Maximum), ppb. 

Nickel Ni 100 

Trace Metals (Maximum), ppb. 

Potassium K 200 

Trace Metals (Maximum), ppb. 

Sodium Na 300 

Trace Metals (Maximum), ppb. 

Tin Sn 100 

Trace Metals (Maximum), ppb. 

Titanium Ti 100 

Trace Metals (Maximum), ppb. 

Zinc Zn 100 
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Appenidx A5 Properties of class 10 grade methanol manufactured by General Cheniicals. 

Assay (Weight %) Methanol 99.9% Min. Assay (Weight %) 
Water 0.05% Max. 

Particles/ml. (Maximum) 
> 1.0 |im. 

Bottles 10 Particles/ml. (Maximum) 
> 1.0 |im. Drums 50 
Physical Data Acidity (iieqygm.) 0.3 Max. Physical Data 

Alkalinity (^leqYgm.) 0.1 Max. 
Physical Data 

Appearance Pass 

Physical Data 

Color (APHA) 10 Max. 

Physical Data 

Density @ 25°C (gm./ml.) 0.79 EQ 

Physical Data 

IR Spectra ACS Pass 

Physical Data 

Solubility in Water Pass 

Physical Data 

Substs darkened SO4 Pass 

Physical Data 

Substs reducing Mn04 Pass 

Impurities (Maximum), ppb. Acetone - Aldehyde AC AL 10000 Impurities (Maximum), ppb. 
Residue after Evaporation RAE 5000 

Impurities (Maximum), ppb. 

Chloride CI 200 

Impurities (Maximum), ppb. 

Phosphate PO4 500 

Trace Metals (Maximum), ppb. Aluminum A1 100 Trace Metals (Maximum), ppb. 
Arsenic & Antimony (as As) As «& Sb 10 

Trace Metals (Maximum), ppb. 

Boron B 10 

Trace Metals (Maximum), ppb. 

Calcium Ca 100 

Trace Metals (Maximum), ppb. 

Chromium Cr 100 

Trace Metals (Maximum), ppb. 

Copper Cu 10 

Trace Metals (Maximum), ppb. 

Gold Au 100 

Trace Metals (Maximum), ppb. 

Iron Fe 100 

Trace Metals (Maximum), ppb. 

Lead Pb 100 

Trace Metals (Maximum), ppb. 

Magnesium Mg 100 

Trace Metals (Maximum), ppb. 

Manganese Mn 100 

Trace Metals (Maximum), ppb. 

Nickel Ni 10 

Trace Metals (Maximum), ppb. 

Potassium K 100 

Trace Metals (Maximum), ppb. 

Sodium Na 100 

Trace Metals (Maximum), ppb. 

Tin Sn 100 

Trace Metals (Maximum), ppb. 

Titanium Ti 100 

Trace Metals (Maximum), ppb. 

Zinc Zn 100 
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Appenidx A6 Properties of class 10 grade isopropyl alcohol (2-PropanoI) manufactured 
by General Chemicals. 

Assay (Weight %) Isopropanol 99.5% Min. Assay (Weight %) 
Water 0.05% Max. 

Particles/ml. (Maximum) 
> 1.0 pm. 

Bottles 10 Particles/ml. (Maximum) 
> 1.0 pm. Drums 50 
Physical Data Acidity (jieqVgm.) 0.2 Max. Physical Data 

Alkalinity (iieqigm.) 0.1 Max. 
Physical Data 

Appearance Pass 

Physical Data 

Color (APHA) 10 Max. 

Physical Data 

Density 25°C (gm./ml.) 0.78 EQ 

Physical Data 

IR Spectra ACS Pass 

Physical Data 

Solubility in Water Pass 
Impurities (Maximum), ppb. Residue after Evaporation RAE 5000 Impurities (Maximum), ppb. 

Chloride CI 200 
Impurities (Maximum), ppb. 

Phosphate PO4 500 

Trace Metals (Maximum), ppb. Aluminum A1 100 Trace Metals (Maximum), ppb. 
Arsenic & Antimony (as As) As & Sb 10 

Trace Metals (Maximum), ppb. 

Boron B 10 

Trace Metals (Maximum), ppb. 

Calcium Ca 100 

Trace Metals (Maximum), ppb. 

Chromium Cr 100 

Trace Metals (Maximum), ppb. 

Copper Cu 10 

Trace Metals (Maximum), ppb. 

Gold Au 100 

Trace Metals (Maximum), ppb. 

Iron Fe 100 

Trace Metals (Maximum), ppb. 

Lead Pb 100 

Trace Metals (Maximum), ppb. 

Magnesium Mg 100 

Trace Metals (Maximum), ppb. 

Manganese Mn 100 

Trace Metals (Maximum), ppb. 

Nickel Ni 10 

Trace Metals (Maximum), ppb. 

Potassium K 100 

Trace Metals (Maximum), ppb. 

Sodium Na 100 

Trace Metals (Maximum), ppb. 

Tin Sn 100 

Trace Metals (Maximum), ppb. 

Titanium Ti 100 

Trace Metals (Maximum), ppb. 

Zinc Zn 100 
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Appenidx A7 Properties of analytical grade ethanol manufactured by EM Science. 

PROPERTY VALUE 

Formula CH3CH2OH 

Molecular Weight 46.07 

CAS Number 64-17-5 

Appearance Clear Liquid 

Color (APHA) 10 Max. 

Nature Anhydrous Denatured 

Percent Denatured 95% 

Merck Index 11.3716 

Composition 

Ethyl Acetate 1 Volume 

Hydrocarbon Solvent 1 Volume 

Methyl Iso-Butyl Ketone I Volume 

SD 1 Alcohol, 190 Proof 100 Volumes 

Boiling Point (760 mm. Hg) 77.6°C 

Specific Gravity (H2O = 1) 0.8075 

Vapor Pressure (mm. Hg) 44 @ 20°C 

Percent Volatile by Volume 100% 

Vapor Density (Air = 1) 1.55 

Flash Point 54°F (CC) 

Evaporation Rate (BuAc = 1) 3.25 

Solubility in Water Miscible 

Containers Glass Bottle in Protective 

Container and Metal Can 
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Appendix A8 Schematic of the safety features added by Marks & Associates, Tempe 
AZ., to the MICROTEMP process controller timer model CI 115a 
manufactured by Modutek Corp. 
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Appendix B1 Kinematic factors for a hydrogen atom as projectile (M, = 1.0079 amu) for 
different elements and isotopes at a scattering angle of 170°. 

Atomic Atomic Kinematic 
Element Number Weight Factor 

Z M2 (amu) K 
He 2 4.0026 0.3600 

Li 3 6.9410 0.5596 
Be 4 9.0122 0.6403 
B 5 10.8100 0.6899 

C 6 12.0000 0.7159 C 6 
13.0034 0.7347 

N 7 14.0031 0.7511 N 7 
15.0001 0.7656 

O 8 15.9949 0.7784 O 8 
16.9991 0.7901 

O 8 

17.9992 0.8005 

F 9 18.9984 0.8099 
Ne 10 20.1790 0.8200 
Na 11 22.9898 0.8402 
Mg 12 24.3050 0.8481 

A1 13 26.9815 0.8621 

Si 14 27.9769 0.8667 Si 14 
28.9765 0.8710 

Si 14 

29.9738 0.8750 

P 15 30.9738 0.8788 

S 16 32.0600 0.8826 

CI 17 35.4530 0.8933 

Ar 18 39.9480 0.9047 

K 19 39.0980 0.9027 

Ca 20 40.0800 0.9050 
Sc 21 44.9559 0.9148 

Ti 22 47.2000 0.9187 

V 23 50.9414 0.9245 

Cr 24 51.9960 0.9259 

Mn 25 54.9380 0.9298 

Fe 26 55.8470 0.9309 

Co 27 58.9332 0.9344 

Ni 28 58.7100 0.9341 
Cu 29 63.5460 0.9390 
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Appendix B1 (cont.) 

Atomic Atomic Kinematic 

Element Number Weight Factor 

Z Mj (amu) K 
Zn 30 65.3800 0.9406 

Ga 31 69.7200 0.9442 
Ge 32 72.5900 0.9464 

As 33 74.9216 0.9480 
Se 34 78.9600 0.9506 

Br 35 79.9040 0.9512 

Kr 36 83.8000 0.9534 

Rb 37 85.4678 0.9543 

Sr 3S 87.6200 0.9554 

Y 39 88.9059 0.9560 

Zr 40 91.2200 0.9571 

Nb 41 92.9064 0.9578 

Mo 42 95.9400 0.9592 

Tc 43 98.9062 0.9604 

Ru 44 101.0700 0.9612 

Rh 45 102.9055 0.9619 

Pd 46 106.4000 0.9631 

Ag 47 107.8680 0.9636 

Cd 4g 112.4000 0.9650 

In 49 114.8200 0.9658 

Sn 50 118.6900 0.9669 

Sb 51 121.7500 0.9677 

Te 52 127.6000 0.9691 

I 53 126.9045 0.9690 

Xe 54 131.3000 0.9700 

Cs 55 132.9054 0.9703 

Ba 56 137.3400 0.9713 

La 57 138.9055 0.9716 

Ce 58 140.1200 0.9718 

Pr 59 140.9077 0.9720 

Nd 60 144.2400 0.9726 

Pm 61 145.0000 0.9728 

Sm 62 150.4000 0.9737 

Eu 63 151.9600 0.9740 

Gd 64 157.2500 0.9749 

Tb 65 158.9254 0.9751 
Dy 66 162.5000 0.9757 

Ho 67 164.9304 0.9760 



Appendix B1 (cont.) 

Atomic Atomic Kinematic 
Element Number Weight Factor 

Z M2 (amu) K 
Er 68 167.2600 0.9764 

Tm 69 168.9342 0.9766 

Yb 70 173.0400 0.9771 

Lu 71 174.9700 0.9774 

Hf 72 178.4900 0.9778 

Ta 73 180.9479 0.9781 

W 74 183.8500 0.9785 

Re 75 186.2000 0.9787 

Os 76 190.2000 0.9792 

Lr 77 192.2200 0.9794 

Pt 78 195.0900 0.9797 

Au 79 196.9665 0.9799 

He 80 200.5900 0.9803 

T1 81 204.3700 0.9806 

Pb 82 207.2000 0.9809 

Bi 83 208.9804 0.9810 

Po 84 210.0000 0.9811 

At 85 210.0000 0.9811 

Rn 86 222.0000 0.9821 

Fr 87 223.0000 0.9822 

Ra 88 226.0254 0.9825 

Ac 89 227.0000 0.9825 

Th 90 232.0381 0.9829 

Pa 91 231.0359 0.9828 

U 92 238.0290 0.9833 
Np 93 237.0482 0.9833 

Pu 94 242.0000 0.9836 

Am 95 243.0000 0.9837 

Cm 96 245.0000 0.9838 

Bk 97 245.0000 0.9838 

a 98 248.0000 0.9840 

Es 99 253.0000 0.9843 

Fm 100 254.0000 0.9844 

Md 101 256.0000 0.9845 

No 102 253.0000 0.9843 

Lr 103 257.0000 0.9846 
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Appendix B2 Kinematic factors for a helium atom as projectile (M, = 4.002603 amu) for 
different elements and isotopes at a scattering angle of 170°. 

Atomic Atomic Kinematic 
Element Number Weight Factor 

Z ^ M2 (amu) K 
Li 3 6.9410 0.0734 

Be 4 9.0122 0.1502 

B 5 10.8100 0.2136 

C 6 12.0000 0.2523 C 6 
13.0034 0.2828 

N 7 14.0031 0.3112 N 7 
15.0001 0.3377 

0 8 15.9949 0.3624 0 8 
16.9991 0.3857 

0 8 

17.9992 0.4074 

F 9 18.9984 0.4278 

Ne 10 20.1790 0.4502 

Na 11 22.9898 0.4974 

Mg 12 24.3050 0.5170 

A1 13 26.9815 0.5525 

Si 14 27.9769 0.5645 Si 14 
28.9765 0.5759 

Si 14 

29.9738 0.5867 

P 15 30.9738 0.5970 

S 16 32.0600 0.6076 

CI 17 35.4530 0.6376 

AT 18 39.9480 0.6709 

K 19 39.0980 0.6651 

Ca 20 40.0800 0.6718 

Sc 21 44.9559 0.7016 

Ti 22 47.2000 0.7136 

V 23 50.9414 0.7316 

Cr 24 51.9960 0.7362 

Mn 25 54.9380 0.7485 

Fe 26 55.8470 0.7520 

Co 27 58.9332 0.7634 

Ni 28 58.7100 0.7626 

Cu 29 63.5460 0.7785 

Zn 30 65.3800 0.7840 



Appendix B2 (cont.) 

Atomic Atomic Kinematic 
Element Number Weight Factor 

Z M2 (amu) K 
Ga 31 69.7200 0.7960 
Ge 32 72.5900 0.8032 
As 33 74.9216 0.8087 
Se 34 78.9600 0.8176 
Br 35 79.9040 0.8195 
Kr 36 83.8000 0.8272 
Rb 37 85.4678 0.8302 
Sr 38 87.6200 0.8340 
Y 39 88.9059 0.8362 
Zr 40 91.2200 0.8401 
Nb 41 92.9064 0.8427 
Mo 42 95.9400 0.8473 
Tc 43 98.9062 0.8515 
Ru 44 101.0700 0.8545 
Rh 45 102.9055 0.8569 
Pd 46 106.4000 0.8612 
Ag 47 107.8680 0.8630 
Cd 48 112.4000 0.8681 
In 49 114.8200 0.8707 
Sn 50 118.6900 0.8747 
Sb 51 121.7500 0.8776 
Te 52 127.6000 0.8829 

I 53 126.9045 0.8823 
Xe 54 131.3000 0.8860 
Cs 55 132.9054 0.8873 
Ba 56 137.3400 0.8907 
La 57 138.9055 0.8919 
Ce 58 140.1200 0.8928 
Pr 59 140.9077 0.8933 

Nd 60 144.2400 0.8957 
Pm 61 145.0000 0.8962 
Sm 62 150.4000 0.8997 
Eu 63 151.9600 0.9007 
Gd 64 157.2500 0.9039 
Tb 65 158.9254 0.9048 

Dv 66 162.5000 0.9068 
Ho 67 164.9304 0.9081 
Er 68 167.2600 0.9094 



Appendix B2 (cont.) 

Atomic Atomic Kinematic 
Element Number Weight Factor 

Z M2 (amu) K 
Tm 69 168.9342 0.9102 
Yb 70 173.0400 0.9123 
Lu 71 174.9700 0.9132 
Hf 72 178.4900 0.9148 
Ta 73 180.9479 0.9159 
W 74 183.8500 0.9172 
Re 75 186.2000 0.9182 
Os 76 190.2000 0.9198 
IT 77 192.2200 0.9207 
Pt 78 195.0900 0.9218 

Au 79 196.9665 0.9225 
He 80 200.5900 0.9238 
T1 81 204.3700 0.9252 
Pb 82 207.2000 0.9262 
Bi 83 208.9804 0.9268 
Fo 84 210.0000 0.9271 
At 85 210.0000 0.9271 
Rn 86 222.0000 0.9309 
Fr 87 223.0000 0.9312 

Ra 88 226.0254 0.9321 
Ac 89 227.0000 0.9324 
Th 90 232.0381 0.9338 
Pa 91 231.0359 0.9335 
U 92 238.0290 0.9354 

Np 93 237.0482 0.9352 
Pu 94 242.0000 0.9364 
Am 95 243.0000 0.9367 
Cm 96 245.0000 0.9372 
Bk 97 245.0000 0.9372 
Cf 98 248.0000 0.9379 
Es 99 253.0000 0.9391 
Fm 100 254.0000 0.9394 
Md 101 256.0000 0.9398 
No 102 253.0000 0.9391 
Lr 103 257.0000 0.9400 
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Appenidx B3 Values of the stopping cross section for helium (He) at incident energies 
from 0 to 50(X) keV in carbon. 

Incident Kinematic Surface Stopping Cross Section 

Energy Factor for Scattered (e) 

for He C with He Energy for He 10-'' eV cm^ 
E, MeV. K BCE, MeV. at E, MeV. at KE, MeV. 

0.000 0.2523 0.0000 15.9500 15.9500 
0.200 0.2523 0.0505 27.0159 19.2587 
0.400 0.2523 0.1009 33.4280 22.2028 
0.600 0.2523 0.1514 36.4385 24.8067 
0.800 0.2523 0.2018 37.0768 27.0940 
1.000 0.2523 0.2523 36.1701 29.0871 
1.200 0.2523 0.3028 34.3633 30.8073 
1.400 0.2523 0.3532 32.1395 32.2753 
1.600 0.2523 0.4037 29.8403 33.5106 
1.800 0.2523 0.4541 27.6863 34.5318 
2.000 0.2523 0.5046 25.7972 35.3566 
2.200 0.2523 0.5551 24.2120 36.0019 

2.400 0.2523 0.6055 22.9096 36.4837 
2.600 0.2523 0.6560 21.8292 36.8171 
2.800 0.2523 0.7064 20.8900 37.0164 

3.000 0.2523 0.7569 20.0123 37.0953 
3.050 0.2523 0.7695 19.7948 37.0976 
3.200 0.2523 0.8074 19.1373 37.0664 

3.400 0.2523 0.8578 18.2477 36.9417 
3.600 0.2523 0.9083 17.3878 36.7326 
3.800 0.2523 0.9587 16.6838 36.4496 
4.000 0.2523 1.0092 16.3644 36.1025 

4.200 0.2523 1.0597 16.7809 35.7005 
4.265 0.2523 1.0761 17.1528 35.5595 

4.400 0.2523 1.1101 18.4277 35.2522 
4.600 0.2523 1.1606 21.9621 34.7655 
4.800 0.2523 1.2110 28.2253 34.2477 

5.000 0.2523 1.2615 38.2625 33.7054 
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Appendix B4 Values of the stopping cross section factor for helium (He) at incident 
energies from 0 to 5000 keV in carbon. 

Incident Kinematic Surface Stopping Cross Section Factor 

Energy Factor for Scattered [Eo] 

for He C with He Energy for He 10-" eV cm' 
E, MeV. K KE, MeV. <111> <110> <100> 

0.000 0.2523 0.0000 23.1600 21.8871 20.2202 
0.200 0.2523 0.0505 31.3513 29.1952 26.3719 
0.400 0.2523 0.1009 37.1404 34.4726 30.9792 
0.600 0.2523 0.1514 41.0989 38.1909 34.3828 
0.800 0.2523 0.2018 43.7002 40.7412 36.8665 
1.000 0.2523 0.2523 45.3281 42.4415 38.6615 
1.200 0.2523 0.3028 46.2860 43.5436 39.9525 
1.400 0.2523 0.3532 46.8057 44.2408 40.8820 

1.600 0.2523 0.4037 47.0562 44.6748 41.5563 
1.800 0.2523 0.4541 47.1527 44.9432 42.0498 

2.000 0.2523 0.5046 47.1654 45.1066 42.4107 
2.200 0.2523 0.5551 47.1286 45.1963 42.6660 
2.400 0.2523 0.6055 47.0491 45.2208 42.8266 

2.600 0.2523 0.6560 46.9159 45.1738 42.8925 

2.800 0.2523 0.7064 46.7083 45.0411 42.8580 
3.000 0.2523 0.7569 46.4051 44.8080 42.7166 
3.050 0.2523 0.7695 46.3126 44.7329 42.6642 

3.200 0.2523 0.8074 45.9938 44.4665 42.4665 
3.400 0.2523 0.8578 45.4788 44.0225 42.1155 

3.600 0.2523 0.9083 44.8910 43.5033 41.6862 

3.800 0.2523 0.9587 44.2962 42.9647 41.2212 

4.000 0.2523 1.0092 43.8043 42.4983 40.7881 

4.200 0.2523 1.0597 43.5780 42.2388 40.4851 

4.265 0.2523 1.0761 43.5972 42.2283 40.4357 

4.400 0.2523 1.1101 43.8418 42.3711 40.4453 

4.600 0.2523 1.1606 44.8907 43.1380 40.8428 

4.800 0.2523 1.2110 47.0995 44.8470 41.8972 

5.000 0.2523 1.2615 50.9312 47.8776 43.8790 



Appendix B5 Values of the stopping cross section for helium (He) at incident 
from 0 to 5000 keV in nitrogen. 

Incident (Cinematic Surface Stopping Cross Section 

Energy Factor for Scattered (e) 

for He N with He Energy for He lO-'^eVcm' 
E, MeV. K KE, MeV. at E, MeV. at KE, MeV. 

0.000 0.3109 0.0000 31.0100 31.0100 
0.200 0.3109 0.0622 40.9981 34.7002 
0.400 0.3109 0.1244 46.3426 37.8438 

0.600 0.3109 0.1865 48.3282 40.4873 
0.800 0.3109 0.2487 48.0081 42.6747 
1.000 0.3109 0.3109 46.2253 44.4474 
1.200 0.3109 0.3731 43.6342 45.8447 

1.400 0.3109 0.4353 40.7216 46.9037 
1.600 0.3109 0.4974 37.8275 47.6592 
1.800 0.3109 0.5596 35.1672 48.1439 

2.000 0.3109 0.6218 32.8516 48.3885 
2.200 0.3109 0.6840 30.9089 48.4215 

2.400 0.3109 0.7462 29.3059 48.2697 
2.600 0.3109 0.8083 27.9686 47.9578 
2.800 0.3109 0.8705 26.8043 47.5089 
3.000 0.3109 0.9327 25.7219 46.9443 
3.050 0.3109 0.9482 25.4554 46.7874 

3.200 0.3109 0.9949 24.6539 46.2834 

3.400 0.3109 1.0571 23.5770 45.5443 
3.600 0.3109 1.1192 22.5337 44.7431 
3.800 0.3109 1.1814 21.6533 43.8948 

4.000 0.3109 1.2436 21.1732 43.0128 
4.200 0.3109 1.3058 21.4600 42.1090 
4.265 0.3109 1.3260 21.8000 41.8124 
4.400 0.3109 1.3680 23.0309 41.1942 
4.600 0.3109 1.4301 26.5748 40.2776 

4.800 0.3109 1.4923 32.9734 39.3677 

5.000 0.3109 1.5545 43.3225 38.4713 
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Appendix B6 Values of the stopping cross section factor for helium (He) at incident 
energies from 0 to 5000 keV in nitrogen. 

Incident Kinematic Surface Stopping Cross Section Factor 

Energy Factor for Scattered [eo] 

for He N with He Energy for He 10-'® eV cm^ 

E, MeV. K KE, MeV. <111> <110> <100> 

0.000 0.3109 0.0000 48.1724 45.1228 41.1294 
0.200 0.3109 0.0622 57.2933 53.2615 47.9818 
0.400 0.3109 0.1244 63.3610 58.8035 52.8356 
0.600 0.3109 0.1865 67.1136 62.3608 56.1372 
0.800 0.3109 0.2487 69.1624 64.4411 58.2587 
1.000 0.3109 0.3109 70.0033 65.4573 59.5045 
1.200 0.3109 0.3731 70.0281 65.7370 60.1178 
1.400 0.3109 0.4353 69.5364 65.5317 60.2876 
1.600 0.3109 0.4974 68.7465 65.0264 60.1550 
1.800 0.3109 0.5596 67.8074 64.3489 59.8201 
2.000 0.3109 0.6218 66.8098 63.5791 59.3485 
2.200 0.3109 0.6840 65.7981 62.7585 58.7780 
2.400 0.3109 0.7462 64.7815 61.8995 58.1255 

2.600 0.3109 0.8083 63.7454 60.9948 57.3931 
2.800 0.3109 0.8705 62.6631 60.0271 56.5753 
3.000 0.3109 0.9327 61.5074 58.9779 55.6654 
3.050 0.3109 0.9482 61.2047 58.7014 55.4232 
3.200 0.3109 0.9949 60.2618 57.8372 54.6623 
3.400 0.3109 1.0571 58.9318 56.6132 53.5769 
3.600 0.3109 1.1192 57.5570 55.3410 52.4391 
3.800 0.3109 1.1814 56.2219 54.0925 51.3040 
4.000 0.3109 1.2436 55.0680 52.9857 50.2591 
4.200 0.3109 1.3058 54.3046 52.1941 49.4305 
4.265 0.3109 1.3260 54.1863 52.0425 49.2351 
4.400 0.3109 1.3680 54.2208 51.9559 48.9900 
4.600 0.3109 1.4301 55.1968 52.5834 49.1611 
4.800 0.3109 1.4923 57.7154 54.4727 50.2264 
5.000 0.3109 1.5545 62.3732 58.1128 52.5338 



Appendix B7 Values of the stopping cross section for helium (He) at incident 
from 0 to 50(X) keV in oxygen. 

Incident Kinematic Surface Stopping Cross Section 

Energy Factor for Scattered (e) 

for He 0 with He Energy for He 10"'^ eV cm^ 
E, MeV. K KE, MeV. at E, MeV. at KE, MeV. 

0.000 0.3621 0.0000 25.9000 25.9000 
0.200 0.3621 0.0724 37.6102 30.7994 
0.400 0.3621 0.1448 44.4147 34.9318 
0.600 0.3621 0.2173 47.6190 38.3705 
0.800 0.3621 0.2897 48.2979 41.1845 

1.000 0.3621 0.3621 47.3162 43.4382 
1.200 0.3621 0.4345 45.3503 45.1920 

1.400 0.3621 0.5069 42.9087 46.5024 
1.600 0.3621 0.5794 40.3531 47.4217 
1.800 0.3621 0.6518 37.9193 47.9987 
2.000 0.3621 0.7242 35.7384 48.2784 
2.200 0.3621 0.7966 33.8575 48.3023 
2.400 0.3621 0.8690 32.2610 48.1086 
2.600 0.3621 0.9415 30.8910 47.7322 
2.800 0.3621 1.0139 29.6691 47.2048 

3.000 0.3621 1.0863 28.5166 46.5553 
3.050 0.3621 1.1044 28.2318 46.3769 
3.200 0.3621 1.1587 27.3759 45.8095 
3.400 0.3621 1.2311 26.2314 44.9907 
3.600 0.3621 1.3036 25.1304 44.1194 
3.800 0.3621 1.3760 24.2042 43.2139 
4.000 0.3621 1.4484 23.6888 42.2898 

4.200 0.3621 1.5208 23.9463 41.3608 
4.265 0.3621 1.5444 24.2768 41.0599 

4.400 0.3621 1.5932 25.4855 40.4385 

4.600 0.3621 1.6657 28.9831 39.5323 

4.800 0.3621 1.7381 35.3046 38.6500 

5.000 0.3621 1.8105 45.5250 37.7978 
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Appendix B8 Values of the stopping cross section factor for helium (He) at incident 
energies firom 0 to 5000 keV in oxygen. 

Incident Kinematic Surface Stopping Cross Section Factor 

Energy Factor for Scattered [eo] 

for He 0 with He Energy for He lO-'^eVcm^ 

E, MeV. K KE, MeV. <111> <110> <100> 

0.000 0.3621 0.0000 42.5291 39.5626 35.6779 
0.200 0.3621 0.0724 54.8420 50.5342 44.8931 
0.400 0.3621 0.1448 63.3020 58.2148 51.5532 

0.600 0.3621 0.2173 68.8017 63.3475 56.2053 

0.800 0.3621 0.2897 72.0844 66.5525 59.3085 

1.000 0.3621 0.3621 73.7578 68.3383 61.2415 
1.200 0.3621 0.4345 74.3068 69.1125 62.3105 

1.400 0.3621 0.5069 74.1074 69.1928 62.7570 

1.600 0.3621 0.5794 73.4395 68.8176 62.7651 

1.800 0.3621 0.6518 72.5004 68.1572 62.4698 

2.000 0.3621 0.7242 71.4178 67.3244 61.9641 

2.200 0.3621 0.7966 70.2635 66.3855 61.3073 

2.400 0.3621 0.8690 69.0663 65.3712 60.5325 

2.600 0.3621 0.9415 67.8256 64.2874 59.6542 

2.800 0.3621 1.0139 66.5244 63.1262 58.6762 
3.000 0.3621 1.0863 65.1427 61.8764 57.5993 

3.050 0.3621 1.1044 64.7831 61.5495 57.3151 

3.200 0.3621 1.1587 63.6706 60.5350 56.4290 
3.400 0.3621 1.2311 62.1220 59.1175 55.1831 

3.600 0.3621 1.3036 60.5474 57.6690 53.8997 

3.800 0.3621 1.3760 59.0474 56.2751 52.6448 
4.000 0.3621 1.4484 57.7862 55.0729 51.5199 

4.200 0.3621 1.5208 57.0043 54.2615 50.6699 

4.265 0.3621 1.5444 56.9057 54.1251 50.4839 

4.400 0.3621 1.5932 57.0322 54.1131 50.2906 

4.600 0.3621 1.6657 58.3037 54.9840 50.6369 

4.800 0.3621 1.7381 61.3690 57.3253 52.0301 

5.000 0.3621 1.8105 66.9080 61.6936 54.8655 
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Appendix B9 Values of the stopping cross section for helium (He) at incident energies 
from 0 to 5000 keV in silicon. 

Incident Kinematic Surface Stopping Cross Section 

Energy Factor for Scattered (e) 

for He Si with He Energy for He 10'' eV cm^ 

E, MeV. K KE, MeV. at E, MeV. at KE, MeV. 

0.000 0.5654 0.0000 57.9700 57.9700 
0.200 0.5654 0.1131 66.4609 63.4276 
0.400 0.5654 0.2262 70.3216 67.1978 
0.600 0.5654 0.3392 70.8895 69.5534 
0.800 0.5654 0.4523 69.2552 70.7397 
1.000 0.5654 0.5654 66.2855 70.9763 
1.200 0.5654 0.6785 62.6467 70.4580 
1.400 0.5654 0.7916 58.8273 69.3565 
1.600 0.5654 0.9046 55.1613 67.8214 
1.800 0.5654 1.0177 51.8510 65.9818 
2.000 0.5654 1.1308 48.9900 63.9475 
2.200 0.5654 1.2439 46.5865 61.8103 
2.400 0.5654 1.3570 44.5861 59.6456 
2.600 0.5654 1.4700 42.8949 57.5131 
2.800 0.5654 1.5831 41.4023 55.4590 
3.000 0.5654 1.6962 40.0045 53.5166 
3.050 0.5654 1.7245 39.6601 53.0513 
3.200 0.5654 1.8093 38.6270 51.7079 
3.400 0.5654 1.9224 37.2478 50.0451 
3.600 0.5654 2.0354 35.9208 48.5316 
3.800 0.5654 2.1485 34.7983 47.1636 
4.000 0.5654 2.2616 34.1540 45.9313 
4.200 0.5654 2.3747 34.4066 44.8201 
4.265 0.5654 2.4114 34.7744 44.4822 

4.280 0.5654 2.4199 34.8839 44.4057 
4.315 0.5654 2.4397 35.1782 44.2293 
4.400 0.5654 2.4878 36.1422 43.8124 
4.600 0.5654 2.6008 40.1377 42.8883 
4.800 0.5654 2.7139 47.3837 42.0275 
5.000 0.5654 2.8270 59.1075 41.2102 
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Appendix BIO Values of the stopping cross section factor for heiixim (He) at incident 
energies from 0 to 5000 keV in silicon. 

Incident BCinematic Surface Stopping Cross Section Factor 

Energy Factor for Scattered [Eo] 
for He Si with He Energy for He 10"'' eV cm^ 

E, MeV. K KE, MeV. 8 = 75° 0 = 54.7° 

0 II C
D
 

C
D
 

II O
 o
 

0.000 0.5654 0.0000 185.5019 115.5845 105.2169 91.6405 
0.200 0.5654 0.1131 209.5923 129.4341 117.5479 101.9830 
0.400 0.5654 0.2262 221.8546 137.0400 124.4633 107.9943 
0.600 0.5654 0.3392 225.4872 139.9876 127.3094 110.7073 
0.800 0.5654 0.4523 223.1216 139.5932 127.2072 110.9879 
1.000 0.5654 0.5654 216.8744 136.9277 125.0729 109.5491 
1.200 0.5654 0.6785 208.3990 132.8411 121.6370 106.9654 
1.400 0.5654 0.7916 198.9370 127.9855 117.4646 103.6874 
1.600 0.5654 0.9046 189.3696 122.8398 112.9744 100.0559 
1.800 0.5654 1.0177 180.2701 117.7328 108.4595 96.3162 
2.000 0.5654 1.1308 171.9545 112.8678 104.1062 92.6329 
2.200 0.5654 1.2439 164.5339 108.3461 100.0143 89.1039 
2.400 0.5654 1.3570 157.9658 104.1906 96.2166 85.7747 
2.600 0.5654 1.4700 152.1059 100.3705 92.6990 82.6532 
2.800 0.5654 1.5831 146.7596 96.8244 89.4197 79.7235 
3.000 0.5654 1.6962 141.7335 93.4843 86.3296 76.9607 
3.050 0.5654 1.7245 140.5087 92.6748 85.5818 76.2935 
3.200 0.5654 1.8093 136.8877 90.2998 83.3916 74.3453 
3.400 0.5654 1.9224 132.1865 87.2620 80.6004 71.8771 
3.600 0.5654 2.0354 127.7508 84.4268 78.0025 69.5899 
3.800 0.5654 2.1485 123.9093 81.9393 75.7157 67.5661 
4.000 0.5654 2.2616 121.2505 80.0575 73.9492 65.9505 

4.200 0.5654 2.3747 120.6740 79.1764 73.0229 64.9650 
4.265 0.5654 2.4114 121.1345 79.1931 72.9739 64.8299 
4.280 0.5654 2.4199 121.2959 79.2226 72.9837 64.8141 
4.315 0.5654 2.4397 121.7596 79.3313 73.0399 64.8013 
4.400 0.5654 2.4878 123.4423 79.8513 73.3874 64.9231 

4.600 0.5654 2.6008 131.2323 82.8224 75.6439 66.2438 
4.800 0.5654 2.7139 146.1874 89.0381 80.5637 69.4666 

5.000 0.5654 2.8270 170.9685 99.6791 89.1080 75.2653 

Note: 0 = 54.7® corresponds to <111> direction 

0 = 45° corresponds to <110> direction 

0 = 0° corresponds to <100> direction 
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Appendix B11 Values of the stopping cross section for helium (He) at incident energies 
from 0 to 5000 keV in germanium. 

Incident Kinematic Surface Stopping Cross Section 

Energy Factor for Scattered (e) 

for He Ge with He Energy for He 10-'' eV cm^ 
E, MeV. K KE, MeV. at E, MeV. at KE, MeV. 

0.000 0.8030 0.0000 58.7100 58.7100 

0.200 0.8030 0.1606 70.6426 68.7015 
0.400 0.8030 0.3212 77.8976 75.5199 
0.600 0.8030 0.4818 81.6217 79.7890 
0.800 0.8030 0.6424 82.7735 82.0517 
1.000 0.8030 0.8030 82.1392 82.7754 
1.200 0.8030 0.9636 80.3491 82.3572 
1.400 0.8030 1.1242 77.8933 81.1295 
1.600 0.8030 1.2848 75.1378 79.3653 
1.800 0.8030 1.4454 72.3408 77.2832 
2.000 0.8030 1.6060 69.6684 75.0534 
2.200 0.8030 1.7666 67.2111 72.8027 
2.400 0.8030 1.9272 64.9993 70.6196 
2.600 0.8030 2.0878 63.0199 68.5601 
2.800 0.8030 2.2484 61.2322 66.6532 
3.000 0.8030 2.4090 59.5836 64.9055 
3.050 0.8030 2.4492 59.1872 64.4925 
3.200 0.8030 2.5696 58.0261 63.3072 
3.400 0.8030 2.7302 56.5324 61.8376 

3.600 0.8030 2.8908 55.1113 60.4697 
3.800 0.8030 3.0514 53.8246 59.1762 
4.000 0.8030 3.2120 52.8028 57.9348 
4.200 0.8030 3.3726 52.2609 56.7334 
4.265 0.8030 3.4248 52.2377 56.3515 

4.400 0.8030 3.5332 52.5148 55.5753 

4.600 0.8030 3.6938 53.9973 54.4849 
4.800 0.8030 3.8544 57.2742 53.5131 
5.000 0.8030 4.0150 63.0600 52.7422 
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Appendix B12 Values of the stopping cross section factor for helium (He) at incident 
energies from 0 to 5000 keV in germanium. 

Incident Kinematic Surface Stopping Cross Section Factor 

Energy Factor for Scattered [eo] 

for He Ge with He Energy for He 10-'' eV cm^ 
E, MeV. K KE, MeV. <111> <110> <100> 

0.000 0.8030 0.0000 141.2000 126.2876 106.7598 
0.200 0.8030 0.1606 167.9275 149.9841 126.4874 
0.400 0.8030 0.3212 184.9327 165.1465 139.2367 
0.600 0.8030 0.4818 194.4427 173.7106 146.5621 
0.800 0.8030 0.6424 198.3408 177.3162 149.7846 
I.OOO 0.8030 0.8030 198.1942 177.3307 150.0101 
1.200 0.8030 0.9636 195.2821 174.8732 148.1480 
1.400 0.8030 1.1242 190.6228 170.8377 144.9294 
1.600 0.8030 1.2848 185.0022 165.9171 140.9252 
1.800 0.8030 1.4454 179.0013 160.6266 136.5651 
2.000 0.8030 1.6060 173.0236 155.3276 132.1550 
2.200 0.8030 1.7666 167.3233 150.2515 127.8962 
2.400 0.8030 1.9272 162.0330 145.5230 123.9034 
2.600 0.8030 2.0878 157.1913 141.1841 120.2228 
2.800 0.8030 2.2484 152.7706 137.2175 116.8509 
3.000 0.8030 2.4090 148.7050 133.5707 113.7524 

3.050 0.8030 2.4492 147.7350 132.7013 113.0148 
3.200 0.8030 2.5696 144.9179 130.1791 110.8789 
3.400 0.8030 2.7302 141.3498 126.9904 108.1870 
3.600 0.8030 2.8908 137.9860 123.9876 105.6569 

3.800 0.8030 3.0514 134.8847 121.2131 103.3103 
4.000 0.8030 3.2120 132.2042 118.7922 101.2292 

4.200 0.8030 3.3726 130.2311 116.9567 99.5741 

4.265 0.8030 3.4248 129.8111 116.5426 99.1677 

4.400 0.8030 3.5332 129.4080 116.0691 98.6020 

4.600 0.8030 3.6938 130.3610 116.6456 98.6853 

4.800 0.8030 3.8544 133.9277 119.3800 100.3298 
5.000 0.8030 4.0150 141.1850 125.1676 104.1930 
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Appendix B13 Values of the stopping cross section for helium at energies from 0 to 5000 
keV in carbon, nitrogen, oxygen, silicon and germanium. 

Incident He Stopping Cross-Section (ene) 

Energy lO-'^eVcm^ 
E,MeV C N 0 Si Ge 
0.000 15.9500 31.0100 25.9000 57.9700 58.7100 
0.200 27.0159 40.9981 37.6102 66.4609 70.6426 
0.400 33.4280 46.3426 44.4147 70.3216 77.8976 

0.600 36.4385 48.3282 47.6190 70.8895 81.6217 
0.800 37.0768 48.0081 48.2979 69.2552 82.7735 
1.000 36.1701 46.2253 47.3162 66.2855 82.1392 
1.200 34.3633 43.6342 45.3503 62.6467 80.3491 
1.400 32.1395 40.7216 42.9087 58.8273 77.8933 
1.600 29.8403 37.8275 40.3531 55.1613 75.1378 
1.800 27.6863 35.1672 37.9193 51.8510 72.3408 

2.000 25.7972 32.8516 35.7384 48.9900 69.6684 
2.200 24.2120 30.9089 33.8575 46.5865 67.2111 
2.400 22.9096 29.3059 32.2610 44.5861 64.9993 
2.600 21.8292 27.9686 30.8910 42.8949 63.0199 
2.800 20.8900 26.8043 29.6691 41.4023 61.2322 
3.000 20.0123 25.7219 28.5166 40.0045 59.5836 
3.050 19.7948 25.4554 28.2318 39.6601 59.1872 

3.200 19.1373 24.6539 27.3759 38.6270 58.0261 
3.400 18.2477 23.5770 26.2314 37.2478 56.5324 
3.600 17.3878 22.5337 25.1304 35.9208 55.1113 
3.800 16.6838 21.6533 24.2042 34.7983 53.8246 
4.000 16.3644 21.1732 23.6888 34.1540 52.8028 
4.200 16.7809 21.4600 23.9463 34.4066 52.2609 

4.265 17.1528 21.8000 24.2768 34.7744 52.2377 

4.400 18.4277 23.0309 25.4855 36.1422 52.5148 

4.600 21.9621 26.5748 28.9831 40.1377 53.9973 
4.800 28.2253 32.9734 35.3046 47.3837 57.2742 

5.000 38.2625 43.3225 45.5250 59.1075 63.0600 
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Appendix B14 Differential scattering cross section for carbon, nitrogen, oxygen, silicon 
and germanium for various energy helium ions at a scattering angle of 
170°. 

Incident Differential Scattering Cross Section 

Energy (a), cmVsteradian 

E,MeV C N 0 Si Ge 
0.200 3.76E-24 5.45E-24 7.41E-24 2.48E-23 1.34E-22 
0.400 9.39E-25 1.36E-24 1.85E-24 6.19E-24 3.35E-23 
0.600 4.17E-25 6.06E-25 8.24E-25 2.75E-24 1.49E-23 
0.800 2.35E-25 3.41E-25 4.63E-25 1.55E-24 8.37E-24 
1.000 1.50E-25 2.18E-25 2.97E-25 9.91E-25 5.36E-24 
1.200 1.04E-25 1.51E-25 2.06E-25 6.88E-25 3.72E-24 
1.400 7.66E-26 l.llE-25 1.51E-25 5.05E-25 2.73E-24 
1.600 5.87E-26 8.52E-26 1.16E-25 3.87E-25 2.09E-24 
1.800 4.64E-26 6.73E-26 9.15E-26 3.06E-25 1.65E-24 
2.000 3.76E-26 5.45E-26 7.41E-26 2.48E-25 1.34E-24 
2.200 3.10E-26 4.50E-26 6.13E-26 2.05E-25 l.llE-24 
2.400 2.61E-26 3.78E-26 5.15E-26 1.72E-25 9.30E-25 
2.600 2.22E-26 3.22E-26 4.39E-26 1.47E-25 7.92E-25 
2.800 1.92E-26 2.78E-26 3.78E-26 1.26E-25 6.83E-25 
3.000 1.67E-26 2.42E-26 3.29E-26 l.lOE-25 5.95E-25 
3.050 1.61E-26 2.34E-26 3.19E-26 1.06E-25 5.76E-25 
3.200 1.47E-26 2.13E-26 2.90E-26 9.67E-26 5.23E-25 
3.400 1.30E-26 1.89E-26 2.56E-26 8.57E-26 4.63E-25 
3.600 1.16E-26 1.68E-26 2.29E-26 7.64E-26 4.13E-25 
3.800 1.04E-26 1.51E-26 2.05E-26 6.86E-26 3.71E-25 
4.000 9.39E-27 1.36E-26 1.85E-26 6.19E-26 3.35E-25 
4.200 8.52E-27 1.24E-26 1.68E-26 5.62E-26 3.04E-25 

4.265 8.26E-27 1.20E-26 1.63E-26 5.45E-26 2.94E-25 

4.280 8.20E-27 1.19E-26 1.62E-26 5.41E-26 2.92E-25 
4.315 8.07E-27 1.17E-26 1.59E-26 5.32E-26 2.88E-25 
4.400 7.76E-27 1.13E-26 1.53E-26 5.12E-26 2.77E-25 

4.600 7.10E-27 1.03E-26 1.40E-26 4.68E-26 2.53E-25 
4.800 6.52E-27 9.46E-27 1.29E-26 4.30E-26 2.32E-25 

5.000 6.01E-27 8.72E-27 1.19E-26 3.96E-26 2.14E-25 

Assumption: a is assumed to be constant over the differential solid angle, 
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Appendix B15 Average differential scattering cross section for carbon, nitrogen, oxygen, 
silicon and germanium for various energy helium ions at a scattering angle 
of 170°. 

Incident Average Differential Scattering Cross Section 

Energy (5c/5Q), cmVsteradian 

E,MeV C N O Si Ge 

0.200 3.76E-24 5.45E-24 7.41E-24 2.48E-23 1.34E-22 

0.400 9.39E-25 1.36E-24 1.85E-24 6.19E-24 3.35E-23 

0.600 4.17E-25 6.06E-25 8.24E-25 2.75E-24 1.49E-23 

0.800 2.35E-25 3.41E-25 4.63E-25 1.55E-24 8.37E-24 

1.000 1.50E-25 2.18E-25 2.97E-25 9.91E-25 5.36E-24 

1.200 1.04E-25 1.51E-25 2.06E-25 6.88E-25 3.72E-24 

1.400 7.66E-26 l.llE-25 1.51E-25 5.05E-25 2.73E-24 

1.600 5.87E-26 8.52E-26 1.16E-25 3.87E-25 2.09E-24 

1.800 4.64E-26 6.73E-26 9.15E-26 3.06E-25 1.65E-24 

2.000 3.76E-26 5.45E-26 7.41E-26 2.48E-25 1.34E-24 

2.200 3.10E-26 4.50E-26 6.13E-26 2.05E-25 l.llE-24 

2.400 2.61E-26 3.78E-26 5.15E-26 1.72E-25 9.30E-25 

2.600 2.22E-26 3.22E-26 4.39E-26 1.47E-25 7.92E-25 

2.800 1.92E-26 2.78E-26 3.78E-26 1.26E-25 6.83E-25 

3.000 1.67E-26 2.42E-26 3.29E-26 l.lOE-25 5.95E-25 

3.050 1.61E-26 2.34E-26 3.19E-26 1.06E-25 5.76E-25 

3.200 1.47E-26 2.13E-26 2.90E-26 9.67E-26 5.23E-25 

3.400 1.30E-26 1.89E-26 2.56E-26 8.57E-26 4.63E-25 

3.600 1.16E-26 1.68E-26 2.29E-26 7.64E-26 4.13E-25 

3.800 1.04E-26 1.51E-26 2.05B-26 6.86E-26 3.71E-25 

4.000 9.39E-27 1.36E-26 1.85E-26 6.19E-26 3.35E-25 

4.200 8.52E-27 1.24E-26 1.68E-26 5.62E-26 3.04E-25 

4.265 8.26E-27 1.20E-26 1.63E-26 5.45E-26 2.94E-25 

4.280 8.20E-27 1.19E-26 1.62E-26 5.41E-26 2.92E-25 

4.315 8.07E-27 1.17E-26 1.59E-26 5.32E-26 2.88E-25 

4.400 7.76E-27 1.13E-26 1.53E-26 5.12E-26 2.77E-25 

4.600 7.10E-27 1.03E-26 1.40E-26 4.68E-26 2.53E-25 

4.800 6.52E-27 9.46E-27 1.29E-26 4.30E-26 2.32E-25 

5.000 6.01E-27 8.72E-27 1.19E-26 3.96E-26 2.14E-25 

Assumption: CT is assumed to be constant over the differential solid angle, n. 
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Appendix B16 Relation between surface scattered energy (E,) and channel number (Ch. #) 
for 2 MeV impinging hydrogen ions in different elements and isotopes at a 
scattering angle of 170°. 

Kinematic Surf. Scat. Chaimel 
Element Factor Energy Number 

K E„ MeV. Ch.# 
He 0.3600 0.7200 119 
Li 0.5596 1.1192 192 
Be 0.6403 1.2806 222 
B 0.6899 1.3798 241 

'^C 0.7159 1.4318 250 
'^C 0.7347 1.4694 257 

0.7511 1.5022 263 
0.7656 1.5312 269 

'®o 0.7784 1.5568 273 

•'o 0.7901 1.5802 278 
180 0.8005 1.6010 282 
F 0.8099 1.6198 285 

Ne 0.8200 1.6400 289 
Na 0.8402 1.6804 296 
Mg 0.8481 1.6962 299 
A1 0.8621 1.7242 304 

''Si 0.8667 1.7334 306 

''Si 0.8710 1.7420 308 
'°Si 0.8750 1.7500 309 

P 0.8788 1.7576 311 
s 0.8826 1.7652 312 

CI 0.8933 1.7866 316 
Ar 0.9047 1.8094 320 
K 0.9027 1.8054 320 
Ca 0.9050 1.8100 320 
Sc 0.9148 1.8296 324 
Ti 0.9187 1.8374 325 
V 0.9245 1.8490 328 
Cr 0.9259 1.8518 328 
Mn 0.9298 1.8596 330 
Fe 0.9309 1.8618 330 
Co 0.9344 1.8688 331 
Ni 0.9341 1.8682 331 
Cu 0.9390 1.8780 333 



Appendix B16 (cont.) 

Kinematic Surf. Scat. Channel 
Element Factor Energy Number 

K E„ MeV. Ch.# 
Zn 0.9406 1.8812 334 
Ga 0.9442 1.8884 335 
C3e 0.9464 1.8928 336 
As 0.9480 1.8960 336 
Se 0.9506 1.9012 337 
Br 0.9512 1.9024 337 
Kr 0.9534 1.9068 338 
Rb 0.9543 1.9086 339 
Sr 0.9554 1.9108 339 
Y 0.9560 1.9120 339 
Zr 0.9571 1.9142 340 
Nb 0.9578 1.9156 340 
Mo 0.9592 1.9184 340 
Tc 0.9604 1.9208 341 
Ru 0.9612 1.9224 341 
Rh 0.9619 1.9238 341 
Pd 0.9631 1.9262 342 
Ag 0.9636 1.9272 342 
Cd 0.9650 1.9300 343 
In 0.9658 1.9316 343 
Sn 0.9669 1.9338 343 
Sb 0.9677 1.9354 344 
Te 0.9691 1.9382 344 
I 0.9690 1.9380 344 

Xe 0.9700 1.9400 344 
Cs 0.9703 1.9406 345 
Ba 0.9713 1.9426 345 
La 0.9716 1.9432 345 
Ce 0.9718 1.9436 345 
Pr 0.9720 1.9440 345 
Nd 0.9726 1.9452 345 
Pm 0.9728 1.9456 345 
Sm 0.9737 1.9474 346 
Eu 0.9740 1.9480 346 
Gd 0.9749 1.9498 346 
Tb 0.9751 1.9502 346 
Dy 0.9757 1.9514 347 
Ho 0.9760 1.9520 347 
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Appendix B16 (cont.) 

Element 
Kinematic 

Factor 

K 

Surf. Scat. 
Energy 

E,, MeV. 

Channel 
Number 

Ch.# 
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Appendix B17 Relation between surface scattered energy (E,) and channel number (Ch. #) 
for 3.05 MeV impinging hydrogen ions in different elements and isotopes 
at a scattering angle of 170°. 

Kinematic Surf. Scat. Chaimel 
Element Factor Energy Number 

K E„ MeV. Ch.# 
He 0.3600 1.0980 189 
Li 0.5596 1.7068 301 
Be 0.6403 1.9529 347 
B 0.6899 2.1042 375 

'^C 0.7159 2.1835 390 
'^C 0.7347 2.2408 400 
•4N 0.7511 2.2909 409 
'^N 0.7656 2.3351 418 

0.7784 2.3741 425 
'^0 0.7901 2.4098 431 
ISq 0.8005 2.4415 437 
F 0.8099 2.4702 443 

Ne 0.8200 2.5010 448 
Na 0.8402 2.5626 460 
Mg 0.8481 2.5867 464 
AI 0.8621 2.6294 472 

^"Si 0.8667 2.6434 475 
0.8710 2.6566 477 
0.8750 2.6688 479 

P 0.8788 2.6803 482 
S 0.8826 2.6919 484 

CI 0.8933 2.7246 490 
Ar 0.9047 2.7593 496 
K 0.9027 2.7532 495 
Ca 0.9050 2.7603 496 
Sc 0.9148 2.7901 502 
Ti 0.9187 2.8020 504 
V 0.9245 2.8197 507 
Cr 0.9259 2.8240 508 
Mn 0.9298 2.8359 510 
Fe 0.9309 2.8392 511 
Co 0.9344 2.8499 513 
Ni 0.9341 2.8490 513 
Cu 0.9390 2.8640 516 



780 

Appendix B17 (cont.) 

Kinematic Surf. Scat. Channel 
Element Factor Energy Number 

K E„ MeV. Ch.# 
Zn 0.9406 2.8688 516 
Ga 0.9442 2.8798 518 
C3e 0.9464 2.8865 520 
As 0.9480 2.8914 521 
Se 0.9506 2.8993 522 
Br 0.9512 2.9012 522 
Kr 0.9534 2.9079 524 
Rb 0.9543 2.9106 524 
Sr 0.9554 2.9140 525 
Y 0.9560 2.9158 525 
Zr 0.9571 2.9192 526 
Nb 0.9578 2.9213 526 
Mo 0.9592 2.9256 527 
Tc 0.9604 2.9292 528 
Ru 0.9612 2.9317 528 
Rh 0.9619 2.9338 528 
Pd 0.9631 2.9375 529 
Ag 0.9636 2.9390 529 
Cd 0.9650 2.9433 530 
In 0.9658 2.9457 531 
Sn 0.9669 2.9490 531 
Sb 0.9677 2.9515 532 
Te 0.9691 2.9558 533 
I 0.9690 2.9555 532 

Xe 0.9700 2.9585 533 
Cs 0.9703 2.9594 533 
Ba 0.9713 2.9625 534 
La 0.9716 2.9634 534 
Ce 0.9718 2.9640 534 
Pr 0.9720 2.9646 534 
Nd 0.9726 2.9664 535 
Pm 0.9728 2.9670 535 
Sm 0.9737 2.9698 535 
Eu 0.9740 2.9707 535 
Gd 0.9749 2.9734 536 
Tb 0.9751 2.9741 536 
Dy 0.9757 2.9759 536 
Ho 0.9760 2.9768 536 



Appendix B17 (cont.) 

Kinematic Surf. Scat. Channel 
Element Factor Energy Number 

K E„ MeV. Ch.# 
Er 0.9764 2.9780 537 

Tm 0.9766 2.9786 537 
Yb 0.9711 2.9619 534 
Lu 0.9774 2.9811 537 
Hf 0.9778 2.9823 537 
Ta 0.9781 2.9832 538 
W 0.9785 2.9844 538 
Re 0.9787 2.9850 538 
Os 0.9792 2.9866 538 
Ir 0.9794 2.9872 538 
Pt 0.9797 2.9881 539 
Au 0.9799 2.9887 539 
Hg 0.9803 2.9899 539 
T1 0.9806 2.9908 539 
Pb 0.9809 2.9917 539 
Bi 0.9810 2.9921 539 
Po 0.9811 2.9924 539 
At 0.9811 2.9924 539 
Rn 0.9821 2.9954 540 
Fr 0.9822 2.9957 540 
Ra 0.9825 2.9966 540 
Ac 0.9825 2.9966 540 
Th 0.9829 2.9978 540 
Pa 0.9828 2.9975 540 
U 0.9833 2.9991 541 

Np 0.9833 2.9991 541 
Pu 0.9836 3.0000 541 
Am 0.9837 3.0003 541 
Cm 0.9838 3.0006 541 
Bk 0.9838 3.0006 541 
Cf 0.9840 3.0012 541 
Es 0.9843 3.0021 541 
Fm 0.9844 3.0024 541 
Md 0.9845 3.0027 541 
No 0.9843 3.0021 541 
Lr 0.9846 3.0030 541 
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Appendix BIB Relation between surface scattered energy (E,) and channel number (Ch. #) 
for 4.265 MeV impinging hydrogen ions in different elements and isotopes 
at a scattering angle of 170°. 

Kinematic Surf. Scat. Channel 
Element Factor Energy Number 

K E„ MeV. Ch.# 
He 0.3600 1.5354 270 
Li 0.5596 2.3867 427 
Be 0.6403 2.7309 491 
B 0.6899 2.9424 530 

'^C 0.7159 3.0533 551 
•^c 0.7347 3.1335 565 
•4N 0.7511 3.2034 578 
'^N 0.7656 3.2653 590 
.60 0.7784 3.3199 600 
"0 0.7901 3.3698 609 
ISq 0.8005 3.4141 617 
F 0.8099 3.4542 625 

Ne 0.8200 3.4973 633 
Na 0.8402 3.5835 649 
Mg 0.8481 3.6171 655 
A1 0.8621 3.6769 666 

^"Si 0.8667 3.6965 670 
^'Si 0.8710 3.7148 673 
^°S1 0.8750 3.7319 676 

P 0.8788 3.7481 679 
s 0.8826 3.7643 682 

CI 0.8933 3.8099 691 
Ar 0.9047 3.8585 700 
K 0.9027 3.8500 698 

Ca 0.9050 3.8598 700 
Sc 0.9148 3.9016 708 
Ti 0.9187 3.9183 711 
V 0.9245 3.9430 715 
Cr 0.9259 3.9490 716 
Mn 0.9298 3.9656 720 
Fe 0.9309 3.9703 720 
Co 0.9344 3.9852 723 
Ni 0.9341 3.9839 723 
Cu 0.9390 4.0048 727 



Appendix B18 (cont.) 

Kinematic Surf. Scat. Channel 
Element Factor Energy Number 

K E„ MeV. Ch.# 
Zn 0.9406 4.0117 728 
Ga 0.9442 4.0270 731 
Ge 0.9464 4.0364 733 
As 0.9480 4.0432 734 
Se 0.9506 4.0543 736 
Br 0.9512 4.0569 736 
Kr 0.9534 4.0663 738 
Rb 0.9543 4.0701 739 
Sr 0.9554 4.0748 740 
Y 0.9560 4.0773 740 
Zr 0.9571 4.0820 741 
Nb 0.9578 4.0850 742 
Mo 0.9592 4.0910 743 
Tc 0.9604 4.0961 744 
Ru 0.9612 4.0995 744 
RJi 0.9619 4.1025 745 
Pd 0.9631 4.1076 746 
Ag 0.9636 4.1098 746 
Cd 0.9650 4.1157 747 
In 0.9658 4.1191 748 
Sn 0.9669 4.1238 749 
Sb 0.9677 4.1272 749 
Te 0.9691 4.1332 751 
I 0.9690 4.1328 751 

Xe 0.9700 4.1371 751 
Cs 0.9703 4.1383 752 
Ba 0.9713 4.1426 752 
La 0.9716 4.1439 753 
Ce 0.9718 4.1447 753 
Pr 0.9720 4.1456 753 
Nd 0.9726 4.1481 753 
Pm 0.9728 4.1490 754 
Sm 0.9737 4.1528 754 
Eu 0.9740 4.1541 754 
Gd 0.9749 4.1579 755 
Tb 0.9751 4.1588 755 
Dy 0.9757 4.1614 756 
Ho 0.9760 4.1626 756 



Appendix B18 (cont.) 

Kinematic Surf. Scat Channel 
Element Factor Energy Number 

K E„ MeV. Ch.# 
Er 0.9764 4.1643 756 

Tm 0.9766 4.1652 757 
Yb 0.9711 4.1417 752 
Lu 0.9774 4.1686 757 
Hf 0.9778 4.1703 757 
Ta 0.9781 4.1716 758 
W 0.9785 4.1733 758 
Re 0.9787 4.1742 758 
Os 0.9792 4.1763 759 
Ir 0.9794 4.1771 759 
Pt 0.9797 4.1784 759 
Au 0.9799 4.1793 759 
Hg 0.9803 4.1810 759 
TI 0.9806 4.1823 760 
Pb 0.9809 4.1835 760 
Bi 0.9810 4.1840 760 
Po 0.9811 4.1844 760 
At 0.9811 4.1844 760 
Rn 0.9821 4.1887 761 
Fr 0.9822 4.1891 761 
Ra 0.9825 4.1904 761 
Ac 0.9825 4.1904 761 
Th 0.9829 4.1921 761 
Pa 0.9828 4.1916 761 
U 0.9833 4.1938 762 

Np 0.9833 4.1938 762 
Pu 0.9836 4.1951 762 
Am 0.9837 4.1955 762 
Cm 0.9838 4.1959 762 
Bk 0.9838 4.1959 762 
Cf 0.9840 4.1968 762 
Es 0.9843 4.1980 763 
Fm 0.9844 4.1985 763 
Md 0.9845 4.1989 763 
No 0.9843 4.1980 763 
Lr 0.9846 4.1993 763 
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Appendix B19 Relation between surface scattered energy (E,) and channel number (Ch. #) 
for 2 MeV impinging helium ions in different elements and isotopes at a 
scattering angle of 170°. 

Kinematic Surf. Scat. Channel 
Element Factor Energy Number 

K E„ MeV. Ch.# 
Li 0.0734 0.1468 12 
Be 0.1502 0.3004 41 
B 0.2136 0.4272 64 

'^C 0.2523 0.5046 79 
'^C 0.2828 0.5656 90 
Hn 0.3112 0.6224 100 
'^N 0.3377 0.6754 110 
.60 0.3624 0.7248 119 
''o 0.3857 0.7714 128 
ISq 0.4074 0.8148 136 
F 0.4278 0.8556 144 

Ne 0.4502 0.9004 152 
Na 0.4974 0.9948 169 
Mg 0.5170 1.0340 177 
AI 0.5525 1.1050 190 

0.5645 1.1290 194 
0.5759 1.1518 198 

^°Si 0.5867 1.1734 202 
P 0.5970 1.1940 206 
S 0.6076 1.2152 210 

CI 0.6376 1.2752 221 
Ar 0.6709 1.3418 234 
K 0.6651 1.3302 232 

Ca 0.6718 1.3436 234 
Sc 0.7016 1.4032 245 
Ti 0.7136 1.4272 249 
V 0.7316 1.4632 256 
Cr 0.7362 1.4724 258 
Mn 0.7485 1.4970 262 
Fe 0.7520 1.5040 264 
Co 0.7634 1.5268 268 
Ni 0.7626 1.5252 268 
Cu 0.7785 1.5570 274 
Zn 0.7840 1.5680 276 



Appendix B19 (cont.) 

Kinematic Surf. Scat. Channel 
Element Factor Energy Number 

K E„ MeV. Ch.# 
Ga 0.7960 1.5920 280 
Ge 0.8032 1.6064 283 
As 0.8087 1.6174 285 
Se 0.8176 1.6352 288 
Br 0.8195 1.6390 289 
Kr 0.8272 1.6544 292 
Rb 0.8302 1.6604 293 
Sr 0.8340 1.6680 294 
Y 0.8362 1.6724 295 
Zr 0.8401 1.6802 296 
Nb 0.8427 1.6854 297 
Mo 0.8473 1.6946 299 
Tc 0.8515 1.7030 301 
Rd 0.8545 1.7090 302 
Rh 0.8569 1.7138 303 
Pd 0.8612 1.7224 304 
Ag 0.8630 1.7260 305 
Cd 0.8681 1.7362 307 
In 0.8707 1.7414 308 
Sn 0.8747 1.7494 309 
Sb 0.8776 1.7552 310 
Te 0.8829 1.7658 312 
I 0.8823 1.7646 312 

Xe 0.8860 1.7720 313 
Cs 0.8873 1.7746 314 
Ba 0.8907 1.7814 315 
La 0.8919 1.7838 316 
Ce 0.8923 1.7846 316 
Pr 0.8933 1.7866 316 
Nd 0.8957 1.7914 317 
Pm 0.8962 1.7924 317 
Sm 0.8997 1.7994 318 
Eu 0.9007 1.8014 319 
Gd 0.9039 1.8078 320 
Tb 0.9048 1.8096 320 
Dy 0.9068 1.8136 321 
Ho 0.9081 1.8162 322 
Er 0.9094 1.8188 322 



Appendix B19 (cont.) 

Kinematic Surf. Scat. Channel 
Element Factor Energy Number 

K E„ MeV. Ch.# 
T m 0.9102 1.8204 322 
Yb 0.9123 1.8246 323 
Lu 0.9132 1.8264 323 
Hf 0.9148 1.8296 324 
Ta 0.9159 1.8318 324 
W 0.9172 1.8344 325 
Re 0.9182 1.8364 325 
Os 0.9198 1.8396 326 
Ir 0.9207 1.8414 326 
Pt 0.9218 1.8436 327 
Au 0.9225 1.8450 327 
Hg 0.9238 1.8476 327 
T1 0.9252 1.8504 328 
Pb 0.9262 1.8524 328 
Hi 0.9268 1.8536 328 
Po 0.9271 1.8542 329 
At 0.9271 1.8542 329 
Rn 0.9309 1.8618 330 
Fr 0.9312 1.8624 330 
Ra 0.9321 1.8642 330 
Ac 0.9324 1.8648 331 
Th 0.9338 1.8676 331 
Pa 0.9335 1.8670 331 
U 0.9354 1.8708 332 

Np 0.9352 1.8704 332 
Pu 0.9364 1.8728 332 
Am 0.9367 1.8734 332 
Cm 0.9372 1.8744 332 
Bk 0.9372 1.8744 332 
Cf 0.9379 1.8758 333 
Es 0.9391 1.8782 333 
Fm 0.9394 1.8788 333 
Md 0.9398 1.8796 333 
No 0.9391 1.8782 333 
Lr 0.9400 1.8800 333 
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Appendix B20 Relation between surface scattered energy (E,) and channel number (Ch. #) 
for 3.05 MeV impinging helium ions in different elements and isotopes at a 
scattering angle of 170°. 

Kinematic Surf. Scat. Chaimel 
Element Factor Energy Number 

K E„ MeV. Ch.# 
Li 0.0734 0.2239 27 
Be 0.1502 0.4581 70 
B 0.2136 0.6515 106 

'^C 0.2523 0.7695 128 
'^C 0.2828 0.8625 145 
UN 0.3112 0.9492 161 

0.3377 1.0300 176 
16© 0.3624 1.1053 190 

0.3857 1.1764 203 
ISq 0.4074 1.2426 215 
F 0.4278 1.3048 227 

Ne 0.4502 1.3731 239 
Na 0.4974 1.5171 266 
Mg 0.5170 1.5769 277 
A! 0.5525 1.6851 297 

^®Si 0.5645 1.7217 304 
0.5759 1.7565 310 

^°Si 0.5867 1.7894 317 
P 0.5970 1.8209 322 
S 0.6076 1.8532 328 

CI 0.6376 1.9447 345 
Ar 0.6709 2.0462 364 
K 0.6651 2.0286 361 
Ca 0.6718 2.0490 365 
Sc 0.7016 2.1399 381 
Ti 0.7136 2.1765 388 
V 0.7316 2.2314 398 
Cr 0.7362 2.2454 401 
Mn 0.7485 2.2829 408 
Fe 0.7520 2.2936 410 
Co 0.7634 2.3284 416 
Ni 0.7626 2.3259 416 
Cu 0.7785 2.3744 425 
Zn 0.7840 2.3912 428 



Appendix B20 (cont.) 

Kinematic Surf. Scat. Channel 
Element Factor Energy Number 

K E„ MeV. Ch.# 
Ga 0.7960 2.4278 435 
Ge 0.8032 2.4498 439 
As 0.8087 2.4665 442 
Se 0.8176 2.4937 447 
Br 0.8195 2.4995 448 
Kr 0.8272 2.5230 452 

0.8302 2.5321 454 
Sr 0.8340 2.5437 456 
Y 0.8362 2.5504 457 
Zr 0.8401 2.5623 460 
Nb 0.8427 2.5702 461 
Mo 0.8473 2.5843 464 
To 0.8515 2.5971 466 
Ru 0.8545 2.6062 468 
Elh 0.8569 2.6135 469 
Pd 0.8612 2.6267 472 
Ag 0.8630 2.6322 473 
Cd 0.8681 2.6477 476 
In 0.8707 2.6556 477 
Sn 0.8747 2.6678 479 
Sb 0.8776 2.6767 481 
Te 0.8829 2.6928 484 
I 0.8823 2.6910 484 

Xe 0.8860 2.7023 486 
Cs 0.8873 2.7063 486 
Ba 0.8907 2.7166 488 
La 0.8919 2.7203 489 
Ce 0.8923 2.7215 489 
Pr 0.8933 2.7246 490 
Nd 0.8957 2.7319 491 
Pm 0.8962 2.7334 491 
Sm 0.8997 2.7441 493 
Eu 0.9007 2.7471 494 
Gd 0.9039 2.7569 496 
Tb 0.9048 2.7596 496 
Dy 0.9068 2.7657 497 
Ho 0.9081 2.7697 498 
Er 0.9094 2.7737 499 



Appendix B20 (cont.) 

Kinematic Surf. Scat. Channel 
Element Factor Energy Number 

K E„ MeV. Ch.# 
Tm 0.9102 2.7761 499 
Yb 0.9123 2.7825 500 
Lu 0.9132 2.7853 501 
Hf 0.9148 2.7901 502 
Ta 0.9159 2.7935 502 
W 0.9172 2.7975 503 
Re 0.9182 2.8005 504 
Os 0.9198 2.8054 505 
Ir 0.9207 2.8081 505 
Pt 0.9218 2.8115 506 
Au 0.9225 2.8136 506 
Hg 0.9238 2.8176 507 
T1 0.9252 2.8219 508 
Pb 0.9262 2.8249 508 
Bi 0.9268 2.8267 509 
Po 0.9271 2.8277 509 
At 0.9271 2.8277 509 
Rn 0.9309 2.8392 511 
Fr 0.9312 2.8402 511 
Ra 0.9321 2.8429 512 
Ac 0.9324 2.8438 512 
Th 0.9338 2.8481 513 
Pa 0.9335 2.8472 512 
U 0.9354 2.8530 514 

Np 0.9352 2.8524 513 
Pu 0.9364 2.8560 514 
Am 0.9367 2.8569 514 
Cm 0.9372 2.8585 515 
Bk 0.9372 2.8585 515 
Cf 0.9379 2.8606 515 
Es 0.9391 2.8643 516 
Fm 0.9394 2.8652 516 
Md 0.9398 2.8664 516 
No 0.9391 2.8643 516 
Lr 0.9400 2.8670 516 
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Appendix B21 Relation between surface scattered energy (E,) and channel number (Ch. #) 
for 4.265 MeV impinging helium ions in different elements and isotopes at 
a scattering angle of 170°. 

Kinematic Surf. Scat. Channel 
Element Factor Energy Number 

K E„ MeV. Ch.# 
Li 0.0734 0.3131 43 
Be 0.1502 0.6406 104 
B 0.2136 0.9110 154 

'^C 0.2523 1.0761 184 
0.2828 1.2061 209 

'4N 0.3112 1.3273 231 
'^N 0.3377 1.4403 252 
16o 0.3624 1.5456 271 
•'o 0.3857 1.6450 290 
IgQ 0.4074 1.7376 307 
F 0.4278 1.8246 323 

Ne 0.4502 1.9201 341 
Na 0.4974 2.1214 378 
Mg 0.5170 2.2050 394 
A1 0.5525 2.3564 422 

K) 00 0.5645 2.4076 431 
^'Si 0.5759 2.4562 440 
^°Si 0.5867 2.5023 449 

P 0.5970 2.5462 457 
S 0.6076 2.5914 465 

CI 0.6376 2.7194 489 
Ar 0.6709 2.8614 515 
K. 0.6651 2.8367 510 
Ca 0.6718 2.8652 516 
Sc 0.7016 2.9923 539 
Ti 0.7136 3.0435 549 
V 0.7316 3.1203 563 
Cr 0.7362 3.1399 567 
Mn 0.7485 3.1924 576 
Fe 0.7520 3.2073 579 
Co 0.7634 3.2559 588 
Ni 0.7626 3.2525 587 
Cu 0.7785 3.3203 600 
Zn 0.7840 3.3438 604 



Appendix B21 (cont.) 

Kinematic Surf. Scat Channel 
Element Factor Energy Number 

K E„ MeV. Ch.# 
Ga 0.7960 3.3949 614 
Ge 0.8032 3.4256 620 
As 0.8087 3.4491 624 
Se 0.8176 3.4871 631 
Br 0.8195 3.4952 632 
Kr 0.8272 3.5280 639 
Rb 0.8302 3.5408 641 
Sr 0.8340 3.5570 644 
Y 0.8362 3.5664 646 
Zr 0.8401 3.5830 649 
Mb 0.8427 3.5941 651 
Mo 0.8473 3.6137 654 
Tc 0.8515 3.6316 658 
Ru 0.8545 3.6444 660 
Rh 0.8569 3.6547 662 
Pd 0.8612 3.6730 665 
Ag 0.8630 3.6807 667 
Cd 0.8681 3.7024 671 
In 0.8707 3.7135 673 
Sn 0.8747 3.7306 676 
Sb 0.8776 3.7430 678 
Te 0.8829 3.7656 683 

I 0.8823 3.7630 682 
Xe 0.8860 3.7788 685 
Cs 0.8873 3.7843 686 
Ba 0.8907 3.7988 689 
La 0.8919 3.8040 690 
Ce 0.8923 3.8057 690 
Pr 0.8933 3.8099 691 
Nd 0.8957 3.8202 693 
Pm 0.8962 3.8223 693 
Sm 0.8997 3.8372 696 
Eu 0.9007 3.8415 697 
Gd 0.9039 3.8551 699 
Tb 0.9048 3.8590 700 
Dy 0.9068 3.8675 701 
Ho 0.9081 3.8730 702 
Er 0.9094 3.8786 703 
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Appendix B21 (cont.) 

Kinematic Surf. Scat. Channel 
Element Factor Energy Number 

K E„ MeV. Ch.# 
T m 0.9102 3.8820 704 
Yb 0.9123 3.8910 706 
Lu 0.9132 3.8948 706 
Hf 0.9148 3.9016 708 
Ta 0.9159 3.9063 709 
W 0.9172 3.9119 710 
Re 0.9182 3.9161 710 
Os 0.9198 3.9229 712 
Ir 0.9207 3.9268 712 
Pt 0.9218 3.9315 713 
Au 0.9225 3.9345 714 
Hg 0.9238 3.9400 715 
T1 0.9252 3.9460 716 
Pb 0.9262 3.9502 717 
Bi 0.9268 3.9528 717 
Po 0.9271 3.9541 717 
At 0.9271 3.9541 717 
Rn 0.9309 3.9703 720 
Fr 0.9312 3.9716 721 
Ra 0.9321 3.9754 721 
Ac 0.9324 3.9767 722 
Th 0.9338 3.9827 723 
Pa 0.9335 3.9814 722 
U 0.9354 3.9895 724 

Np 0.9352 3.9886 724 
Pu 0.9364 3.9937 725 
Am 0.9367 3.9950 725 
Cm 0.9372 3.9972 725 
Bk 0.9372 3.9972 725 
Cf 0.9379 4.0001 726 
Es 0.9391 4.0053 727 
Fm 0.9394 4.0065 727 
Md 0.9398 4.0082 727 
No 0.9391 4.0053 727 
Lr 0.9400 4.0091 728 
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Appendix B22 Values of channel numbers and surface scattered energy for carbon, 
nitrogen, oxygen, silicon and germanium as a function of initial energy of 
helium ions. 



Initial 
Energy 

Eo, MeV. C 

Ch 

N 

annel Numt 

0 

)er 

Si Ge C 

Surfac 

N 

e Scattered 
E|, keV. 

0 

Energy 

Si Ge 
0.00 -14.82 -14.82 -14.82 -14.82 -14.82 0.00 0.00 0.00 0.00 0.00 
0.25 -3.14 -0.42 1.95 11.36 22.36 63.07 77.72 90.51 141.30 200.80 
0.50 8.54 13.97 18.71 37.53 59.54 126.10 155.40 181.00 282.70 401.50 
0.75 20.22 28.36 35.47 63.71 96.72 189.20 233.10 271.50 424.00 602.30 
1.00 31.90 42.75 52.23 89.88 133.89 252.30 310.90 362.10 565.40 803.00 
1.25 43.58 57.14 68.99 116.06 171.07 315.30 388.60 452.60 706.70 1004.00 
1.50 55.53 71,54 85.76 142.23 208.25 378.40 466.30 543.10 848.00 1205.00 
1.75 66.94 85.93 102.52 168.40 245.43 441.50 544.00 633.60 989.40 1405.00 
2.00 78.62 100.32 119.28 194.58 282.60 504.50 621.70 724.10 1131.00 1606.00 
2.25 90.30 114.71 136.04 220.75 319.78 567.60 699.40 814.60 1272.00 1807.00 
2.50 101.97 129.10 152.80 246.93 356.96 630.70 777.20 905.10 1413.00 2008.00 
2.75 113.65 143.49 169.57 273.10 394.14 693.70 854.90 995.70 1555.00 2208.00 
2.80 115.99 146.37 172.92 278.34 401.57 706.30 870.40 1014.00 1583.00 2248.00 
3.00 125.33 157.89 186.33 299.28 431.31 756.80 932.60 1086.00 1696.00 2409.00 
3.05 127.67 160.76 189.68 304.51 438.75 769.40 948.10 1104.00 1724.00 2449.00 
3.25 137.01 172.28 203.09 325.45 468.49 819.90 1010.00 1177.00 1837.00 2610.00 
3.50 148.69 186.67 219.85 351.62 505.67 882.90 1088.00 1267.00 1979.00 2811.00 
3.75 160.37 201.06 236.61 377.80 542.84 946.00 1166.00 1358.00 2120.00 3011.00 
4.00 172.05 215.45 253.37 403.97 580.02 1009.00 1243.00 1448.00 2261.00 3212.00 
4.25 183.73 229.85 270.14 430.15 617.20 1072.00 1321.00 1539.00 2403.00 3413.00 
4.27 184.43 230.71 271.14 431.72 619.43 1076.00 1326.00 1544.00 2411.00 3425.00 
4.50 195.41 244.24 286.90 456.32 654.38 1135.00 1399.00 1629.00 2544.00 3614.00 
4.75 207.09 258.63 303.66 482.50 691.55 1198.00 1477.00 1720.00 2685.00 3814.00 
5.00 218.76 273.02 320.42 508.67 728.73 1261.00 1554.00 1810.00 2827.00 4015.00 

Kinematic 
Factor C N 

Element 
O Si Ge 

K„c 0.2523 0.3109 0.3621 0.5654 0.8030 



Appendix B23 Channel number and surface scattered energy relationship for ''He^^ ions in carbon, nitrogen, oxygen, silicon and 
germanium. 

Element 

of Interest 

C 

2 MeV. 

hannel Numbe 

3.05 MeV. 

:r 

4.265 MeV. 

Surface 

2 MeV. 

Scattered Ener 

3.05 MeV. 

jy (keV) 

4.265 MeV. 

Germanium (Ge) 283 439 619 1606 2449 3425 

Silicon (Si) 195 305 432 1131 1724 2411 

Oxygen (0) 119 190 271 724 1104 1544 

Nitrogen (N) 100 161 231 622 948 1326 

Carbon (C) 79 128 184 505 769 1076 

MeV are the energies of the initial impinging He'^ ions 

Physical Element 
Property C N 0 Si Ge 

Atomic Number, Z 6.0000 7.0000 8.0000 14.0000 32.0000 
Atomic Weight, amu 12.0110 14.0070 15.9990 28.0860 72.6380 

Kinematic Factor, K„e 0.2523 0.3109 0.3621 0.5654 0.8030 



Appendix B24 Relationship between the areal density and thickness for carbon, nitrogen, oxygen, silicon and germanium. 

Areal Thickness (*) 
Density A 

Atoms/cm^ C N 0 Si Ge 
l.OOE+00 5.68E-16 2.87E-15 2.33E-15 2.00E-15 2.26E-15 
l.OOE+02 5.68E-14 2.87E-13 2.33E-13 2.00E-13 2.26E-13 
l.OOE+04 5.68E-12 2.87E-11 2.33E-11 2.00E-11 2.26E-11 
l.OOE+06 5.68E-10 2.87E-09 2.33E-09 2.00E-09 2.26E-09 
l.OOE+08 5.68E-08 2.87E-07 2.33E-07 2.00E-07 2.26E-07 
l.OOE+10 5.68E-06 2.87E-05 2.33E-05 2.00E-05 2.26E-05 
l.OOE+12 5.68E-04 2.87E-03 2.33E-03 2.00E-03 2.26E-03 
l.OOE+14 5.68E-02 2.87E-01 2.33E-01 2.00E-01 2.26E-01 
l.OOE+16 5.68E+00 2.87E+01 2.33E+01 2.00E+01 2.26E+01 
l.OOE+18 5.68E+02 2.87E+03 2.33E+03 2.00E+03 2.26E+03 
l.OOE+20 5.68E+04 2.87E+05 2.33E+05 2.00E+05 2.26E+05 
l.OOE+22 5.68E+06 2.87E+07 2.33E+07 2.00E+07 2.26E+07 
l.OOE+24 5.68E+08 2.87E+09 2.33E+09 2.00E+09 2.26E+09 

Element 
Atomic 
Density 

Atoms/cc. 
C 1.76E+23 
N 3.48E+22 
0 4.30E+22 
Si 5.00E+22 
Ge 4.42E+22 

Note: (*) Thickness, A = Areal Density/Atomic Density where 1 cm = 10' A 
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Appendix B25 Table for analysis of elemental impurities on silicon surfaces by ion beam 

techniques with incident •*He^^ ions at a scattering angle, 9 = 0°, from the 
target surface. 

Element of 

Interest 

Experimental 

Parameters 2 MeV 

Sample: 

3.05 MeV 

xxxxxxx 

4.265 MeV Rel. Error 

Analysis 

Equations & Results 

SlUcon 

Suffice Peak 

H (Si-Film): 

x.xx 
at Gianael #: 

x.xx 

Xmax.(S.P.-Cban.) 2.0 MeV 

#DIVA)! 
3.05 MeV 

#DIV/0! 

4.265 MeV 
tfOIV/O! 

(H) - 2 MeV. 

iDIVA)! 

#DIVA)! 
#DIVA)! 

(A) • 2 MeV. 
#DIVA)! 
#DIVA)! 
#DIVA)! 

a cm'^2/Sterd. 

Silicon, Si 
At 2.0 MeV: 2.4763E-25 

At 3.05 MeV: 1.0648E-25 

At 4.265 MeV: 5.4454E-26 
Oxygen, O 

At 2 MeV: 7.4I26E-26 

At 3.05 MeV: 3.I874E-26 

Carbon, C 
At 2.0 MeV: 3.7551E-26 

At 4J65 MeV: 8.2575E-27 

IcOl SI 
At 2.0 MeV: 171.95 

At 3.05 MeV: 140.51 
At 4.265 MeV: 121.13 

StODDlne Powers 

SlUcon 

Suffice Peak 

H (Si-Film): 

x.xx 
at Gianael #: 

x.xx 

Xmin.KS.P.-Chan.) 

2.0 MeV 

#DIVA)! 
3.05 MeV 

#DIV/0! 

4.265 MeV 
tfOIV/O! 

(H) - 2 MeV. 

iDIVA)! 

#DIVA)! 
#DIVA)! 

(A) • 2 MeV. 
#DIVA)! 
#DIVA)! 
#DIVA)! 

a cm'^2/Sterd. 

Silicon, Si 
At 2.0 MeV: 2.4763E-25 

At 3.05 MeV: 1.0648E-25 

At 4.265 MeV: 5.4454E-26 
Oxygen, O 

At 2 MeV: 7.4I26E-26 

At 3.05 MeV: 3.I874E-26 

Carbon, C 
At 2.0 MeV: 3.7551E-26 

At 4J65 MeV: 8.2575E-27 

IcOl SI 
At 2.0 MeV: 171.95 

At 3.05 MeV: 140.51 
At 4.265 MeV: 121.13 

StODDlne Powers 

SlUcon 

Suffice Peak 

H (Si-Film): 

x.xx 
at Gianael #: 

x.xx 

XmsnJZ(S.P.*Chan.) 

2.0 MeV 

#DIVA)! 
3.05 MeV 

#DIV/0! 

4.265 MeV 
tfOIV/O! 

(H) - 2 MeV. 

iDIVA)! 

#DIVA)! 
#DIVA)! 

(A) • 2 MeV. 
#DIVA)! 
#DIVA)! 
#DIVA)! 

a cm'^2/Sterd. 

Silicon, Si 
At 2.0 MeV: 2.4763E-25 

At 3.05 MeV: 1.0648E-25 

At 4.265 MeV: 5.4454E-26 
Oxygen, O 

At 2 MeV: 7.4I26E-26 

At 3.05 MeV: 3.I874E-26 

Carbon, C 
At 2.0 MeV: 3.7551E-26 

At 4J65 MeV: 8.2575E-27 

IcOl SI 
At 2.0 MeV: 171.95 

At 3.05 MeV: 140.51 
At 4.265 MeV: 121.13 

StODDlne Powers 

SlUcon 

Suffice Peak 

H (Si-Film): 

x.xx 
at Gianael #: 

x.xx 

HKRan.) 

2.0 MeV 

#DIVA)! 
3.05 MeV 

#DIV/0! 

4.265 MeV 
tfOIV/O! 

(H) - 2 MeV. 

iDIVA)! 

#DIVA)! 
#DIVA)! 

(A) • 2 MeV. 
#DIVA)! 
#DIVA)! 
#DIVA)! 

a cm'^2/Sterd. 

Silicon, Si 
At 2.0 MeV: 2.4763E-25 

At 3.05 MeV: 1.0648E-25 

At 4.265 MeV: 5.4454E-26 
Oxygen, O 

At 2 MeV: 7.4I26E-26 

At 3.05 MeV: 3.I874E-26 

Carbon, C 
At 2.0 MeV: 3.7551E-26 

At 4J65 MeV: 8.2575E-27 

IcOl SI 
At 2.0 MeV: 171.95 

At 3.05 MeV: 140.51 
At 4.265 MeV: 121.13 

StODDlne Powers 

SlUcon 

Suffice Peak 

H (Si-Film): 

x.xx 
at Gianael #: 

x.xx 

HO^tfRan.) 0 0 0 

2.0 MeV 

#DIVA)! 
3.05 MeV 

#DIV/0! 

4.265 MeV 
tfOIV/O! 

(H) - 2 MeV. 

iDIVA)! 

#DIVA)! 
#DIVA)! 

(A) • 2 MeV. 
#DIVA)! 
#DIVA)! 
#DIVA)! 

a cm'^2/Sterd. 

Silicon, Si 
At 2.0 MeV: 2.4763E-25 

At 3.05 MeV: 1.0648E-25 

At 4.265 MeV: 5.4454E-26 
Oxygen, O 

At 2 MeV: 7.4I26E-26 

At 3.05 MeV: 3.I874E-26 

Carbon, C 
At 2.0 MeV: 3.7551E-26 

At 4J65 MeV: 8.2575E-27 

IcOl SI 
At 2.0 MeV: 171.95 

At 3.05 MeV: 140.51 
At 4.265 MeV: 121.13 

StODDlne Powers 

SlUcon 

Suffice Peak 

H (Si-Film): 

x.xx 
at Gianael #: 

x.xx 
Hmin.KRan.) 

2.0 MeV 

#DIVA)! 
3.05 MeV 

#DIV/0! 

4.265 MeV 
tfOIV/O! 

(H) - 2 MeV. 

iDIVA)! 

#DIVA)! 
#DIVA)! 

(A) • 2 MeV. 
#DIVA)! 
#DIVA)! 
#DIVA)! 

a cm'^2/Sterd. 

Silicon, Si 
At 2.0 MeV: 2.4763E-25 

At 3.05 MeV: 1.0648E-25 

At 4.265 MeV: 5.4454E-26 
Oxygen, O 

At 2 MeV: 7.4I26E-26 

At 3.05 MeV: 3.I874E-26 

Carbon, C 
At 2.0 MeV: 3.7551E-26 

At 4J65 MeV: 8.2575E-27 

IcOl SI 
At 2.0 MeV: 171.95 

At 3.05 MeV: 140.51 
At 4.265 MeV: 121.13 

StODDlne Powers 

SlUcon 

Suffice Peak 

H (Si-Film): 

x.xx 
at Gianael #: 

x.xx Amm. iKan.j 

2.0 MeV 

#DIVA)! 
3.05 MeV 

#DIV/0! 

4.265 MeV 
tfOIV/O! 

(H) - 2 MeV. 

iDIVA)! 

#DIVA)! 
#DIVA)! 

(A) • 2 MeV. 
#DIVA)! 
#DIVA)! 
#DIVA)! 

a cm'^2/Sterd. 

Silicon, Si 
At 2.0 MeV: 2.4763E-25 

At 3.05 MeV: 1.0648E-25 

At 4.265 MeV: 5.4454E-26 
Oxygen, O 

At 2 MeV: 7.4I26E-26 

At 3.05 MeV: 3.I874E-26 

Carbon, C 
At 2.0 MeV: 3.7551E-26 

At 4J65 MeV: 8.2575E-27 

IcOl SI 
At 2.0 MeV: 171.95 

At 3.05 MeV: 140.51 
At 4.265 MeV: 121.13 

StODDlne Powers 

SlUcon 

Suffice Peak 

H (Si-Film): 

x.xx 
at Gianael #: 

x.xx 

hmax.(Cbao.) 

2.0 MeV 

#DIVA)! 
3.05 MeV 

#DIV/0! 

4.265 MeV 
tfOIV/O! 

(H) - 2 MeV. 

iDIVA)! 

#DIVA)! 
#DIVA)! 

(A) • 2 MeV. 
#DIVA)! 
#DIVA)! 
#DIVA)! 

a cm'^2/Sterd. 

Silicon, Si 
At 2.0 MeV: 2.4763E-25 

At 3.05 MeV: 1.0648E-25 

At 4.265 MeV: 5.4454E-26 
Oxygen, O 

At 2 MeV: 7.4I26E-26 

At 3.05 MeV: 3.I874E-26 

Carbon, C 
At 2.0 MeV: 3.7551E-26 

At 4J65 MeV: 8.2575E-27 

IcOl SI 
At 2.0 MeV: 171.95 

At 3.05 MeV: 140.51 
At 4.265 MeV: 121.13 

StODDlne Powers 

SlUcon 

Suffice Peak 

H (Si-Film): 

x.xx 
at Gianael #: 

x.xx 

hmin.UB.S.'Chan.) 

2.0 MeV 

#DIVA)! 
3.05 MeV 

#DIV/0! 

4.265 MeV 
tfOIV/O! 

(H) - 2 MeV. 

iDIVA)! 

#DIVA)! 
#DIVA)! 

(A) • 2 MeV. 
#DIVA)! 
#DIVA)! 
#DIVA)! 

a cm'^2/Sterd. 

Silicon, Si 
At 2.0 MeV: 2.4763E-25 

At 3.05 MeV: 1.0648E-25 

At 4.265 MeV: 5.4454E-26 
Oxygen, O 

At 2 MeV: 7.4I26E-26 

At 3.05 MeV: 3.I874E-26 

Carbon, C 
At 2.0 MeV: 3.7551E-26 

At 4J65 MeV: 8.2575E-27 

IcOl SI 
At 2.0 MeV: 171.95 

At 3.05 MeV: 140.51 
At 4.265 MeV: 121.13 

StODDlne Powers 

SlUcon 

Suffice Peak 

H (Si-Film): 

x.xx 
at Gianael #: 

x.xx 

Amin. (Chan.) 

2.0 MeV 

#DIVA)! 
3.05 MeV 

#DIV/0! 

4.265 MeV 
tfOIV/O! 

(H) - 2 MeV. 

iDIVA)! 

#DIVA)! 
#DIVA)! 

(A) • 2 MeV. 
#DIVA)! 
#DIVA)! 
#DIVA)! 

a cm'^2/Sterd. 

Silicon, Si 
At 2.0 MeV: 2.4763E-25 

At 3.05 MeV: 1.0648E-25 

At 4.265 MeV: 5.4454E-26 
Oxygen, O 

At 2 MeV: 7.4I26E-26 

At 3.05 MeV: 3.I874E-26 

Carbon, C 
At 2.0 MeV: 3.7551E-26 

At 4J65 MeV: 8.2575E-27 

IcOl SI 
At 2.0 MeV: 171.95 

At 3.05 MeV: 140.51 
At 4.265 MeV: 121.13 

StODDlne Powers 

SlUcon 

Suffice Peak 

H (Si-Film): 

x.xx 
at Gianael #: 

x.xx 

b(B.S.-Chan.) 0 0 0 

2.0 MeV 

#DIVA)! 
3.05 MeV 

#DIV/0! 

4.265 MeV 
tfOIV/O! 

(H) - 2 MeV. 

iDIVA)! 

#DIVA)! 
#DIVA)! 

(A) • 2 MeV. 
#DIVA)! 
#DIVA)! 
#DIVA)! 

a cm'^2/Sterd. 

Silicon, Si 
At 2.0 MeV: 2.4763E-25 

At 3.05 MeV: 1.0648E-25 

At 4.265 MeV: 5.4454E-26 
Oxygen, O 

At 2 MeV: 7.4I26E-26 

At 3.05 MeV: 3.I874E-26 

Carbon, C 
At 2.0 MeV: 3.7551E-26 

At 4J65 MeV: 8.2575E-27 

IcOl SI 
At 2.0 MeV: 171.95 

At 3.05 MeV: 140.51 
At 4.265 MeV: 121.13 

StODDlne Powers 

SlUcon 

Suffice Peak 

H (Si-Film): 

x.xx 
at Gianael #: 

x.xx 

AKtrig.-Chan.) 0 0 0 

2.0 MeV 

#DIVA)! 
3.05 MeV 

#DIV/0! 

4.265 MeV 
tfOIV/O! 

(H) - 2 MeV. 

iDIVA)! 

#DIVA)! 
#DIVA)! 

(A) • 2 MeV. 
#DIVA)! 
#DIVA)! 
#DIVA)! 

a cm'^2/Sterd. 

Silicon, Si 
At 2.0 MeV: 2.4763E-25 

At 3.05 MeV: 1.0648E-25 

At 4.265 MeV: 5.4454E-26 
Oxygen, O 

At 2 MeV: 7.4I26E-26 

At 3.05 MeV: 3.I874E-26 

Carbon, C 
At 2.0 MeV: 3.7551E-26 

At 4J65 MeV: 8.2575E-27 

IcOl SI 
At 2.0 MeV: 171.95 

At 3.05 MeV: 140.51 
At 4.265 MeV: 121.13 

StODDlne Powers 

SlUcon 

Suffice Peak 

H (Si-Film): 

x.xx 
at Gianael #: 

x.xx 

A2(S.P.-Chan.) 

2.0 MeV 

#DIVA)! 
3.05 MeV 

#DIV/0! 

4.265 MeV 
tfOIV/O! 

(H) - 2 MeV. 

iDIVA)! 

#DIVA)! 
#DIVA)! 

(A) • 2 MeV. 
#DIVA)! 
#DIVA)! 
#DIVA)! 

a cm'^2/Sterd. 

Silicon, Si 
At 2.0 MeV: 2.4763E-25 

At 3.05 MeV: 1.0648E-25 

At 4.265 MeV: 5.4454E-26 
Oxygen, O 

At 2 MeV: 7.4I26E-26 

At 3.05 MeV: 3.I874E-26 

Carbon, C 
At 2.0 MeV: 3.7551E-26 

At 4J65 MeV: 8.2575E-27 

IcOl SI 
At 2.0 MeV: 171.95 

At 3.05 MeV: 140.51 
At 4.265 MeV: 121.13 

StODDlne Powers 

SlUcon 

Suffice Peak 

H (Si-Film): 

x.xx 
at Gianael #: 

x.xx 

Aact.(S.P.-Chan.) 0 0 0 

2.0 MeV 

#DIVA)! 
3.05 MeV 

#DIV/0! 

4.265 MeV 
tfOIV/O! 

(H) - 2 MeV. 

iDIVA)! 

#DIVA)! 
#DIVA)! 

(A) • 2 MeV. 
#DIVA)! 
#DIVA)! 
#DIVA)! 

a cm'^2/Sterd. 

Silicon, Si 
At 2.0 MeV: 2.4763E-25 

At 3.05 MeV: 1.0648E-25 

At 4.265 MeV: 5.4454E-26 
Oxygen, O 

At 2 MeV: 7.4I26E-26 

At 3.05 MeV: 3.I874E-26 

Carbon, C 
At 2.0 MeV: 3.7551E-26 

At 4J65 MeV: 8.2575E-27 

IcOl SI 
At 2.0 MeV: 171.95 

At 3.05 MeV: 140.51 
At 4.265 MeV: 121.13 

StODDlne Powers 

Oxygen 

Std. Dev.: 

Uft(BG) 
x.xx 

Right (BG) 
x.xx 

Hmax.: 
x.xx 

Hbacfc.: 

x.xx 
Hpeak: 

x.xx 

Xaiax.(0>Chan.) 2.0 MeV 
#DIVA)! 

3.05 MeV (Peak) 
#DIV/0! 

a cm'^2/Sterd. 

Silicon, Si 
At 2.0 MeV: 2.4763E-25 

At 3.05 MeV: 1.0648E-25 

At 4.265 MeV: 5.4454E-26 
Oxygen, O 

At 2 MeV: 7.4I26E-26 

At 3.05 MeV: 3.I874E-26 

Carbon, C 
At 2.0 MeV: 3.7551E-26 

At 4J65 MeV: 8.2575E-27 

IcOl SI 
At 2.0 MeV: 171.95 

At 3.05 MeV: 140.51 
At 4.265 MeV: 121.13 

StODDlne Powers 

Oxygen 

Std. Dev.: 

Uft(BG) 
x.xx 

Right (BG) 
x.xx 

Hmax.: 
x.xx 

Hbacfc.: 

x.xx 
Hpeak: 

x.xx 

Xmin.I(0«Chan.) 

2.0 MeV 
#DIVA)! 

3.05 MeV (Peak) 
#DIV/0! 

a cm'^2/Sterd. 

Silicon, Si 
At 2.0 MeV: 2.4763E-25 

At 3.05 MeV: 1.0648E-25 

At 4.265 MeV: 5.4454E-26 
Oxygen, O 

At 2 MeV: 7.4I26E-26 

At 3.05 MeV: 3.I874E-26 

Carbon, C 
At 2.0 MeV: 3.7551E-26 

At 4J65 MeV: 8.2575E-27 

IcOl SI 
At 2.0 MeV: 171.95 

At 3.05 MeV: 140.51 
At 4.265 MeV: 121.13 

StODDlne Powers 

Oxygen 

Std. Dev.: 

Uft(BG) 
x.xx 

Right (BG) 
x.xx 

Hmax.: 
x.xx 

Hbacfc.: 

x.xx 
Hpeak: 

x.xx 

Xmin.2(0>Chan.) 

2.0 MeV 
#DIVA)! 

3.05 MeV (Peak) 
#DIV/0! 

a cm'^2/Sterd. 

Silicon, Si 
At 2.0 MeV: 2.4763E-25 

At 3.05 MeV: 1.0648E-25 

At 4.265 MeV: 5.4454E-26 
Oxygen, O 

At 2 MeV: 7.4I26E-26 

At 3.05 MeV: 3.I874E-26 

Carbon, C 
At 2.0 MeV: 3.7551E-26 

At 4J65 MeV: 8.2575E-27 

IcOl SI 
At 2.0 MeV: 171.95 

At 3.05 MeV: 140.51 
At 4.265 MeV: 121.13 

StODDlne Powers 

Oxygen 

Std. Dev.: 

Uft(BG) 
x.xx 

Right (BG) 
x.xx 

Hmax.: 
x.xx 

Hbacfc.: 

x.xx 
Hpeak: 

x.xx 

XI (Back Ground) 

2.0 MeV 
#DIVA)! 

3.05 MeV (Peak) 
#DIV/0! Element e 

Oxygen 

Std. Dev.: 

Uft(BG) 
x.xx 

Right (BG) 
x.xx 

Hmax.: 
x.xx 

Hbacfc.: 

x.xx 
Hpeak: 

x.xx 

X2 (Back Ground) H 4.8 

Oxygen 

Std. Dev.: 

Uft(BG) 
x.xx 

Right (BG) 
x.xx 

Hmax.: 
x.xx 

Hbacfc.: 

x.xx 
Hpeak: 

x.xx 

Y1 (Back Ground) Std. Dev. (BG) U 12.5 

Oxygen 

Std. Dev.: 

Uft(BG) 
x.xx 

Right (BG) 
x.xx 

Hmax.: 
x.xx 

Hbacfc.: 

x.xx 
Hpeak: 

x.xx 

Y2 (Back Ground) #VALUE! C 22.5 

Oxygen 

Std. Dev.: 

Uft(BG) 
x.xx 

Right (BG) 
x.xx 

Hmax.: 
x.xx 

Hbacfc.: 

x.xx 
Hpeak: 

x.xx 

Y - Intercept #DIV/0! #DIV/0! 2.0 MeV (BG) N 26.5 

Oxygen 

Std. Dev.: 

Uft(BG) 
x.xx 

Right (BG) 
x.xx 

Hmax.: 
x.xx 

Hbacfc.: 

x.xx 
Hpeak: 

x.xx 

Slope #Divyo! #DrV/0! LVALUE! 0 28.0 

Oxygen 

Std. Dev.: 

Uft(BG) 
x.xx 

Right (BG) 
x.xx 

Hmax.: 
x.xx 

Hbacfc.: 

x.xx 
Hpeak: 

x.xx 

Airrotal Peak) 
ToUl (Peak + BG) 

#DIV/0! 

Si 40.0 

Oxygen 

Std. Dev.: 

Uft(BG) 
x.xx 

Right (BG) 
x.xx 

Hmax.: 
x.xx 

Hbacfc.: 

x.xx 
Hpeak: 

x.xx 

A2(Back Ground) #DIVA)! nDtvm ToUl (Peak + BG) 

#DIV/0! 

Units for C & [eO) 

eV cm^2/lE15atofns 
t matr. 

SiOt: 3.2000E-14 

e std. 
CH: I.I250E-14 

Atomic Density (SI) 
N(atoms/cm''2): 5.0000E-I-22 

^ (Detector) 

S.4 KeV/C3iannel 

R«HsunJHfid.» iDIVA)! 
X min. (SI) 

At 2.0 MeV (A): /fDlV/0! 

At 2.0 MeV (H): 0DtV/O! 

At 3.05 MeV: 0D!V/O! 
At 4.265 MeV: MDIV/O! 

Atoms/cm*2 
Si Surface Peak 

At 2.0 MeV: 0DrV/O! 
At 3.05 MeV: 0DIV/O! 

At 4.265 MeV: 0DIV/O! 
O (2 MeV): 0D!V/O! 

O (3.05 MeV): 0DIV/O! 

C (2 MeV): 0DIV/O.' 
C (4.265 MeV): 0DfV/O! 

H Fraction: 0D{y/O! 

Oxygen 

Std. Dev.: 

Uft(BG) 
x.xx 

Right (BG) 
x.xx 

Hmax.: 
x.xx 

Hbacfc.: 

x.xx 
Hpeak: 

x.xx A(Oxveen Peak) #DIVA)! #DIV/0! 

ToUl (Peak + BG) 

#DIV/0! 

Units for C & [eO) 

eV cm^2/lE15atofns 
t matr. 

SiOt: 3.2000E-14 

e std. 
CH: I.I250E-14 

Atomic Density (SI) 
N(atoms/cm''2): 5.0000E-I-22 

^ (Detector) 

S.4 KeV/C3iannel 

R«HsunJHfid.» iDIVA)! 
X min. (SI) 

At 2.0 MeV (A): /fDlV/0! 

At 2.0 MeV (H): 0DtV/O! 

At 3.05 MeV: 0D!V/O! 
At 4.265 MeV: MDIV/O! 

Atoms/cm*2 
Si Surface Peak 

At 2.0 MeV: 0DrV/O! 
At 3.05 MeV: 0DIV/O! 

At 4.265 MeV: 0DIV/O! 
O (2 MeV): 0D!V/O! 

O (3.05 MeV): 0DIV/O! 

C (2 MeV): 0DIV/O.' 
C (4.265 MeV): 0DfV/O! 

H Fraction: 0D{y/O! 

Carbon 
Std. Dev.; 

LefKBG) 
x.xx 

Right (BG) 
x.xx 

Hmax.: 
x.xx 

Hback.: 

x.xx 
Hpcak: 

x.xx 

Xmax.(C-Chan.) 2.0 MeV 
#DIVA)! 

4.265 MeV (Peak) 
iDIVA)! 

Std. Dev. (BG) 

iVALUE! 
4.265 MeV (BG) 

iVALUE! 

ToUl (Peak + BG) 
iDIVA)! 

Units for C & [eO) 

eV cm^2/lE15atofns 
t matr. 

SiOt: 3.2000E-14 

e std. 
CH: I.I250E-14 

Atomic Density (SI) 
N(atoms/cm''2): 5.0000E-I-22 

^ (Detector) 

S.4 KeV/C3iannel 

R«HsunJHfid.» iDIVA)! 
X min. (SI) 

At 2.0 MeV (A): /fDlV/0! 

At 2.0 MeV (H): 0DtV/O! 

At 3.05 MeV: 0D!V/O! 
At 4.265 MeV: MDIV/O! 

Atoms/cm*2 
Si Surface Peak 

At 2.0 MeV: 0DrV/O! 
At 3.05 MeV: 0DIV/O! 

At 4.265 MeV: 0DIV/O! 
O (2 MeV): 0D!V/O! 

O (3.05 MeV): 0DIV/O! 

C (2 MeV): 0DIV/O.' 
C (4.265 MeV): 0DfV/O! 

H Fraction: 0D{y/O! 

Carbon 
Std. Dev.; 

LefKBG) 
x.xx 

Right (BG) 
x.xx 

Hmax.: 
x.xx 

Hback.: 

x.xx 
Hpcak: 

x.xx 

Xmin. I (C-Chan.) 

2.0 MeV 
#DIVA)! 

4.265 MeV (Peak) 
iDIVA)! 

Std. Dev. (BG) 

iVALUE! 
4.265 MeV (BG) 

iVALUE! 

ToUl (Peak + BG) 
iDIVA)! 

Units for C & [eO) 

eV cm^2/lE15atofns 
t matr. 

SiOt: 3.2000E-14 

e std. 
CH: I.I250E-14 

Atomic Density (SI) 
N(atoms/cm''2): 5.0000E-I-22 

^ (Detector) 

S.4 KeV/C3iannel 

R«HsunJHfid.» iDIVA)! 
X min. (SI) 

At 2.0 MeV (A): /fDlV/0! 

At 2.0 MeV (H): 0DtV/O! 

At 3.05 MeV: 0D!V/O! 
At 4.265 MeV: MDIV/O! 

Atoms/cm*2 
Si Surface Peak 

At 2.0 MeV: 0DrV/O! 
At 3.05 MeV: 0DIV/O! 

At 4.265 MeV: 0DIV/O! 
O (2 MeV): 0D!V/O! 

O (3.05 MeV): 0DIV/O! 

C (2 MeV): 0DIV/O.' 
C (4.265 MeV): 0DfV/O! 

H Fraction: 0D{y/O! 

Carbon 
Std. Dev.; 

LefKBG) 
x.xx 

Right (BG) 
x.xx 

Hmax.: 
x.xx 

Hback.: 

x.xx 
Hpcak: 

x.xx 

Xmin.2fC'Chan.) 

2.0 MeV 
#DIVA)! 

4.265 MeV (Peak) 
iDIVA)! 

Std. Dev. (BG) 

iVALUE! 
4.265 MeV (BG) 

iVALUE! 

ToUl (Peak + BG) 
iDIVA)! 

Units for C & [eO) 

eV cm^2/lE15atofns 
t matr. 

SiOt: 3.2000E-14 

e std. 
CH: I.I250E-14 

Atomic Density (SI) 
N(atoms/cm''2): 5.0000E-I-22 

^ (Detector) 

S.4 KeV/C3iannel 

R«HsunJHfid.» iDIVA)! 
X min. (SI) 

At 2.0 MeV (A): /fDlV/0! 

At 2.0 MeV (H): 0DtV/O! 

At 3.05 MeV: 0D!V/O! 
At 4.265 MeV: MDIV/O! 

Atoms/cm*2 
Si Surface Peak 

At 2.0 MeV: 0DrV/O! 
At 3.05 MeV: 0DIV/O! 

At 4.265 MeV: 0DIV/O! 
O (2 MeV): 0D!V/O! 

O (3.05 MeV): 0DIV/O! 

C (2 MeV): 0DIV/O.' 
C (4.265 MeV): 0DfV/O! 

H Fraction: 0D{y/O! 

Carbon 
Std. Dev.; 

LefKBG) 
x.xx 

Right (BG) 
x.xx 

Hmax.: 
x.xx 

Hback.: 

x.xx 
Hpcak: 

x.xx 

XI (Back Ground) 

2.0 MeV 
#DIVA)! 

4.265 MeV (Peak) 
iDIVA)! 

Std. Dev. (BG) 

iVALUE! 
4.265 MeV (BG) 

iVALUE! 

ToUl (Peak + BG) 
iDIVA)! 

Units for C & [eO) 

eV cm^2/lE15atofns 
t matr. 

SiOt: 3.2000E-14 

e std. 
CH: I.I250E-14 

Atomic Density (SI) 
N(atoms/cm''2): 5.0000E-I-22 

^ (Detector) 

S.4 KeV/C3iannel 

R«HsunJHfid.» iDIVA)! 
X min. (SI) 

At 2.0 MeV (A): /fDlV/0! 

At 2.0 MeV (H): 0DtV/O! 

At 3.05 MeV: 0D!V/O! 
At 4.265 MeV: MDIV/O! 

Atoms/cm*2 
Si Surface Peak 

At 2.0 MeV: 0DrV/O! 
At 3.05 MeV: 0DIV/O! 

At 4.265 MeV: 0DIV/O! 
O (2 MeV): 0D!V/O! 

O (3.05 MeV): 0DIV/O! 

C (2 MeV): 0DIV/O.' 
C (4.265 MeV): 0DfV/O! 

H Fraction: 0D{y/O! 

Carbon 
Std. Dev.; 

LefKBG) 
x.xx 

Right (BG) 
x.xx 

Hmax.: 
x.xx 

Hback.: 

x.xx 
Hpcak: 

x.xx 

X2 (Back Ground) 

2.0 MeV 
#DIVA)! 

4.265 MeV (Peak) 
iDIVA)! 

Std. Dev. (BG) 

iVALUE! 
4.265 MeV (BG) 

iVALUE! 

ToUl (Peak + BG) 
iDIVA)! 

Units for C & [eO) 

eV cm^2/lE15atofns 
t matr. 

SiOt: 3.2000E-14 

e std. 
CH: I.I250E-14 

Atomic Density (SI) 
N(atoms/cm''2): 5.0000E-I-22 

^ (Detector) 

S.4 KeV/C3iannel 

R«HsunJHfid.» iDIVA)! 
X min. (SI) 

At 2.0 MeV (A): /fDlV/0! 

At 2.0 MeV (H): 0DtV/O! 

At 3.05 MeV: 0D!V/O! 
At 4.265 MeV: MDIV/O! 

Atoms/cm*2 
Si Surface Peak 

At 2.0 MeV: 0DrV/O! 
At 3.05 MeV: 0DIV/O! 

At 4.265 MeV: 0DIV/O! 
O (2 MeV): 0D!V/O! 

O (3.05 MeV): 0DIV/O! 

C (2 MeV): 0DIV/O.' 
C (4.265 MeV): 0DfV/O! 

H Fraction: 0D{y/O! 

Carbon 
Std. Dev.; 

LefKBG) 
x.xx 

Right (BG) 
x.xx 

Hmax.: 
x.xx 

Hback.: 

x.xx 
Hpcak: 

x.xx 

Y1 (Back Ground) 

2.0 MeV 
#DIVA)! 

4.265 MeV (Peak) 
iDIVA)! 

Std. Dev. (BG) 

iVALUE! 
4.265 MeV (BG) 

iVALUE! 

ToUl (Peak + BG) 
iDIVA)! 

Units for C & [eO) 

eV cm^2/lE15atofns 
t matr. 

SiOt: 3.2000E-14 

e std. 
CH: I.I250E-14 

Atomic Density (SI) 
N(atoms/cm''2): 5.0000E-I-22 

^ (Detector) 

S.4 KeV/C3iannel 

R«HsunJHfid.» iDIVA)! 
X min. (SI) 

At 2.0 MeV (A): /fDlV/0! 

At 2.0 MeV (H): 0DtV/O! 

At 3.05 MeV: 0D!V/O! 
At 4.265 MeV: MDIV/O! 

Atoms/cm*2 
Si Surface Peak 

At 2.0 MeV: 0DrV/O! 
At 3.05 MeV: 0DIV/O! 

At 4.265 MeV: 0DIV/O! 
O (2 MeV): 0D!V/O! 

O (3.05 MeV): 0DIV/O! 

C (2 MeV): 0DIV/O.' 
C (4.265 MeV): 0DfV/O! 

H Fraction: 0D{y/O! 

Carbon 
Std. Dev.; 

LefKBG) 
x.xx 

Right (BG) 
x.xx 

Hmax.: 
x.xx 

Hback.: 

x.xx 
Hpcak: 

x.xx 

Y2 (Back Ground) 

2.0 MeV 
#DIVA)! 

4.265 MeV (Peak) 
iDIVA)! 

Std. Dev. (BG) 

iVALUE! 
4.265 MeV (BG) 

iVALUE! 

ToUl (Peak + BG) 
iDIVA)! 

Units for C & [eO) 

eV cm^2/lE15atofns 
t matr. 

SiOt: 3.2000E-14 

e std. 
CH: I.I250E-14 

Atomic Density (SI) 
N(atoms/cm''2): 5.0000E-I-22 

^ (Detector) 

S.4 KeV/C3iannel 

R«HsunJHfid.» iDIVA)! 
X min. (SI) 

At 2.0 MeV (A): /fDlV/0! 

At 2.0 MeV (H): 0DtV/O! 

At 3.05 MeV: 0D!V/O! 
At 4.265 MeV: MDIV/O! 

Atoms/cm*2 
Si Surface Peak 

At 2.0 MeV: 0DrV/O! 
At 3.05 MeV: 0DIV/O! 

At 4.265 MeV: 0DIV/O! 
O (2 MeV): 0D!V/O! 

O (3.05 MeV): 0DIV/O! 

C (2 MeV): 0DIV/O.' 
C (4.265 MeV): 0DfV/O! 

H Fraction: 0D{y/O! 

Carbon 
Std. Dev.; 

LefKBG) 
x.xx 

Right (BG) 
x.xx 

Hmax.: 
x.xx 

Hback.: 

x.xx 
Hpcak: 

x.xx 

Y - Intercept #DIV/0! #DIV/0! 

2.0 MeV 
#DIVA)! 

4.265 MeV (Peak) 
iDIVA)! 

Std. Dev. (BG) 

iVALUE! 
4.265 MeV (BG) 

iVALUE! 

ToUl (Peak + BG) 
iDIVA)! 

Units for C & [eO) 

eV cm^2/lE15atofns 
t matr. 

SiOt: 3.2000E-14 

e std. 
CH: I.I250E-14 

Atomic Density (SI) 
N(atoms/cm''2): 5.0000E-I-22 

^ (Detector) 

S.4 KeV/C3iannel 

R«HsunJHfid.» iDIVA)! 
X min. (SI) 

At 2.0 MeV (A): /fDlV/0! 

At 2.0 MeV (H): 0DtV/O! 

At 3.05 MeV: 0D!V/O! 
At 4.265 MeV: MDIV/O! 

Atoms/cm*2 
Si Surface Peak 

At 2.0 MeV: 0DrV/O! 
At 3.05 MeV: 0DIV/O! 

At 4.265 MeV: 0DIV/O! 
O (2 MeV): 0D!V/O! 

O (3.05 MeV): 0DIV/O! 

C (2 MeV): 0DIV/O.' 
C (4.265 MeV): 0DfV/O! 

H Fraction: 0D{y/O! 

Carbon 
Std. Dev.; 

LefKBG) 
x.xx 

Right (BG) 
x.xx 

Hmax.: 
x.xx 

Hback.: 

x.xx 
Hpcak: 

x.xx 

Slope #DIV/0! #DIVA)! 

2.0 MeV 
#DIVA)! 

4.265 MeV (Peak) 
iDIVA)! 

Std. Dev. (BG) 

iVALUE! 
4.265 MeV (BG) 

iVALUE! 

ToUl (Peak + BG) 
iDIVA)! 

Units for C & [eO) 

eV cm^2/lE15atofns 
t matr. 

SiOt: 3.2000E-14 

e std. 
CH: I.I250E-14 

Atomic Density (SI) 
N(atoms/cm''2): 5.0000E-I-22 

^ (Detector) 

S.4 KeV/C3iannel 

R«HsunJHfid.» iDIVA)! 
X min. (SI) 

At 2.0 MeV (A): /fDlV/0! 

At 2.0 MeV (H): 0DtV/O! 

At 3.05 MeV: 0D!V/O! 
At 4.265 MeV: MDIV/O! 

Atoms/cm*2 
Si Surface Peak 

At 2.0 MeV: 0DrV/O! 
At 3.05 MeV: 0DIV/O! 

At 4.265 MeV: 0DIV/O! 
O (2 MeV): 0D!V/O! 

O (3.05 MeV): 0DIV/O! 

C (2 MeV): 0DIV/O.' 
C (4.265 MeV): 0DfV/O! 

H Fraction: 0D{y/O! 

Carbon 
Std. Dev.; 

LefKBG) 
x.xx 

Right (BG) 
x.xx 

Hmax.: 
x.xx 

Hback.: 

x.xx 
Hpcak: 

x.xx 

AlfTolal Peak) 

2.0 MeV 
#DIVA)! 

4.265 MeV (Peak) 
iDIVA)! 

Std. Dev. (BG) 

iVALUE! 
4.265 MeV (BG) 

iVALUE! 

ToUl (Peak + BG) 
iDIVA)! 

Units for C & [eO) 

eV cm^2/lE15atofns 
t matr. 

SiOt: 3.2000E-14 

e std. 
CH: I.I250E-14 

Atomic Density (SI) 
N(atoms/cm''2): 5.0000E-I-22 

^ (Detector) 

S.4 KeV/C3iannel 

R«HsunJHfid.» iDIVA)! 
X min. (SI) 

At 2.0 MeV (A): /fDlV/0! 

At 2.0 MeV (H): 0DtV/O! 

At 3.05 MeV: 0D!V/O! 
At 4.265 MeV: MDIV/O! 

Atoms/cm*2 
Si Surface Peak 

At 2.0 MeV: 0DrV/O! 
At 3.05 MeV: 0DIV/O! 

At 4.265 MeV: 0DIV/O! 
O (2 MeV): 0D!V/O! 

O (3.05 MeV): 0DIV/O! 

C (2 MeV): 0DIV/O.' 
C (4.265 MeV): 0DfV/O! 

H Fraction: 0D{y/O! 

Carbon 
Std. Dev.; 

LefKBG) 
x.xx 

Right (BG) 
x.xx 

Hmax.: 
x.xx 

Hback.: 

x.xx 
Hpcak: 

x.xx 
A2(Back Ground) ffDIV/0! #DIV/0! 

2.0 MeV 
#DIVA)! 

4.265 MeV (Peak) 
iDIVA)! 

Std. Dev. (BG) 

iVALUE! 
4.265 MeV (BG) 

iVALUE! 

ToUl (Peak + BG) 
iDIVA)! 

Units for C & [eO) 

eV cm^2/lE15atofns 
t matr. 

SiOt: 3.2000E-14 

e std. 
CH: I.I250E-14 

Atomic Density (SI) 
N(atoms/cm''2): 5.0000E-I-22 

^ (Detector) 

S.4 KeV/C3iannel 

R«HsunJHfid.» iDIVA)! 
X min. (SI) 

At 2.0 MeV (A): /fDlV/0! 

At 2.0 MeV (H): 0DtV/O! 

At 3.05 MeV: 0D!V/O! 
At 4.265 MeV: MDIV/O! 

Atoms/cm*2 
Si Surface Peak 

At 2.0 MeV: 0DrV/O! 
At 3.05 MeV: 0DIV/O! 

At 4.265 MeV: 0DIV/O! 
O (2 MeV): 0D!V/O! 

O (3.05 MeV): 0DIV/O! 

C (2 MeV): 0DIV/O.' 
C (4.265 MeV): 0DfV/O! 

H Fraction: 0D{y/O! 

Carbon 
Std. Dev.; 

LefKBG) 
x.xx 

Right (BG) 
x.xx 

Hmax.: 
x.xx 

Hback.: 

x.xx 
Hpcak: 

x.xx A(Cart)on Peak) «DlV/0! 

2.0 MeV 
#DIVA)! 

4.265 MeV (Peak) 
iDIVA)! 

Std. Dev. (BG) 

iVALUE! 
4.265 MeV (BG) 

iVALUE! 

ToUl (Peak + BG) 
iDIVA)! 

Units for C & [eO) 

eV cm^2/lE15atofns 
t matr. 

SiOt: 3.2000E-14 

e std. 
CH: I.I250E-14 

Atomic Density (SI) 
N(atoms/cm''2): 5.0000E-I-22 

^ (Detector) 

S.4 KeV/C3iannel 

R«HsunJHfid.» iDIVA)! 
X min. (SI) 

At 2.0 MeV (A): /fDlV/0! 

At 2.0 MeV (H): 0DtV/O! 

At 3.05 MeV: 0D!V/O! 
At 4.265 MeV: MDIV/O! 

Atoms/cm*2 
Si Surface Peak 

At 2.0 MeV: 0DrV/O! 
At 3.05 MeV: 0DIV/O! 

At 4.265 MeV: 0DIV/O! 
O (2 MeV): 0D!V/O! 

O (3.05 MeV): 0DIV/O! 

C (2 MeV): 0DIV/O.' 
C (4.265 MeV): 0DfV/O! 

H Fraction: 0D{y/O! 

Hydrogen 

Sample (S) 

Analysis 

performed tit 

2.H MeV 

Xmax.(H5am.) 

2.8 MeV (S) 
iDIVA)! 

Units for C & [eO) 

eV cm^2/lE15atofns 
t matr. 

SiOt: 3.2000E-14 

e std. 
CH: I.I250E-14 

Atomic Density (SI) 
N(atoms/cm''2): 5.0000E-I-22 

^ (Detector) 

S.4 KeV/C3iannel 

R«HsunJHfid.» iDIVA)! 
X min. (SI) 

At 2.0 MeV (A): /fDlV/0! 

At 2.0 MeV (H): 0DtV/O! 

At 3.05 MeV: 0D!V/O! 
At 4.265 MeV: MDIV/O! 

Atoms/cm*2 
Si Surface Peak 

At 2.0 MeV: 0DrV/O! 
At 3.05 MeV: 0DIV/O! 

At 4.265 MeV: 0DIV/O! 
O (2 MeV): 0D!V/O! 

O (3.05 MeV): 0DIV/O! 

C (2 MeV): 0DIV/O.' 
C (4.265 MeV): 0DfV/O! 

H Fraction: 0D{y/O! 

Hydrogen 

Sample (S) 

Analysis 

performed tit 

2.H MeV 

Xmin.KHsam.) 
2.8 MeV (S) 

iDIVA)! 

Units for C & [eO) 

eV cm^2/lE15atofns 
t matr. 

SiOt: 3.2000E-14 

e std. 
CH: I.I250E-14 

Atomic Density (SI) 
N(atoms/cm''2): 5.0000E-I-22 

^ (Detector) 

S.4 KeV/C3iannel 

R«HsunJHfid.» iDIVA)! 
X min. (SI) 

At 2.0 MeV (A): /fDlV/0! 

At 2.0 MeV (H): 0DtV/O! 

At 3.05 MeV: 0D!V/O! 
At 4.265 MeV: MDIV/O! 

Atoms/cm*2 
Si Surface Peak 

At 2.0 MeV: 0DrV/O! 
At 3.05 MeV: 0DIV/O! 

At 4.265 MeV: 0DIV/O! 
O (2 MeV): 0D!V/O! 

O (3.05 MeV): 0DIV/O! 

C (2 MeV): 0DIV/O.' 
C (4.265 MeV): 0DfV/O! 

H Fraction: 0D{y/O! 

Hydrogen 

Sample (S) 

Analysis 

performed tit 

2.H MeV 

Xmin.2(Hsam.) 2.8 MeV (S) 
iDIVA)! 

Units for C & [eO) 

eV cm^2/lE15atofns 
t matr. 

SiOt: 3.2000E-14 

e std. 
CH: I.I250E-14 

Atomic Density (SI) 
N(atoms/cm''2): 5.0000E-I-22 

^ (Detector) 

S.4 KeV/C3iannel 

R«HsunJHfid.» iDIVA)! 
X min. (SI) 

At 2.0 MeV (A): /fDlV/0! 

At 2.0 MeV (H): 0DtV/O! 

At 3.05 MeV: 0D!V/O! 
At 4.265 MeV: MDIV/O! 

Atoms/cm*2 
Si Surface Peak 

At 2.0 MeV: 0DrV/O! 
At 3.05 MeV: 0DIV/O! 

At 4.265 MeV: 0DIV/O! 
O (2 MeV): 0D!V/O! 

O (3.05 MeV): 0DIV/O! 

C (2 MeV): 0DIV/O.' 
C (4.265 MeV): 0DfV/O! 

H Fraction: 0D{y/O! 

Hydrogen 

Sample (S) 

Analysis 

performed tit 

2.H MeV 

Hmax.(Hsam.) 
2.8 MeV (S) 

iDIVA)! 

Units for C & [eO) 

eV cm^2/lE15atofns 
t matr. 

SiOt: 3.2000E-14 

e std. 
CH: I.I250E-14 

Atomic Density (SI) 
N(atoms/cm''2): 5.0000E-I-22 

^ (Detector) 

S.4 KeV/C3iannel 

R«HsunJHfid.» iDIVA)! 
X min. (SI) 

At 2.0 MeV (A): /fDlV/0! 

At 2.0 MeV (H): 0DtV/O! 

At 3.05 MeV: 0D!V/O! 
At 4.265 MeV: MDIV/O! 

Atoms/cm*2 
Si Surface Peak 

At 2.0 MeV: 0DrV/O! 
At 3.05 MeV: 0DIV/O! 

At 4.265 MeV: 0DIV/O! 
O (2 MeV): 0D!V/O! 

O (3.05 MeV): 0DIV/O! 

C (2 MeV): 0DIV/O.' 
C (4.265 MeV): 0DfV/O! 

H Fraction: 0D{y/O! 

Hydrogen 

Sample (S) 

Analysis 

performed tit 

2.H MeV 
Hmin.UHsam.) 

2.8 MeV (S) 
iDIVA)! 

Units for C & [eO) 

eV cm^2/lE15atofns 
t matr. 

SiOt: 3.2000E-14 

e std. 
CH: I.I250E-14 

Atomic Density (SI) 
N(atoms/cm''2): 5.0000E-I-22 

^ (Detector) 

S.4 KeV/C3iannel 

R«HsunJHfid.» iDIVA)! 
X min. (SI) 

At 2.0 MeV (A): /fDlV/0! 

At 2.0 MeV (H): 0DtV/O! 

At 3.05 MeV: 0D!V/O! 
At 4.265 MeV: MDIV/O! 

Atoms/cm*2 
Si Surface Peak 

At 2.0 MeV: 0DrV/O! 
At 3.05 MeV: 0DIV/O! 

At 4.265 MeV: 0DIV/O! 
O (2 MeV): 0D!V/O! 

O (3.05 MeV): 0DIV/O! 

C (2 MeV): 0DIV/O.' 
C (4.265 MeV): 0DfV/O! 

H Fraction: 0D{y/O! 

Hydrogen 

Sample (S) 

Analysis 

performed tit 

2.H MeV Hmin.2(Hsam.) 

2.8 MeV (S) 
iDIVA)! 

Units for C & [eO) 

eV cm^2/lE15atofns 
t matr. 

SiOt: 3.2000E-14 

e std. 
CH: I.I250E-14 

Atomic Density (SI) 
N(atoms/cm''2): 5.0000E-I-22 

^ (Detector) 

S.4 KeV/C3iannel 

R«HsunJHfid.» iDIVA)! 
X min. (SI) 

At 2.0 MeV (A): /fDlV/0! 

At 2.0 MeV (H): 0DtV/O! 

At 3.05 MeV: 0D!V/O! 
At 4.265 MeV: MDIV/O! 

Atoms/cm*2 
Si Surface Peak 

At 2.0 MeV: 0DrV/O! 
At 3.05 MeV: 0DIV/O! 

At 4.265 MeV: 0DIV/O! 
O (2 MeV): 0D!V/O! 

O (3.05 MeV): 0DIV/O! 

C (2 MeV): 0DIV/O.' 
C (4.265 MeV): 0DfV/O! 

H Fraction: 0D{y/O! 

Hydrogen 

Sample (S) 

Analysis 

performed tit 

2.H MeV 
Area. A(Hsam.) 

2.8 MeV (S) 
iDIVA)! 

Units for C & [eO) 

eV cm^2/lE15atofns 
t matr. 

SiOt: 3.2000E-14 

e std. 
CH: I.I250E-14 

Atomic Density (SI) 
N(atoms/cm''2): 5.0000E-I-22 

^ (Detector) 

S.4 KeV/C3iannel 

R«HsunJHfid.» iDIVA)! 
X min. (SI) 

At 2.0 MeV (A): /fDlV/0! 

At 2.0 MeV (H): 0DtV/O! 

At 3.05 MeV: 0D!V/O! 
At 4.265 MeV: MDIV/O! 

Atoms/cm*2 
Si Surface Peak 

At 2.0 MeV: 0DrV/O! 
At 3.05 MeV: 0DIV/O! 

At 4.265 MeV: 0DIV/O! 
O (2 MeV): 0D!V/O! 

O (3.05 MeV): 0DIV/O! 

C (2 MeV): 0DIV/O.' 
C (4.265 MeV): 0DfV/O! 

H Fraction: 0D{y/O! 

Hydrogen 

Standard (ST) 

Analysis 

performed at 
2.S MeV 

Xmax.(Hstd.) 

2.8 MeV (ST) 
iDIVA)! 

Total (S>ST) 
iDIVA)! 

Units for C & [eO) 

eV cm^2/lE15atofns 
t matr. 

SiOt: 3.2000E-14 

e std. 
CH: I.I250E-14 

Atomic Density (SI) 
N(atoms/cm''2): 5.0000E-I-22 

^ (Detector) 

S.4 KeV/C3iannel 

R«HsunJHfid.» iDIVA)! 
X min. (SI) 

At 2.0 MeV (A): /fDlV/0! 

At 2.0 MeV (H): 0DtV/O! 

At 3.05 MeV: 0D!V/O! 
At 4.265 MeV: MDIV/O! 

Atoms/cm*2 
Si Surface Peak 

At 2.0 MeV: 0DrV/O! 
At 3.05 MeV: 0DIV/O! 

At 4.265 MeV: 0DIV/O! 
O (2 MeV): 0D!V/O! 

O (3.05 MeV): 0DIV/O! 

C (2 MeV): 0DIV/O.' 
C (4.265 MeV): 0DfV/O! 

H Fraction: 0D{y/O! 

Hydrogen 

Standard (ST) 

Analysis 

performed at 
2.S MeV 

Xmin.KHstd.) 
2.8 MeV (ST) 

iDIVA)! 

Total (S>ST) 
iDIVA)! 

Units for C & [eO) 

eV cm^2/lE15atofns 
t matr. 

SiOt: 3.2000E-14 

e std. 
CH: I.I250E-14 

Atomic Density (SI) 
N(atoms/cm''2): 5.0000E-I-22 

^ (Detector) 

S.4 KeV/C3iannel 

R«HsunJHfid.» iDIVA)! 
X min. (SI) 

At 2.0 MeV (A): /fDlV/0! 

At 2.0 MeV (H): 0DtV/O! 

At 3.05 MeV: 0D!V/O! 
At 4.265 MeV: MDIV/O! 

Atoms/cm*2 
Si Surface Peak 

At 2.0 MeV: 0DrV/O! 
At 3.05 MeV: 0DIV/O! 

At 4.265 MeV: 0DIV/O! 
O (2 MeV): 0D!V/O! 

O (3.05 MeV): 0DIV/O! 

C (2 MeV): 0DIV/O.' 
C (4.265 MeV): 0DfV/O! 

H Fraction: 0D{y/O! 

Hydrogen 

Standard (ST) 

Analysis 

performed at 
2.S MeV 

Xmin^Hstd.) 2.8 MeV (ST) 
iDIVA)! 

Total (S>ST) 
iDIVA)! 

Units for C & [eO) 

eV cm^2/lE15atofns 
t matr. 

SiOt: 3.2000E-14 

e std. 
CH: I.I250E-14 

Atomic Density (SI) 
N(atoms/cm''2): 5.0000E-I-22 

^ (Detector) 

S.4 KeV/C3iannel 

R«HsunJHfid.» iDIVA)! 
X min. (SI) 

At 2.0 MeV (A): /fDlV/0! 

At 2.0 MeV (H): 0DtV/O! 

At 3.05 MeV: 0D!V/O! 
At 4.265 MeV: MDIV/O! 

Atoms/cm*2 
Si Surface Peak 

At 2.0 MeV: 0DrV/O! 
At 3.05 MeV: 0DIV/O! 

At 4.265 MeV: 0DIV/O! 
O (2 MeV): 0D!V/O! 

O (3.05 MeV): 0DIV/O! 

C (2 MeV): 0DIV/O.' 
C (4.265 MeV): 0DfV/O! 

H Fraction: 0D{y/O! 

Hydrogen 

Standard (ST) 

Analysis 

performed at 
2.S MeV 

Hmax.(Hstd.) 
2.8 MeV (ST) 

iDIVA)! 

Total (S>ST) 
iDIVA)! 

Units for C & [eO) 

eV cm^2/lE15atofns 
t matr. 

SiOt: 3.2000E-14 

e std. 
CH: I.I250E-14 

Atomic Density (SI) 
N(atoms/cm''2): 5.0000E-I-22 

^ (Detector) 

S.4 KeV/C3iannel 

R«HsunJHfid.» iDIVA)! 
X min. (SI) 

At 2.0 MeV (A): /fDlV/0! 

At 2.0 MeV (H): 0DtV/O! 

At 3.05 MeV: 0D!V/O! 
At 4.265 MeV: MDIV/O! 

Atoms/cm*2 
Si Surface Peak 

At 2.0 MeV: 0DrV/O! 
At 3.05 MeV: 0DIV/O! 

At 4.265 MeV: 0DIV/O! 
O (2 MeV): 0D!V/O! 

O (3.05 MeV): 0DIV/O! 

C (2 MeV): 0DIV/O.' 
C (4.265 MeV): 0DfV/O! 

H Fraction: 0D{y/O! 

Hydrogen 

Standard (ST) 

Analysis 

performed at 
2.S MeV 

Hmin.UHstd.) 

2.8 MeV (ST) 
iDIVA)! 

Total (S>ST) 
iDIVA)! 

Units for C & [eO) 

eV cm^2/lE15atofns 
t matr. 

SiOt: 3.2000E-14 

e std. 
CH: I.I250E-14 

Atomic Density (SI) 
N(atoms/cm''2): 5.0000E-I-22 

^ (Detector) 

S.4 KeV/C3iannel 

R«HsunJHfid.» iDIVA)! 
X min. (SI) 

At 2.0 MeV (A): /fDlV/0! 

At 2.0 MeV (H): 0DtV/O! 

At 3.05 MeV: 0D!V/O! 
At 4.265 MeV: MDIV/O! 

Atoms/cm*2 
Si Surface Peak 

At 2.0 MeV: 0DrV/O! 
At 3.05 MeV: 0DIV/O! 

At 4.265 MeV: 0DIV/O! 
O (2 MeV): 0D!V/O! 

O (3.05 MeV): 0DIV/O! 

C (2 MeV): 0DIV/O.' 
C (4.265 MeV): 0DfV/O! 

H Fraction: 0D{y/O! 

Hydrogen 

Standard (ST) 

Analysis 

performed at 
2.S MeV Hmin.2(Hstd.) 

2.8 MeV (ST) 
iDIVA)! 

Total (S>ST) 
iDIVA)! 

Units for C & [eO) 

eV cm^2/lE15atofns 
t matr. 

SiOt: 3.2000E-14 

e std. 
CH: I.I250E-14 

Atomic Density (SI) 
N(atoms/cm''2): 5.0000E-I-22 

^ (Detector) 

S.4 KeV/C3iannel 

R«HsunJHfid.» iDIVA)! 
X min. (SI) 

At 2.0 MeV (A): /fDlV/0! 

At 2.0 MeV (H): 0DtV/O! 

At 3.05 MeV: 0D!V/O! 
At 4.265 MeV: MDIV/O! 

Atoms/cm*2 
Si Surface Peak 

At 2.0 MeV: 0DrV/O! 
At 3.05 MeV: 0DIV/O! 

At 4.265 MeV: 0DIV/O! 
O (2 MeV): 0D!V/O! 

O (3.05 MeV): 0DIV/O! 

C (2 MeV): 0DIV/O.' 
C (4.265 MeV): 0DfV/O! 

H Fraction: 0D{y/O! 

Hydrogen 

Standard (ST) 

Analysis 

performed at 
2.S MeV 

Area. A(ksul.) 

2.8 MeV (ST) 
iDIVA)! 

Total (S>ST) 
iDIVA)! 

Units for C & [eO) 

eV cm^2/lE15atofns 
t matr. 

SiOt: 3.2000E-14 

e std. 
CH: I.I250E-14 

Atomic Density (SI) 
N(atoms/cm''2): 5.0000E-I-22 

^ (Detector) 

S.4 KeV/C3iannel 

R«HsunJHfid.» iDIVA)! 
X min. (SI) 

At 2.0 MeV (A): /fDlV/0! 

At 2.0 MeV (H): 0DtV/O! 

At 3.05 MeV: 0D!V/O! 
At 4.265 MeV: MDIV/O! 

Atoms/cm*2 
Si Surface Peak 

At 2.0 MeV: 0DrV/O! 
At 3.05 MeV: 0DIV/O! 

At 4.265 MeV: 0DIV/O! 
O (2 MeV): 0D!V/O! 

O (3.05 MeV): 0DIV/O! 

C (2 MeV): 0DIV/O.' 
C (4.265 MeV): 0DfV/O! 

H Fraction: 0D{y/O! 
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Appendix B26 Table for analysis of elemental impurities on silicon surfaces by ion beam 

techniques with incident ions at a scattering angle, 0 = 45°, from the 
target surface. 

Element of Experimental Sample: xxxxxxx Analysis 

Interest Parameters 2 MeV 3.05 MeV 4.265 MeV Rcl. Error Equations & Results 
S lllcon Xmax.(S.P.*Ch«n.) 16 MeV c cm'^2/Sterd. 

Surface Peak Xmin.l(S.P.*Gian.) iDIVA)! Silicon, Si 
Xmin.2(S.P.-Gian.) 3.05 MeV At 2.0 MeV; 2.4763E-25 

H (Si-Film): HKRan.) »DIV/0! At 3.05 MeV; I.0648E-25 

x.xx H0.5trRan.) 0 0 0 4.265 MeV At 4.265 MeV: 5.4454E-26 
at Guuuiel #: Hmin.KRan.) #DIV/0! Oxygen, O 

x.xx Amm. (Kan.) X.^ (H) - 2 MeV. At 2 MeV: 7.4126E-26 

hmax.(Chan.) «DIV/0! At 3.05 MeV: 3.1874E-26 
hmin.KB.S.-Chan.) #DIVA)! Carbon, C 
Amin. (Chan.) #DIV/0! At 2.0 MeV: 3.755IE.26 
b(B.S.-Chan.) 0 0 0 (A) - 2 MeV. At 4.265 MeV: 8.2575E-27 

AKing-'Chan.) 6 0 0 #DIVA)! [eOI Si 
A2(S.P.-Chan.) #DIVA)! At 2.0 MeV: 171.95 

AuLrS.P.-Chui.) 0 0 0 iDIV/0! At 3.05 MeV: 140.51 
Oxygen Xmax.(0-Chan.) 2.0 MeV At 4.265 MeV: 121.13 

Sid. Dev.: Xmin.l(0>Chan.) «DIV/0! 

Left(BG) Xmin.2(0*Chan.) 3.05 MeV (Peak) StoDoine Powers 
x.xx XI (Back Ground) #DIVA)! Element e 

Right (BG) X2 (Back (jfound) H 4.8 
x.xx Y1 (Back Ground) Std. Dev. (BG) U 12.5 

Hmax.: Y2 (Back Ground) LVALUE! c 22.5 
x.xx Y - Intercept #DIV/0! #DIV/0! 2.0 MeV (BG) N 26.5 

Hback.: Slope #DIVA)! •DIV/0! iVALUE! O 28.0 

x.xx AlfTotal Peak) Si 40.0 

Hpeak: A2(Back Ground) #DIV/0! #DIV/0! ToUl (Peak -i- BG) Units for C & (eOl 

x.xx A(Oxveen Peak) #DIV/0! iDIV/0! #DIVA)! eV cm^2/IE15atoms 
Carbon Xmax.(C-Chan.) 2.0 MeV e matr. 

Std. Dev.: Xmin.l(C-Chan.) #DIV/0! SiO,: 3.2000E-14 

Left(BG) Xmin.2(C-Chan.) 4.265 MeV (Peak) e std. 
x.xx XI (Bv^Cjround) #DIV/0! CH: 1.I250E-14 

Right (BG) X2 (Back Ground) 
x.xx Y1 (Back Ground) Std. Dev. (BG) Atomic Density (Si) 

Hmax.: Y2(Back Ground) #VALUE! N(atoms/em'^2): 5.0000E+22 
x.xx Y - Intercept #DIV/0! #DlV/0! 4.265 MeV (BG) ^ (Detector) 

Hback.: Slope ffDlV/0! tlDIV/0! LVALUE! 5.4 KeV/Channel 

X.X.X A1 (Total Peak) 
Hpeak: A2(Back Ground) #DIV/0! #DIV/0! Total (Peak + BG) R s HsamJIIstd. = #DIV/0! 

x.xx A(Carbon Peak) »DlV/0! •BIVM! tfDIVA)! X min. (Si) 

Hydrogen Xmax.(Hsam.) At 2.0 MeV (A): 0DIV/O! 

Sample (S) Xmin.l(Hsain.) At 2.0 MeV (H): ltDlV/0! 

Xmin.2(Hsam.) 2.8 MeV (S) At 3.05 MeV: 0DIV/O! 
Analysis Hmax.(H5ani.) #DIV/0! At 4.265 MeV: ffD!V/0! 

performed at Hmin.I(Hsam.) Atoms/cm'^2 
2.8 MeV Hmin.2(Hsam.) Si Surface Peak 

Area. A(Hsam.) At 2.0 MeV: 0DrV/O! 

Hydrogen Xmax.(Hstd.) At 3.05 MeV: 0DIV/O! 

Standard (ST) Xmin.I(Hstd.) At 4.265 MeV: ffDlV/0! 

Xmin.2(Hs(d.) 2.8 MeV (ST) O (2 MeV): 0DIV/O! 
Analysis Hmax.(Hstd.) fDIV/0! O (3.05 MeV): 0DtV/O! 

performed at Hmin.KHsld.) C (2 MeV): 0DiV/O! 
2.8 MeV Hroin.2(Hsid.) Total (S-i-ST) C (4.265 MeV): 0DIV/O! 

Area. A(Hstd.) ffDIV/O! H Fraction: 0DIV/O! 
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Appendix B27 Table for analysis of elemental impurities on silicon surfaces by ion beam 

techniques with incident ions at a scattering angle, 9 = 54.75°, from 
the target surface. 

Element of 

Interest 

Experimental 

Parameters 2 MeV 

Sample: 

3.05 MeV 

xxxxxxx 

4^65 MeV Rel. Error 

Analysis 

Equations & Results 

stiicon 

Surface Peak 

H (Si-Film); 

X. XX 
at Channel #: 

x.xx 

Xmax.(S.P.-Chan.) 2.0 MeV a cm'^2/Sterd. 

Silicon, Si 
At 2.0 MeV: 2.4763E.25 

At 3.05 MeV: 1.0648E-25 

At 4.265 MeV: 5.4454E-26 
Oxygen, O 

At 2 MeV: 7.4126E-26 

At 3.05 MeV: 3.I874E-26 

Carbon, C 
Al 2.0 MeV: 3.7551 E-26 

At 4.265 MeV: 8.2575E-27 
[cO| Si 

At 2.0 MeV: 112.87 

At 3.05 MeV: 92.67 
At 4.265 MeV: 79.19 

StoDDine Powers 

stiicon 

Surface Peak 

H (Si-Film); 

X. XX 
at Channel #: 

x.xx 

Xmin.US.P.-Chan.) ffDIVAJ! 

a cm'^2/Sterd. 

Silicon, Si 
At 2.0 MeV: 2.4763E.25 

At 3.05 MeV: 1.0648E-25 

At 4.265 MeV: 5.4454E-26 
Oxygen, O 

At 2 MeV: 7.4126E-26 

At 3.05 MeV: 3.I874E-26 

Carbon, C 
Al 2.0 MeV: 3.7551 E-26 

At 4.265 MeV: 8.2575E-27 
[cO| Si 

At 2.0 MeV: 112.87 

At 3.05 MeV: 92.67 
At 4.265 MeV: 79.19 

StoDDine Powers 

stiicon 

Surface Peak 

H (Si-Film); 

X. XX 
at Channel #: 

x.xx 

Xmin.2(S.P.*Chan.) 3.05 MeV 

a cm'^2/Sterd. 

Silicon, Si 
At 2.0 MeV: 2.4763E.25 

At 3.05 MeV: 1.0648E-25 

At 4.265 MeV: 5.4454E-26 
Oxygen, O 

At 2 MeV: 7.4126E-26 

At 3.05 MeV: 3.I874E-26 

Carbon, C 
Al 2.0 MeV: 3.7551 E-26 

At 4.265 MeV: 8.2575E-27 
[cO| Si 

At 2.0 MeV: 112.87 

At 3.05 MeV: 92.67 
At 4.265 MeV: 79.19 

StoDDine Powers 

stiicon 

Surface Peak 

H (Si-Film); 

X. XX 
at Channel #: 

x.xx 

Ht(Ran.) ffDIVA)! 

4.265 MeV 
ffDIV/0! 

X.,, (H) - 2 MeV. 

ffDIV/0! 

ffDIV/0! 
ffDlV/0! 

(A) - 2 MeV. 

ffDlV/O! 

ffDIV/0! 

ffDIV/0! 

a cm'^2/Sterd. 

Silicon, Si 
At 2.0 MeV: 2.4763E.25 

At 3.05 MeV: 1.0648E-25 

At 4.265 MeV: 5.4454E-26 
Oxygen, O 

At 2 MeV: 7.4126E-26 

At 3.05 MeV: 3.I874E-26 

Carbon, C 
Al 2.0 MeV: 3.7551 E-26 

At 4.265 MeV: 8.2575E-27 
[cO| Si 

At 2.0 MeV: 112.87 

At 3.05 MeV: 92.67 
At 4.265 MeV: 79.19 

StoDDine Powers 

stiicon 

Surface Peak 

H (Si-Film); 

X. XX 
at Channel #: 

x.xx 

H0.5trRan.) 0 0 0 

ffDIVA)! 

4.265 MeV 
ffDIV/0! 

X.,, (H) - 2 MeV. 

ffDIV/0! 

ffDIV/0! 
ffDlV/0! 

(A) - 2 MeV. 

ffDlV/O! 

ffDIV/0! 

ffDIV/0! 

a cm'^2/Sterd. 

Silicon, Si 
At 2.0 MeV: 2.4763E.25 

At 3.05 MeV: 1.0648E-25 

At 4.265 MeV: 5.4454E-26 
Oxygen, O 

At 2 MeV: 7.4126E-26 

At 3.05 MeV: 3.I874E-26 

Carbon, C 
Al 2.0 MeV: 3.7551 E-26 

At 4.265 MeV: 8.2575E-27 
[cO| Si 

At 2.0 MeV: 112.87 

At 3.05 MeV: 92.67 
At 4.265 MeV: 79.19 

StoDDine Powers 

stiicon 

Surface Peak 

H (Si-Film); 

X. XX 
at Channel #: 

x.xx 
Hmin.KRan.) 

ffDIVA)! 

4.265 MeV 
ffDIV/0! 

X.,, (H) - 2 MeV. 

ffDIV/0! 

ffDIV/0! 
ffDlV/0! 

(A) - 2 MeV. 

ffDlV/O! 

ffDIV/0! 

ffDIV/0! 

a cm'^2/Sterd. 

Silicon, Si 
At 2.0 MeV: 2.4763E.25 

At 3.05 MeV: 1.0648E-25 

At 4.265 MeV: 5.4454E-26 
Oxygen, O 

At 2 MeV: 7.4126E-26 

At 3.05 MeV: 3.I874E-26 

Carbon, C 
Al 2.0 MeV: 3.7551 E-26 

At 4.265 MeV: 8.2575E-27 
[cO| Si 

At 2.0 MeV: 112.87 

At 3.05 MeV: 92.67 
At 4.265 MeV: 79.19 

StoDDine Powers 

stiicon 

Surface Peak 

H (Si-Film); 

X. XX 
at Channel #: 

x.xx Amm. (Kan.) 

ffDIVA)! 

4.265 MeV 
ffDIV/0! 

X.,, (H) - 2 MeV. 

ffDIV/0! 

ffDIV/0! 
ffDlV/0! 

(A) - 2 MeV. 

ffDlV/O! 

ffDIV/0! 

ffDIV/0! 

a cm'^2/Sterd. 

Silicon, Si 
At 2.0 MeV: 2.4763E.25 

At 3.05 MeV: 1.0648E-25 

At 4.265 MeV: 5.4454E-26 
Oxygen, O 

At 2 MeV: 7.4126E-26 

At 3.05 MeV: 3.I874E-26 

Carbon, C 
Al 2.0 MeV: 3.7551 E-26 

At 4.265 MeV: 8.2575E-27 
[cO| Si 

At 2.0 MeV: 112.87 

At 3.05 MeV: 92.67 
At 4.265 MeV: 79.19 

StoDDine Powers 

stiicon 

Surface Peak 

H (Si-Film); 

X. XX 
at Channel #: 

x.xx 
|imas.(Chan.) 

ffDIVA)! 

4.265 MeV 
ffDIV/0! 

X.,, (H) - 2 MeV. 

ffDIV/0! 

ffDIV/0! 
ffDlV/0! 

(A) - 2 MeV. 

ffDlV/O! 

ffDIV/0! 

ffDIV/0! 

a cm'^2/Sterd. 

Silicon, Si 
At 2.0 MeV: 2.4763E.25 

At 3.05 MeV: 1.0648E-25 

At 4.265 MeV: 5.4454E-26 
Oxygen, O 

At 2 MeV: 7.4126E-26 

At 3.05 MeV: 3.I874E-26 

Carbon, C 
Al 2.0 MeV: 3.7551 E-26 

At 4.265 MeV: 8.2575E-27 
[cO| Si 

At 2.0 MeV: 112.87 

At 3.05 MeV: 92.67 
At 4.265 MeV: 79.19 

StoDDine Powers 

stiicon 

Surface Peak 

H (Si-Film); 

X. XX 
at Channel #: 

x.xx 

hmin.UB.S.-Chan.) 

ffDIVA)! 

4.265 MeV 
ffDIV/0! 

X.,, (H) - 2 MeV. 

ffDIV/0! 

ffDIV/0! 
ffDlV/0! 

(A) - 2 MeV. 

ffDlV/O! 

ffDIV/0! 

ffDIV/0! 

a cm'^2/Sterd. 

Silicon, Si 
At 2.0 MeV: 2.4763E.25 

At 3.05 MeV: 1.0648E-25 

At 4.265 MeV: 5.4454E-26 
Oxygen, O 

At 2 MeV: 7.4126E-26 

At 3.05 MeV: 3.I874E-26 

Carbon, C 
Al 2.0 MeV: 3.7551 E-26 

At 4.265 MeV: 8.2575E-27 
[cO| Si 

At 2.0 MeV: 112.87 

At 3.05 MeV: 92.67 
At 4.265 MeV: 79.19 

StoDDine Powers 

stiicon 

Surface Peak 

H (Si-Film); 

X. XX 
at Channel #: 

x.xx 

Amin. (Chan.) 

ffDIVA)! 

4.265 MeV 
ffDIV/0! 

X.,, (H) - 2 MeV. 

ffDIV/0! 

ffDIV/0! 
ffDlV/0! 

(A) - 2 MeV. 

ffDlV/O! 

ffDIV/0! 

ffDIV/0! 

a cm'^2/Sterd. 

Silicon, Si 
At 2.0 MeV: 2.4763E.25 

At 3.05 MeV: 1.0648E-25 

At 4.265 MeV: 5.4454E-26 
Oxygen, O 

At 2 MeV: 7.4126E-26 

At 3.05 MeV: 3.I874E-26 

Carbon, C 
Al 2.0 MeV: 3.7551 E-26 

At 4.265 MeV: 8.2575E-27 
[cO| Si 

At 2.0 MeV: 112.87 

At 3.05 MeV: 92.67 
At 4.265 MeV: 79.19 

StoDDine Powers 

stiicon 

Surface Peak 

H (Si-Film); 

X. XX 
at Channel #: 

x.xx 

b(3.S.-Chan.) 0 0 0 

ffDIVA)! 

4.265 MeV 
ffDIV/0! 

X.,, (H) - 2 MeV. 

ffDIV/0! 

ffDIV/0! 
ffDlV/0! 

(A) - 2 MeV. 

ffDlV/O! 

ffDIV/0! 

ffDIV/0! 

a cm'^2/Sterd. 

Silicon, Si 
At 2.0 MeV: 2.4763E.25 

At 3.05 MeV: 1.0648E-25 

At 4.265 MeV: 5.4454E-26 
Oxygen, O 

At 2 MeV: 7.4126E-26 

At 3.05 MeV: 3.I874E-26 

Carbon, C 
Al 2.0 MeV: 3.7551 E-26 

At 4.265 MeV: 8.2575E-27 
[cO| Si 

At 2.0 MeV: 112.87 

At 3.05 MeV: 92.67 
At 4.265 MeV: 79.19 

StoDDine Powers 

stiicon 

Surface Peak 

H (Si-Film); 

X. XX 
at Channel #: 

x.xx 

Al(tng.-Chan.) 0 0 6 

ffDIVA)! 

4.265 MeV 
ffDIV/0! 

X.,, (H) - 2 MeV. 

ffDIV/0! 

ffDIV/0! 
ffDlV/0! 

(A) - 2 MeV. 

ffDlV/O! 

ffDIV/0! 

ffDIV/0! 

a cm'^2/Sterd. 

Silicon, Si 
At 2.0 MeV: 2.4763E.25 

At 3.05 MeV: 1.0648E-25 

At 4.265 MeV: 5.4454E-26 
Oxygen, O 

At 2 MeV: 7.4126E-26 

At 3.05 MeV: 3.I874E-26 

Carbon, C 
Al 2.0 MeV: 3.7551 E-26 

At 4.265 MeV: 8.2575E-27 
[cO| Si 

At 2.0 MeV: 112.87 

At 3.05 MeV: 92.67 
At 4.265 MeV: 79.19 

StoDDine Powers 

stiicon 

Surface Peak 

H (Si-Film); 

X. XX 
at Channel #: 

x.xx 

A2(S.P.-Chan.) 

ffDIVA)! 

4.265 MeV 
ffDIV/0! 

X.,, (H) - 2 MeV. 

ffDIV/0! 

ffDIV/0! 
ffDlV/0! 

(A) - 2 MeV. 

ffDlV/O! 

ffDIV/0! 

ffDIV/0! 

a cm'^2/Sterd. 

Silicon, Si 
At 2.0 MeV: 2.4763E.25 

At 3.05 MeV: 1.0648E-25 

At 4.265 MeV: 5.4454E-26 
Oxygen, O 

At 2 MeV: 7.4126E-26 

At 3.05 MeV: 3.I874E-26 

Carbon, C 
Al 2.0 MeV: 3.7551 E-26 

At 4.265 MeV: 8.2575E-27 
[cO| Si 

At 2.0 MeV: 112.87 

At 3.05 MeV: 92.67 
At 4.265 MeV: 79.19 

StoDDine Powers 

stiicon 

Surface Peak 

H (Si-Film); 

X. XX 
at Channel #: 

x.xx 

AacLfS.P.-Chan.) 0 0 0 

ffDIVA)! 

4.265 MeV 
ffDIV/0! 

X.,, (H) - 2 MeV. 

ffDIV/0! 

ffDIV/0! 
ffDlV/0! 

(A) - 2 MeV. 

ffDlV/O! 

ffDIV/0! 

ffDIV/0! 

a cm'^2/Sterd. 

Silicon, Si 
At 2.0 MeV: 2.4763E.25 

At 3.05 MeV: 1.0648E-25 

At 4.265 MeV: 5.4454E-26 
Oxygen, O 

At 2 MeV: 7.4126E-26 

At 3.05 MeV: 3.I874E-26 

Carbon, C 
Al 2.0 MeV: 3.7551 E-26 

At 4.265 MeV: 8.2575E-27 
[cO| Si 

At 2.0 MeV: 112.87 

At 3.05 MeV: 92.67 
At 4.265 MeV: 79.19 

StoDDine Powers 

Oxygen 

Std. Dev.: 

Left(BCt) 
x.xx 

Right (EG) 
x.xx 

Hmax.: 
x.xx 

Hback.: 

x.xx 
Hpeak: 

x.xx 

Xmax.(0-Chan.) 2.0 MeV 
ffDIV/0! 

3.05 MeV (Peak) 

a cm'^2/Sterd. 

Silicon, Si 
At 2.0 MeV: 2.4763E.25 

At 3.05 MeV: 1.0648E-25 

At 4.265 MeV: 5.4454E-26 
Oxygen, O 

At 2 MeV: 7.4126E-26 

At 3.05 MeV: 3.I874E-26 

Carbon, C 
Al 2.0 MeV: 3.7551 E-26 

At 4.265 MeV: 8.2575E-27 
[cO| Si 

At 2.0 MeV: 112.87 

At 3.05 MeV: 92.67 
At 4.265 MeV: 79.19 

StoDDine Powers 

Oxygen 

Std. Dev.: 

Left(BCt) 
x.xx 

Right (EG) 
x.xx 

Hmax.: 
x.xx 

Hback.: 

x.xx 
Hpeak: 

x.xx 

Xmin.l(0-(nian.) 

2.0 MeV 
ffDIV/0! 

3.05 MeV (Peak) 

a cm'^2/Sterd. 

Silicon, Si 
At 2.0 MeV: 2.4763E.25 

At 3.05 MeV: 1.0648E-25 

At 4.265 MeV: 5.4454E-26 
Oxygen, O 

At 2 MeV: 7.4126E-26 

At 3.05 MeV: 3.I874E-26 

Carbon, C 
Al 2.0 MeV: 3.7551 E-26 

At 4.265 MeV: 8.2575E-27 
[cO| Si 

At 2.0 MeV: 112.87 

At 3.05 MeV: 92.67 
At 4.265 MeV: 79.19 

StoDDine Powers 

Oxygen 

Std. Dev.: 

Left(BCt) 
x.xx 

Right (EG) 
x.xx 

Hmax.: 
x.xx 

Hback.: 

x.xx 
Hpeak: 

x.xx 

Xmin.2(0-Cniafl.) 

2.0 MeV 
ffDIV/0! 

3.05 MeV (Peak) 

a cm'^2/Sterd. 

Silicon, Si 
At 2.0 MeV: 2.4763E.25 

At 3.05 MeV: 1.0648E-25 

At 4.265 MeV: 5.4454E-26 
Oxygen, O 

At 2 MeV: 7.4126E-26 

At 3.05 MeV: 3.I874E-26 

Carbon, C 
Al 2.0 MeV: 3.7551 E-26 

At 4.265 MeV: 8.2575E-27 
[cO| Si 

At 2.0 MeV: 112.87 

At 3.05 MeV: 92.67 
At 4.265 MeV: 79.19 

StoDDine Powers 

Oxygen 

Std. Dev.: 

Left(BCt) 
x.xx 

Right (EG) 
x.xx 

Hmax.: 
x.xx 

Hback.: 

x.xx 
Hpeak: 

x.xx 

XI (Back (jfound) ffDIV/0! Element E 

Oxygen 

Std. Dev.: 

Left(BCt) 
x.xx 

Right (EG) 
x.xx 

Hmax.: 
x.xx 

Hback.: 

x.xx 
Hpeak: 

x.xx 

X2 (Back Ground) H 4.8 

Oxygen 

Std. Dev.: 

Left(BCt) 
x.xx 

Right (EG) 
x.xx 

Hmax.: 
x.xx 

Hback.: 

x.xx 
Hpeak: 

x.xx 

Y1 (Back Ground) Std. Dev. (BG) U 12.5 

Oxygen 

Std. Dev.: 

Left(BCt) 
x.xx 

Right (EG) 
x.xx 

Hmax.: 
x.xx 

Hback.: 

x.xx 
Hpeak: 

x.xx 

Y2 (Back Ground) ffVALUE! C 22.5 

Oxygen 

Std. Dev.: 

Left(BCt) 
x.xx 

Right (EG) 
x.xx 

Hmax.: 
x.xx 

Hback.: 

x.xx 
Hpeak: 

x.xx 

Y' Intercept «DIV/0! «DIV/0! 2.0 MeV (BG) N 26.5 

Oxygen 

Std. Dev.: 

Left(BCt) 
x.xx 

Right (EG) 
x.xx 

Hmax.: 
x.xx 

Hback.: 

x.xx 
Hpeak: 

x.xx 

Slope »DIV/0! #DIV/0! ffVALUE! 0 28.0 

Oxygen 

Std. Dev.: 

Left(BCt) 
x.xx 

Right (EG) 
x.xx 

Hmax.: 
x.xx 

Hback.: 

x.xx 
Hpeak: 

x.xx 

AlfTotal Peak) Si 40.0 

Oxygen 

Std. Dev.: 

Left(BCt) 
x.xx 

Right (EG) 
x.xx 

Hmax.: 
x.xx 

Hback.: 

x.xx 
Hpeak: 

x.xx 

A2(Back Ground) «DlV/0! #D[VA)! Total (Peak -i- BG) 

#DIV/0! 

Units for E & [EO] 

eV cm^2/IE15atoms 
e matr. 

SiOi: 3.2000E-I4 

e std. 
CH: 1.I250E-I4 

Atomic Density (Si) 
N(atoms/cm''2): 5.0000E-I-22 

^ (Detector) 

5.4 KeV/Channel 

RsKsui7Hftd.s ffDIV/0! 
X min. (Si) 

At 2.0 MeV (A): 0DIV/O! 

At 2.0 MeV (H): 0DiVA)! 

At 3.05 MeV: 0DIV/O! 
At 4.265 MeV: 0DIV/O! 

Atomi/cm^2 
Si Surface Peak 

At 2.0 MeV: 0DIV/O! 

At 3.05 MeV: 0DIV/O! 

At 4.265 MeV: 0DrV/O! 
O (2 MeV): 0DIV/OI 

O (3.05 MeV): 0DtV/O! 

C (2 MeV): 0DrV/O! 
C (4.265 MeV): 0DrV/O! 

H Fraction: 0DiV/O! 

Oxygen 

Std. Dev.: 

Left(BCt) 
x.xx 

Right (EG) 
x.xx 

Hmax.: 
x.xx 

Hback.: 

x.xx 
Hpeak: 

x.xx AfOxveen Peak) #DlV/0! #DIV/0! 

Total (Peak -i- BG) 

#DIV/0! 

Units for E & [EO] 

eV cm^2/IE15atoms 
e matr. 

SiOi: 3.2000E-I4 

e std. 
CH: 1.I250E-I4 

Atomic Density (Si) 
N(atoms/cm''2): 5.0000E-I-22 

^ (Detector) 

5.4 KeV/Channel 

RsKsui7Hftd.s ffDIV/0! 
X min. (Si) 

At 2.0 MeV (A): 0DIV/O! 

At 2.0 MeV (H): 0DiVA)! 

At 3.05 MeV: 0DIV/O! 
At 4.265 MeV: 0DIV/O! 

Atomi/cm^2 
Si Surface Peak 

At 2.0 MeV: 0DIV/O! 

At 3.05 MeV: 0DIV/O! 

At 4.265 MeV: 0DrV/O! 
O (2 MeV): 0DIV/OI 

O (3.05 MeV): 0DtV/O! 

C (2 MeV): 0DrV/O! 
C (4.265 MeV): 0DrV/O! 

H Fraction: 0DiV/O! 

Carbon 

Std. Dev.: 

Uft(BG) 
x.xx 

Right (BG) 
x.xx 

Hmax.: 
x.xx 

Hback.: 

X. XX 
Hpeak: 

X. XX 

Xmax.(C-Chan.) 2.0 MeV 

#DIV/0! 

4.265 MeV (Peak) 
ffDIV/0! 

Std. Dev. (BG) 
ffVALUE! 

4.265 MeV (BG) 

ffVALUE! 

ToUl (Peak -f- BG) 
ffDIV/0! 

Units for E & [EO] 

eV cm^2/IE15atoms 
e matr. 

SiOi: 3.2000E-I4 

e std. 
CH: 1.I250E-I4 

Atomic Density (Si) 
N(atoms/cm''2): 5.0000E-I-22 

^ (Detector) 

5.4 KeV/Channel 

RsKsui7Hftd.s ffDIV/0! 
X min. (Si) 

At 2.0 MeV (A): 0DIV/O! 

At 2.0 MeV (H): 0DiVA)! 

At 3.05 MeV: 0DIV/O! 
At 4.265 MeV: 0DIV/O! 

Atomi/cm^2 
Si Surface Peak 

At 2.0 MeV: 0DIV/O! 

At 3.05 MeV: 0DIV/O! 

At 4.265 MeV: 0DrV/O! 
O (2 MeV): 0DIV/OI 

O (3.05 MeV): 0DtV/O! 

C (2 MeV): 0DrV/O! 
C (4.265 MeV): 0DrV/O! 

H Fraction: 0DiV/O! 

Carbon 

Std. Dev.: 

Uft(BG) 
x.xx 

Right (BG) 
x.xx 

Hmax.: 
x.xx 

Hback.: 

X. XX 
Hpeak: 

X. XX 

Xmin.KC-Chan.) 

2.0 MeV 

#DIV/0! 

4.265 MeV (Peak) 
ffDIV/0! 

Std. Dev. (BG) 
ffVALUE! 

4.265 MeV (BG) 

ffVALUE! 

ToUl (Peak -f- BG) 
ffDIV/0! 

Units for E & [EO] 

eV cm^2/IE15atoms 
e matr. 

SiOi: 3.2000E-I4 

e std. 
CH: 1.I250E-I4 

Atomic Density (Si) 
N(atoms/cm''2): 5.0000E-I-22 

^ (Detector) 

5.4 KeV/Channel 

RsKsui7Hftd.s ffDIV/0! 
X min. (Si) 

At 2.0 MeV (A): 0DIV/O! 

At 2.0 MeV (H): 0DiVA)! 

At 3.05 MeV: 0DIV/O! 
At 4.265 MeV: 0DIV/O! 

Atomi/cm^2 
Si Surface Peak 

At 2.0 MeV: 0DIV/O! 

At 3.05 MeV: 0DIV/O! 

At 4.265 MeV: 0DrV/O! 
O (2 MeV): 0DIV/OI 

O (3.05 MeV): 0DtV/O! 

C (2 MeV): 0DrV/O! 
C (4.265 MeV): 0DrV/O! 

H Fraction: 0DiV/O! 

Carbon 

Std. Dev.: 

Uft(BG) 
x.xx 

Right (BG) 
x.xx 

Hmax.: 
x.xx 

Hback.: 

X. XX 
Hpeak: 

X. XX 

Xmin.2(C*(rhan.) 

2.0 MeV 

#DIV/0! 

4.265 MeV (Peak) 
ffDIV/0! 

Std. Dev. (BG) 
ffVALUE! 

4.265 MeV (BG) 

ffVALUE! 

ToUl (Peak -f- BG) 
ffDIV/0! 

Units for E & [EO] 

eV cm^2/IE15atoms 
e matr. 

SiOi: 3.2000E-I4 

e std. 
CH: 1.I250E-I4 

Atomic Density (Si) 
N(atoms/cm''2): 5.0000E-I-22 

^ (Detector) 

5.4 KeV/Channel 

RsKsui7Hftd.s ffDIV/0! 
X min. (Si) 

At 2.0 MeV (A): 0DIV/O! 

At 2.0 MeV (H): 0DiVA)! 

At 3.05 MeV: 0DIV/O! 
At 4.265 MeV: 0DIV/O! 

Atomi/cm^2 
Si Surface Peak 

At 2.0 MeV: 0DIV/O! 

At 3.05 MeV: 0DIV/O! 

At 4.265 MeV: 0DrV/O! 
O (2 MeV): 0DIV/OI 

O (3.05 MeV): 0DtV/O! 

C (2 MeV): 0DrV/O! 
C (4.265 MeV): 0DrV/O! 

H Fraction: 0DiV/O! 

Carbon 

Std. Dev.: 

Uft(BG) 
x.xx 

Right (BG) 
x.xx 

Hmax.: 
x.xx 

Hback.: 

X. XX 
Hpeak: 

X. XX 

XI (Back Ground) 

2.0 MeV 

#DIV/0! 

4.265 MeV (Peak) 
ffDIV/0! 

Std. Dev. (BG) 
ffVALUE! 

4.265 MeV (BG) 

ffVALUE! 

ToUl (Peak -f- BG) 
ffDIV/0! 

Units for E & [EO] 

eV cm^2/IE15atoms 
e matr. 

SiOi: 3.2000E-I4 

e std. 
CH: 1.I250E-I4 

Atomic Density (Si) 
N(atoms/cm''2): 5.0000E-I-22 

^ (Detector) 

5.4 KeV/Channel 

RsKsui7Hftd.s ffDIV/0! 
X min. (Si) 

At 2.0 MeV (A): 0DIV/O! 

At 2.0 MeV (H): 0DiVA)! 

At 3.05 MeV: 0DIV/O! 
At 4.265 MeV: 0DIV/O! 

Atomi/cm^2 
Si Surface Peak 

At 2.0 MeV: 0DIV/O! 

At 3.05 MeV: 0DIV/O! 

At 4.265 MeV: 0DrV/O! 
O (2 MeV): 0DIV/OI 

O (3.05 MeV): 0DtV/O! 

C (2 MeV): 0DrV/O! 
C (4.265 MeV): 0DrV/O! 

H Fraction: 0DiV/O! 

Carbon 

Std. Dev.: 

Uft(BG) 
x.xx 

Right (BG) 
x.xx 

Hmax.: 
x.xx 

Hback.: 

X. XX 
Hpeak: 

X. XX 

X2(Back Ground) 

2.0 MeV 

#DIV/0! 

4.265 MeV (Peak) 
ffDIV/0! 

Std. Dev. (BG) 
ffVALUE! 

4.265 MeV (BG) 

ffVALUE! 

ToUl (Peak -f- BG) 
ffDIV/0! 

Units for E & [EO] 

eV cm^2/IE15atoms 
e matr. 

SiOi: 3.2000E-I4 

e std. 
CH: 1.I250E-I4 

Atomic Density (Si) 
N(atoms/cm''2): 5.0000E-I-22 

^ (Detector) 

5.4 KeV/Channel 

RsKsui7Hftd.s ffDIV/0! 
X min. (Si) 

At 2.0 MeV (A): 0DIV/O! 

At 2.0 MeV (H): 0DiVA)! 

At 3.05 MeV: 0DIV/O! 
At 4.265 MeV: 0DIV/O! 

Atomi/cm^2 
Si Surface Peak 

At 2.0 MeV: 0DIV/O! 

At 3.05 MeV: 0DIV/O! 

At 4.265 MeV: 0DrV/O! 
O (2 MeV): 0DIV/OI 

O (3.05 MeV): 0DtV/O! 

C (2 MeV): 0DrV/O! 
C (4.265 MeV): 0DrV/O! 

H Fraction: 0DiV/O! 

Carbon 

Std. Dev.: 

Uft(BG) 
x.xx 

Right (BG) 
x.xx 

Hmax.: 
x.xx 

Hback.: 

X. XX 
Hpeak: 

X. XX 

Y1 (Back Ground) 

2.0 MeV 

#DIV/0! 

4.265 MeV (Peak) 
ffDIV/0! 

Std. Dev. (BG) 
ffVALUE! 

4.265 MeV (BG) 

ffVALUE! 

ToUl (Peak -f- BG) 
ffDIV/0! 

Units for E & [EO] 

eV cm^2/IE15atoms 
e matr. 

SiOi: 3.2000E-I4 

e std. 
CH: 1.I250E-I4 

Atomic Density (Si) 
N(atoms/cm''2): 5.0000E-I-22 

^ (Detector) 

5.4 KeV/Channel 

RsKsui7Hftd.s ffDIV/0! 
X min. (Si) 

At 2.0 MeV (A): 0DIV/O! 

At 2.0 MeV (H): 0DiVA)! 

At 3.05 MeV: 0DIV/O! 
At 4.265 MeV: 0DIV/O! 

Atomi/cm^2 
Si Surface Peak 

At 2.0 MeV: 0DIV/O! 

At 3.05 MeV: 0DIV/O! 

At 4.265 MeV: 0DrV/O! 
O (2 MeV): 0DIV/OI 

O (3.05 MeV): 0DtV/O! 

C (2 MeV): 0DrV/O! 
C (4.265 MeV): 0DrV/O! 

H Fraction: 0DiV/O! 

Carbon 

Std. Dev.: 

Uft(BG) 
x.xx 

Right (BG) 
x.xx 

Hmax.: 
x.xx 

Hback.: 

X. XX 
Hpeak: 

X. XX 

Y2 (Back Ground) 

2.0 MeV 

#DIV/0! 

4.265 MeV (Peak) 
ffDIV/0! 

Std. Dev. (BG) 
ffVALUE! 

4.265 MeV (BG) 

ffVALUE! 

ToUl (Peak -f- BG) 
ffDIV/0! 

Units for E & [EO] 

eV cm^2/IE15atoms 
e matr. 

SiOi: 3.2000E-I4 

e std. 
CH: 1.I250E-I4 

Atomic Density (Si) 
N(atoms/cm''2): 5.0000E-I-22 

^ (Detector) 

5.4 KeV/Channel 

RsKsui7Hftd.s ffDIV/0! 
X min. (Si) 

At 2.0 MeV (A): 0DIV/O! 

At 2.0 MeV (H): 0DiVA)! 

At 3.05 MeV: 0DIV/O! 
At 4.265 MeV: 0DIV/O! 

Atomi/cm^2 
Si Surface Peak 

At 2.0 MeV: 0DIV/O! 

At 3.05 MeV: 0DIV/O! 

At 4.265 MeV: 0DrV/O! 
O (2 MeV): 0DIV/OI 

O (3.05 MeV): 0DtV/O! 

C (2 MeV): 0DrV/O! 
C (4.265 MeV): 0DrV/O! 

H Fraction: 0DiV/O! 

Carbon 

Std. Dev.: 

Uft(BG) 
x.xx 

Right (BG) 
x.xx 

Hmax.: 
x.xx 

Hback.: 

X. XX 
Hpeak: 

X. XX 

Y - Intercept #DtV/0! #DIV/0! 

2.0 MeV 

#DIV/0! 

4.265 MeV (Peak) 
ffDIV/0! 

Std. Dev. (BG) 
ffVALUE! 

4.265 MeV (BG) 

ffVALUE! 

ToUl (Peak -f- BG) 
ffDIV/0! 

Units for E & [EO] 

eV cm^2/IE15atoms 
e matr. 

SiOi: 3.2000E-I4 

e std. 
CH: 1.I250E-I4 

Atomic Density (Si) 
N(atoms/cm''2): 5.0000E-I-22 

^ (Detector) 

5.4 KeV/Channel 

RsKsui7Hftd.s ffDIV/0! 
X min. (Si) 

At 2.0 MeV (A): 0DIV/O! 

At 2.0 MeV (H): 0DiVA)! 

At 3.05 MeV: 0DIV/O! 
At 4.265 MeV: 0DIV/O! 

Atomi/cm^2 
Si Surface Peak 

At 2.0 MeV: 0DIV/O! 

At 3.05 MeV: 0DIV/O! 

At 4.265 MeV: 0DrV/O! 
O (2 MeV): 0DIV/OI 

O (3.05 MeV): 0DtV/O! 

C (2 MeV): 0DrV/O! 
C (4.265 MeV): 0DrV/O! 

H Fraction: 0DiV/O! 

Carbon 

Std. Dev.: 

Uft(BG) 
x.xx 

Right (BG) 
x.xx 

Hmax.: 
x.xx 

Hback.: 

X. XX 
Hpeak: 

X. XX 

Slope »DIV/0! «DlV/0! 

2.0 MeV 

#DIV/0! 

4.265 MeV (Peak) 
ffDIV/0! 

Std. Dev. (BG) 
ffVALUE! 

4.265 MeV (BG) 

ffVALUE! 

ToUl (Peak -f- BG) 
ffDIV/0! 

Units for E & [EO] 

eV cm^2/IE15atoms 
e matr. 

SiOi: 3.2000E-I4 

e std. 
CH: 1.I250E-I4 

Atomic Density (Si) 
N(atoms/cm''2): 5.0000E-I-22 

^ (Detector) 

5.4 KeV/Channel 

RsKsui7Hftd.s ffDIV/0! 
X min. (Si) 

At 2.0 MeV (A): 0DIV/O! 

At 2.0 MeV (H): 0DiVA)! 

At 3.05 MeV: 0DIV/O! 
At 4.265 MeV: 0DIV/O! 

Atomi/cm^2 
Si Surface Peak 

At 2.0 MeV: 0DIV/O! 

At 3.05 MeV: 0DIV/O! 

At 4.265 MeV: 0DrV/O! 
O (2 MeV): 0DIV/OI 

O (3.05 MeV): 0DtV/O! 

C (2 MeV): 0DrV/O! 
C (4.265 MeV): 0DrV/O! 

H Fraction: 0DiV/O! 

Carbon 

Std. Dev.: 

Uft(BG) 
x.xx 

Right (BG) 
x.xx 

Hmax.: 
x.xx 

Hback.: 

X. XX 
Hpeak: 

X. XX 

AKTotal Peak) 

2.0 MeV 

#DIV/0! 

4.265 MeV (Peak) 
ffDIV/0! 

Std. Dev. (BG) 
ffVALUE! 

4.265 MeV (BG) 

ffVALUE! 

ToUl (Peak -f- BG) 
ffDIV/0! 

Units for E & [EO] 

eV cm^2/IE15atoms 
e matr. 

SiOi: 3.2000E-I4 

e std. 
CH: 1.I250E-I4 

Atomic Density (Si) 
N(atoms/cm''2): 5.0000E-I-22 

^ (Detector) 

5.4 KeV/Channel 

RsKsui7Hftd.s ffDIV/0! 
X min. (Si) 

At 2.0 MeV (A): 0DIV/O! 

At 2.0 MeV (H): 0DiVA)! 

At 3.05 MeV: 0DIV/O! 
At 4.265 MeV: 0DIV/O! 

Atomi/cm^2 
Si Surface Peak 

At 2.0 MeV: 0DIV/O! 

At 3.05 MeV: 0DIV/O! 

At 4.265 MeV: 0DrV/O! 
O (2 MeV): 0DIV/OI 

O (3.05 MeV): 0DtV/O! 

C (2 MeV): 0DrV/O! 
C (4.265 MeV): 0DrV/O! 

H Fraction: 0DiV/O! 

Carbon 

Std. Dev.: 

Uft(BG) 
x.xx 

Right (BG) 
x.xx 

Hmax.: 
x.xx 

Hback.: 

X. XX 
Hpeak: 

X. XX 

A2(Back Ground) #DIV/0! ffDIV/0! 

2.0 MeV 

#DIV/0! 

4.265 MeV (Peak) 
ffDIV/0! 

Std. Dev. (BG) 
ffVALUE! 

4.265 MeV (BG) 

ffVALUE! 

ToUl (Peak -f- BG) 
ffDIV/0! 

Units for E & [EO] 

eV cm^2/IE15atoms 
e matr. 

SiOi: 3.2000E-I4 

e std. 
CH: 1.I250E-I4 

Atomic Density (Si) 
N(atoms/cm''2): 5.0000E-I-22 

^ (Detector) 

5.4 KeV/Channel 

RsKsui7Hftd.s ffDIV/0! 
X min. (Si) 

At 2.0 MeV (A): 0DIV/O! 

At 2.0 MeV (H): 0DiVA)! 

At 3.05 MeV: 0DIV/O! 
At 4.265 MeV: 0DIV/O! 

Atomi/cm^2 
Si Surface Peak 

At 2.0 MeV: 0DIV/O! 

At 3.05 MeV: 0DIV/O! 

At 4.265 MeV: 0DrV/O! 
O (2 MeV): 0DIV/OI 

O (3.05 MeV): 0DtV/O! 

C (2 MeV): 0DrV/O! 
C (4.265 MeV): 0DrV/O! 

H Fraction: 0DiV/O! 

Carbon 

Std. Dev.: 

Uft(BG) 
x.xx 

Right (BG) 
x.xx 

Hmax.: 
x.xx 

Hback.: 

X. XX 
Hpeak: 

X. XX A(Cartx>n Peak) ffbiV/A! ffDlV/O! 

2.0 MeV 

#DIV/0! 

4.265 MeV (Peak) 
ffDIV/0! 

Std. Dev. (BG) 
ffVALUE! 

4.265 MeV (BG) 

ffVALUE! 

ToUl (Peak -f- BG) 
ffDIV/0! 

Units for E & [EO] 

eV cm^2/IE15atoms 
e matr. 

SiOi: 3.2000E-I4 

e std. 
CH: 1.I250E-I4 

Atomic Density (Si) 
N(atoms/cm''2): 5.0000E-I-22 

^ (Detector) 

5.4 KeV/Channel 

RsKsui7Hftd.s ffDIV/0! 
X min. (Si) 

At 2.0 MeV (A): 0DIV/O! 

At 2.0 MeV (H): 0DiVA)! 

At 3.05 MeV: 0DIV/O! 
At 4.265 MeV: 0DIV/O! 

Atomi/cm^2 
Si Surface Peak 

At 2.0 MeV: 0DIV/O! 

At 3.05 MeV: 0DIV/O! 

At 4.265 MeV: 0DrV/O! 
O (2 MeV): 0DIV/OI 

O (3.05 MeV): 0DtV/O! 

C (2 MeV): 0DrV/O! 
C (4.265 MeV): 0DrV/O! 

H Fraction: 0DiV/O! 

Hydrogen 

Sample (S) 

Analysis 

performed at 
2.8 MeV 

Xmax.(Hsam.) 

2.8 MeV (S) 
#DIV/0! 

Units for E & [EO] 

eV cm^2/IE15atoms 
e matr. 

SiOi: 3.2000E-I4 

e std. 
CH: 1.I250E-I4 

Atomic Density (Si) 
N(atoms/cm''2): 5.0000E-I-22 

^ (Detector) 

5.4 KeV/Channel 

RsKsui7Hftd.s ffDIV/0! 
X min. (Si) 

At 2.0 MeV (A): 0DIV/O! 

At 2.0 MeV (H): 0DiVA)! 

At 3.05 MeV: 0DIV/O! 
At 4.265 MeV: 0DIV/O! 

Atomi/cm^2 
Si Surface Peak 

At 2.0 MeV: 0DIV/O! 

At 3.05 MeV: 0DIV/O! 

At 4.265 MeV: 0DrV/O! 
O (2 MeV): 0DIV/OI 

O (3.05 MeV): 0DtV/O! 

C (2 MeV): 0DrV/O! 
C (4.265 MeV): 0DrV/O! 

H Fraction: 0DiV/O! 

Hydrogen 

Sample (S) 

Analysis 

performed at 
2.8 MeV 

Xmtn.l(Hsam.) 
2.8 MeV (S) 

#DIV/0! 

Units for E & [EO] 

eV cm^2/IE15atoms 
e matr. 

SiOi: 3.2000E-I4 

e std. 
CH: 1.I250E-I4 

Atomic Density (Si) 
N(atoms/cm''2): 5.0000E-I-22 

^ (Detector) 

5.4 KeV/Channel 

RsKsui7Hftd.s ffDIV/0! 
X min. (Si) 

At 2.0 MeV (A): 0DIV/O! 

At 2.0 MeV (H): 0DiVA)! 

At 3.05 MeV: 0DIV/O! 
At 4.265 MeV: 0DIV/O! 

Atomi/cm^2 
Si Surface Peak 

At 2.0 MeV: 0DIV/O! 

At 3.05 MeV: 0DIV/O! 

At 4.265 MeV: 0DrV/O! 
O (2 MeV): 0DIV/OI 

O (3.05 MeV): 0DtV/O! 

C (2 MeV): 0DrV/O! 
C (4.265 MeV): 0DrV/O! 

H Fraction: 0DiV/O! 

Hydrogen 

Sample (S) 

Analysis 

performed at 
2.8 MeV 

Xmin.2(Hsam.) 2.8 MeV (S) 
#DIV/0! 

Units for E & [EO] 

eV cm^2/IE15atoms 
e matr. 

SiOi: 3.2000E-I4 

e std. 
CH: 1.I250E-I4 

Atomic Density (Si) 
N(atoms/cm''2): 5.0000E-I-22 

^ (Detector) 

5.4 KeV/Channel 

RsKsui7Hftd.s ffDIV/0! 
X min. (Si) 

At 2.0 MeV (A): 0DIV/O! 

At 2.0 MeV (H): 0DiVA)! 

At 3.05 MeV: 0DIV/O! 
At 4.265 MeV: 0DIV/O! 

Atomi/cm^2 
Si Surface Peak 

At 2.0 MeV: 0DIV/O! 

At 3.05 MeV: 0DIV/O! 

At 4.265 MeV: 0DrV/O! 
O (2 MeV): 0DIV/OI 

O (3.05 MeV): 0DtV/O! 

C (2 MeV): 0DrV/O! 
C (4.265 MeV): 0DrV/O! 

H Fraction: 0DiV/O! 

Hydrogen 

Sample (S) 

Analysis 

performed at 
2.8 MeV 

Hmax.(Hsam.) 
2.8 MeV (S) 

#DIV/0! 

Units for E & [EO] 

eV cm^2/IE15atoms 
e matr. 

SiOi: 3.2000E-I4 

e std. 
CH: 1.I250E-I4 

Atomic Density (Si) 
N(atoms/cm''2): 5.0000E-I-22 

^ (Detector) 

5.4 KeV/Channel 

RsKsui7Hftd.s ffDIV/0! 
X min. (Si) 

At 2.0 MeV (A): 0DIV/O! 

At 2.0 MeV (H): 0DiVA)! 

At 3.05 MeV: 0DIV/O! 
At 4.265 MeV: 0DIV/O! 

Atomi/cm^2 
Si Surface Peak 

At 2.0 MeV: 0DIV/O! 

At 3.05 MeV: 0DIV/O! 

At 4.265 MeV: 0DrV/O! 
O (2 MeV): 0DIV/OI 

O (3.05 MeV): 0DtV/O! 

C (2 MeV): 0DrV/O! 
C (4.265 MeV): 0DrV/O! 

H Fraction: 0DiV/O! 

Hydrogen 

Sample (S) 

Analysis 

performed at 
2.8 MeV 

Hmin.KHsam.) 

2.8 MeV (S) 
#DIV/0! 

Units for E & [EO] 

eV cm^2/IE15atoms 
e matr. 

SiOi: 3.2000E-I4 

e std. 
CH: 1.I250E-I4 

Atomic Density (Si) 
N(atoms/cm''2): 5.0000E-I-22 

^ (Detector) 

5.4 KeV/Channel 

RsKsui7Hftd.s ffDIV/0! 
X min. (Si) 

At 2.0 MeV (A): 0DIV/O! 

At 2.0 MeV (H): 0DiVA)! 

At 3.05 MeV: 0DIV/O! 
At 4.265 MeV: 0DIV/O! 

Atomi/cm^2 
Si Surface Peak 

At 2.0 MeV: 0DIV/O! 

At 3.05 MeV: 0DIV/O! 

At 4.265 MeV: 0DrV/O! 
O (2 MeV): 0DIV/OI 

O (3.05 MeV): 0DtV/O! 

C (2 MeV): 0DrV/O! 
C (4.265 MeV): 0DrV/O! 

H Fraction: 0DiV/O! 

Hydrogen 

Sample (S) 

Analysis 

performed at 
2.8 MeV Hmin.2(Hsam.) 

2.8 MeV (S) 
#DIV/0! 

Units for E & [EO] 

eV cm^2/IE15atoms 
e matr. 

SiOi: 3.2000E-I4 

e std. 
CH: 1.I250E-I4 

Atomic Density (Si) 
N(atoms/cm''2): 5.0000E-I-22 

^ (Detector) 

5.4 KeV/Channel 

RsKsui7Hftd.s ffDIV/0! 
X min. (Si) 

At 2.0 MeV (A): 0DIV/O! 

At 2.0 MeV (H): 0DiVA)! 

At 3.05 MeV: 0DIV/O! 
At 4.265 MeV: 0DIV/O! 

Atomi/cm^2 
Si Surface Peak 

At 2.0 MeV: 0DIV/O! 

At 3.05 MeV: 0DIV/O! 

At 4.265 MeV: 0DrV/O! 
O (2 MeV): 0DIV/OI 

O (3.05 MeV): 0DtV/O! 

C (2 MeV): 0DrV/O! 
C (4.265 MeV): 0DrV/O! 

H Fraction: 0DiV/O! 

Hydrogen 

Sample (S) 

Analysis 

performed at 
2.8 MeV 

Area. A(Hsam.) 

2.8 MeV (S) 
#DIV/0! 

Units for E & [EO] 

eV cm^2/IE15atoms 
e matr. 

SiOi: 3.2000E-I4 

e std. 
CH: 1.I250E-I4 

Atomic Density (Si) 
N(atoms/cm''2): 5.0000E-I-22 

^ (Detector) 

5.4 KeV/Channel 

RsKsui7Hftd.s ffDIV/0! 
X min. (Si) 

At 2.0 MeV (A): 0DIV/O! 

At 2.0 MeV (H): 0DiVA)! 

At 3.05 MeV: 0DIV/O! 
At 4.265 MeV: 0DIV/O! 

Atomi/cm^2 
Si Surface Peak 

At 2.0 MeV: 0DIV/O! 

At 3.05 MeV: 0DIV/O! 

At 4.265 MeV: 0DrV/O! 
O (2 MeV): 0DIV/OI 

O (3.05 MeV): 0DtV/O! 

C (2 MeV): 0DrV/O! 
C (4.265 MeV): 0DrV/O! 

H Fraction: 0DiV/O! 

Hydrogen 

Standard (ST) 

Analysis 

performed at 

2.8 MeV 

Xmax.(Hstd.) 

2.8 MeV (ST) 
ffDIV/0! 

Total (S-i-ST) 
ffDlV/0! 

Units for E & [EO] 

eV cm^2/IE15atoms 
e matr. 

SiOi: 3.2000E-I4 

e std. 
CH: 1.I250E-I4 

Atomic Density (Si) 
N(atoms/cm''2): 5.0000E-I-22 

^ (Detector) 

5.4 KeV/Channel 

RsKsui7Hftd.s ffDIV/0! 
X min. (Si) 

At 2.0 MeV (A): 0DIV/O! 

At 2.0 MeV (H): 0DiVA)! 

At 3.05 MeV: 0DIV/O! 
At 4.265 MeV: 0DIV/O! 

Atomi/cm^2 
Si Surface Peak 

At 2.0 MeV: 0DIV/O! 

At 3.05 MeV: 0DIV/O! 

At 4.265 MeV: 0DrV/O! 
O (2 MeV): 0DIV/OI 

O (3.05 MeV): 0DtV/O! 

C (2 MeV): 0DrV/O! 
C (4.265 MeV): 0DrV/O! 

H Fraction: 0DiV/O! 

Hydrogen 

Standard (ST) 

Analysis 

performed at 

2.8 MeV 

Xmin.KHstd.) 
2.8 MeV (ST) 

ffDIV/0! 

Total (S-i-ST) 
ffDlV/0! 

Units for E & [EO] 

eV cm^2/IE15atoms 
e matr. 

SiOi: 3.2000E-I4 

e std. 
CH: 1.I250E-I4 

Atomic Density (Si) 
N(atoms/cm''2): 5.0000E-I-22 

^ (Detector) 

5.4 KeV/Channel 

RsKsui7Hftd.s ffDIV/0! 
X min. (Si) 

At 2.0 MeV (A): 0DIV/O! 

At 2.0 MeV (H): 0DiVA)! 

At 3.05 MeV: 0DIV/O! 
At 4.265 MeV: 0DIV/O! 

Atomi/cm^2 
Si Surface Peak 

At 2.0 MeV: 0DIV/O! 

At 3.05 MeV: 0DIV/O! 

At 4.265 MeV: 0DrV/O! 
O (2 MeV): 0DIV/OI 

O (3.05 MeV): 0DtV/O! 

C (2 MeV): 0DrV/O! 
C (4.265 MeV): 0DrV/O! 

H Fraction: 0DiV/O! 

Hydrogen 

Standard (ST) 

Analysis 

performed at 

2.8 MeV 

Xfflin.2(Hsid.) 2.8 MeV (ST) 
ffDIV/0! 

Total (S-i-ST) 
ffDlV/0! 

Units for E & [EO] 

eV cm^2/IE15atoms 
e matr. 

SiOi: 3.2000E-I4 

e std. 
CH: 1.I250E-I4 

Atomic Density (Si) 
N(atoms/cm''2): 5.0000E-I-22 

^ (Detector) 

5.4 KeV/Channel 

RsKsui7Hftd.s ffDIV/0! 
X min. (Si) 

At 2.0 MeV (A): 0DIV/O! 

At 2.0 MeV (H): 0DiVA)! 

At 3.05 MeV: 0DIV/O! 
At 4.265 MeV: 0DIV/O! 

Atomi/cm^2 
Si Surface Peak 

At 2.0 MeV: 0DIV/O! 

At 3.05 MeV: 0DIV/O! 

At 4.265 MeV: 0DrV/O! 
O (2 MeV): 0DIV/OI 

O (3.05 MeV): 0DtV/O! 

C (2 MeV): 0DrV/O! 
C (4.265 MeV): 0DrV/O! 

H Fraction: 0DiV/O! 

Hydrogen 

Standard (ST) 

Analysis 

performed at 

2.8 MeV 

Hmax.(Hsid.) 
2.8 MeV (ST) 

ffDIV/0! 

Total (S-i-ST) 
ffDlV/0! 

Units for E & [EO] 

eV cm^2/IE15atoms 
e matr. 

SiOi: 3.2000E-I4 

e std. 
CH: 1.I250E-I4 

Atomic Density (Si) 
N(atoms/cm''2): 5.0000E-I-22 

^ (Detector) 

5.4 KeV/Channel 

RsKsui7Hftd.s ffDIV/0! 
X min. (Si) 

At 2.0 MeV (A): 0DIV/O! 

At 2.0 MeV (H): 0DiVA)! 

At 3.05 MeV: 0DIV/O! 
At 4.265 MeV: 0DIV/O! 

Atomi/cm^2 
Si Surface Peak 

At 2.0 MeV: 0DIV/O! 

At 3.05 MeV: 0DIV/O! 

At 4.265 MeV: 0DrV/O! 
O (2 MeV): 0DIV/OI 

O (3.05 MeV): 0DtV/O! 

C (2 MeV): 0DrV/O! 
C (4.265 MeV): 0DrV/O! 

H Fraction: 0DiV/O! 

Hydrogen 

Standard (ST) 

Analysis 

performed at 

2.8 MeV 

Hmin.KHstd.) 

2.8 MeV (ST) 
ffDIV/0! 

Total (S-i-ST) 
ffDlV/0! 

Units for E & [EO] 

eV cm^2/IE15atoms 
e matr. 

SiOi: 3.2000E-I4 

e std. 
CH: 1.I250E-I4 

Atomic Density (Si) 
N(atoms/cm''2): 5.0000E-I-22 

^ (Detector) 

5.4 KeV/Channel 

RsKsui7Hftd.s ffDIV/0! 
X min. (Si) 

At 2.0 MeV (A): 0DIV/O! 

At 2.0 MeV (H): 0DiVA)! 

At 3.05 MeV: 0DIV/O! 
At 4.265 MeV: 0DIV/O! 

Atomi/cm^2 
Si Surface Peak 

At 2.0 MeV: 0DIV/O! 

At 3.05 MeV: 0DIV/O! 

At 4.265 MeV: 0DrV/O! 
O (2 MeV): 0DIV/OI 

O (3.05 MeV): 0DtV/O! 

C (2 MeV): 0DrV/O! 
C (4.265 MeV): 0DrV/O! 

H Fraction: 0DiV/O! 

Hydrogen 

Standard (ST) 

Analysis 

performed at 

2.8 MeV Hmin.2(Hstd.) 

2.8 MeV (ST) 
ffDIV/0! 

Total (S-i-ST) 
ffDlV/0! 

Units for E & [EO] 

eV cm^2/IE15atoms 
e matr. 

SiOi: 3.2000E-I4 

e std. 
CH: 1.I250E-I4 

Atomic Density (Si) 
N(atoms/cm''2): 5.0000E-I-22 

^ (Detector) 

5.4 KeV/Channel 

RsKsui7Hftd.s ffDIV/0! 
X min. (Si) 

At 2.0 MeV (A): 0DIV/O! 

At 2.0 MeV (H): 0DiVA)! 

At 3.05 MeV: 0DIV/O! 
At 4.265 MeV: 0DIV/O! 

Atomi/cm^2 
Si Surface Peak 

At 2.0 MeV: 0DIV/O! 

At 3.05 MeV: 0DIV/O! 

At 4.265 MeV: 0DrV/O! 
O (2 MeV): 0DIV/OI 

O (3.05 MeV): 0DtV/O! 

C (2 MeV): 0DrV/O! 
C (4.265 MeV): 0DrV/O! 

H Fraction: 0DiV/O! 

Hydrogen 

Standard (ST) 

Analysis 

performed at 

2.8 MeV 
Area, A(Hstd.) 

2.8 MeV (ST) 
ffDIV/0! 

Total (S-i-ST) 
ffDlV/0! 

Units for E & [EO] 

eV cm^2/IE15atoms 
e matr. 

SiOi: 3.2000E-I4 

e std. 
CH: 1.I250E-I4 

Atomic Density (Si) 
N(atoms/cm''2): 5.0000E-I-22 

^ (Detector) 

5.4 KeV/Channel 

RsKsui7Hftd.s ffDIV/0! 
X min. (Si) 

At 2.0 MeV (A): 0DIV/O! 

At 2.0 MeV (H): 0DiVA)! 

At 3.05 MeV: 0DIV/O! 
At 4.265 MeV: 0DIV/O! 

Atomi/cm^2 
Si Surface Peak 

At 2.0 MeV: 0DIV/O! 

At 3.05 MeV: 0DIV/O! 

At 4.265 MeV: 0DrV/O! 
O (2 MeV): 0DIV/OI 

O (3.05 MeV): 0DtV/O! 

C (2 MeV): 0DrV/O! 
C (4.265 MeV): 0DrV/O! 

H Fraction: 0DiV/O! 
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Appendix B28 Table for analysis of elemental impurities on silicon surfaces by ion beam 

techniques with incident "'He^'^ ions at a scattering angle, 0 = 75°, from the 
target surface. 

Element of 

Interest 

Experimental 

Parameters 2 MeV 

Sample: 

3.05 MeV 

xxxxxxx 

4.265 MeV Rel. Error 

Analysis 

Equations & Results 

Silicon 

Surface Peak 

H (Si-FOm): 

x.xx 
at Chanflel #: 

x.xx 

Xmax.(S.P.-Chan.) 2.0 MeV 
«DIV/0! 

3.05 MeV 
tfDIVA)! 

4.265 MeV 
tfDIVA)! 

(H) - 2 MeV. 

tfDIVA)! 

tfDIVA)! 
tfDIVA)! 

(A) • 2 MeV. 

tfDIVA)! 

tfDIVA)! 

tfDIVA)! 

a cin'^2/Sterd. 

SUIcon, Si 

At 2.0 MeV: 2.4763E-25 
At 3.05 MeV: L0648E-25 

At 4J65 MeV: 5.4454E-26 
Oxygen, O 

At 2 MeV: 7.4126E-26 

At 3.05 MeV: 3.I874E-26 

Carbon, C 
At 2.0 MeV: 3.755IE.26 

At 4.265 MeV: 8.2575E-27 

[eOj SI 

At 2.0 MeV: 171.95 
At 3.05 MeV: 140.51 

At 4.265 MeV: 121.13 

StoDoine Powers 

Silicon 

Surface Peak 

H (Si-FOm): 

x.xx 
at Chanflel #: 

x.xx 

Xmin. 1 (S.P.-Chan.) 
2.0 MeV 
«DIV/0! 

3.05 MeV 
tfDIVA)! 

4.265 MeV 
tfDIVA)! 

(H) - 2 MeV. 

tfDIVA)! 

tfDIVA)! 
tfDIVA)! 

(A) • 2 MeV. 

tfDIVA)! 

tfDIVA)! 

tfDIVA)! 

a cin'^2/Sterd. 

SUIcon, Si 

At 2.0 MeV: 2.4763E-25 
At 3.05 MeV: L0648E-25 

At 4J65 MeV: 5.4454E-26 
Oxygen, O 

At 2 MeV: 7.4126E-26 

At 3.05 MeV: 3.I874E-26 

Carbon, C 
At 2.0 MeV: 3.755IE.26 

At 4.265 MeV: 8.2575E-27 

[eOj SI 

At 2.0 MeV: 171.95 
At 3.05 MeV: 140.51 

At 4.265 MeV: 121.13 

StoDoine Powers 

Silicon 

Surface Peak 

H (Si-FOm): 

x.xx 
at Chanflel #: 

x.xx 

Xmin.2(S.P.-Chan.) 

2.0 MeV 
«DIV/0! 

3.05 MeV 
tfDIVA)! 

4.265 MeV 
tfDIVA)! 

(H) - 2 MeV. 

tfDIVA)! 

tfDIVA)! 
tfDIVA)! 

(A) • 2 MeV. 

tfDIVA)! 

tfDIVA)! 

tfDIVA)! 

a cin'^2/Sterd. 

SUIcon, Si 

At 2.0 MeV: 2.4763E-25 
At 3.05 MeV: L0648E-25 

At 4J65 MeV: 5.4454E-26 
Oxygen, O 

At 2 MeV: 7.4126E-26 

At 3.05 MeV: 3.I874E-26 

Carbon, C 
At 2.0 MeV: 3.755IE.26 

At 4.265 MeV: 8.2575E-27 

[eOj SI 

At 2.0 MeV: 171.95 
At 3.05 MeV: 140.51 

At 4.265 MeV: 121.13 

StoDoine Powers 

Silicon 

Surface Peak 

H (Si-FOm): 

x.xx 
at Chanflel #: 

x.xx 

Ht(Ran.) 

2.0 MeV 
«DIV/0! 

3.05 MeV 
tfDIVA)! 

4.265 MeV 
tfDIVA)! 

(H) - 2 MeV. 

tfDIVA)! 

tfDIVA)! 
tfDIVA)! 

(A) • 2 MeV. 

tfDIVA)! 

tfDIVA)! 

tfDIVA)! 

a cin'^2/Sterd. 

SUIcon, Si 

At 2.0 MeV: 2.4763E-25 
At 3.05 MeV: L0648E-25 

At 4J65 MeV: 5.4454E-26 
Oxygen, O 

At 2 MeV: 7.4126E-26 

At 3.05 MeV: 3.I874E-26 

Carbon, C 
At 2.0 MeV: 3.755IE.26 

At 4.265 MeV: 8.2575E-27 

[eOj SI 

At 2.0 MeV: 171.95 
At 3.05 MeV: 140.51 

At 4.265 MeV: 121.13 

StoDoine Powers 

Silicon 

Surface Peak 

H (Si-FOm): 

x.xx 
at Chanflel #: 

x.xx 

H0.5trRan.) 0 0 0 

2.0 MeV 
«DIV/0! 

3.05 MeV 
tfDIVA)! 

4.265 MeV 
tfDIVA)! 

(H) - 2 MeV. 

tfDIVA)! 

tfDIVA)! 
tfDIVA)! 

(A) • 2 MeV. 

tfDIVA)! 

tfDIVA)! 

tfDIVA)! 

a cin'^2/Sterd. 

SUIcon, Si 

At 2.0 MeV: 2.4763E-25 
At 3.05 MeV: L0648E-25 

At 4J65 MeV: 5.4454E-26 
Oxygen, O 

At 2 MeV: 7.4126E-26 

At 3.05 MeV: 3.I874E-26 

Carbon, C 
At 2.0 MeV: 3.755IE.26 

At 4.265 MeV: 8.2575E-27 

[eOj SI 

At 2.0 MeV: 171.95 
At 3.05 MeV: 140.51 

At 4.265 MeV: 121.13 

StoDoine Powers 

Silicon 

Surface Peak 

H (Si-FOm): 

x.xx 
at Chanflel #: 

x.xx 
Hmin.KRan.) 

2.0 MeV 
«DIV/0! 

3.05 MeV 
tfDIVA)! 

4.265 MeV 
tfDIVA)! 

(H) - 2 MeV. 

tfDIVA)! 

tfDIVA)! 
tfDIVA)! 

(A) • 2 MeV. 

tfDIVA)! 

tfDIVA)! 

tfDIVA)! 

a cin'^2/Sterd. 

SUIcon, Si 

At 2.0 MeV: 2.4763E-25 
At 3.05 MeV: L0648E-25 

At 4J65 MeV: 5.4454E-26 
Oxygen, O 

At 2 MeV: 7.4126E-26 

At 3.05 MeV: 3.I874E-26 

Carbon, C 
At 2.0 MeV: 3.755IE.26 

At 4.265 MeV: 8.2575E-27 

[eOj SI 

At 2.0 MeV: 171.95 
At 3.05 MeV: 140.51 

At 4.265 MeV: 121.13 

StoDoine Powers 

Silicon 

Surface Peak 

H (Si-FOm): 

x.xx 
at Chanflel #: 

x.xx Amui. (Kan.) 

2.0 MeV 
«DIV/0! 

3.05 MeV 
tfDIVA)! 

4.265 MeV 
tfDIVA)! 

(H) - 2 MeV. 

tfDIVA)! 

tfDIVA)! 
tfDIVA)! 

(A) • 2 MeV. 

tfDIVA)! 

tfDIVA)! 

tfDIVA)! 

a cin'^2/Sterd. 

SUIcon, Si 

At 2.0 MeV: 2.4763E-25 
At 3.05 MeV: L0648E-25 

At 4J65 MeV: 5.4454E-26 
Oxygen, O 

At 2 MeV: 7.4126E-26 

At 3.05 MeV: 3.I874E-26 

Carbon, C 
At 2.0 MeV: 3.755IE.26 

At 4.265 MeV: 8.2575E-27 

[eOj SI 

At 2.0 MeV: 171.95 
At 3.05 MeV: 140.51 

At 4.265 MeV: 121.13 

StoDoine Powers 

Silicon 

Surface Peak 

H (Si-FOm): 

x.xx 
at Chanflel #: 

x.xx 

hmax.(Chan.) 

2.0 MeV 
«DIV/0! 

3.05 MeV 
tfDIVA)! 

4.265 MeV 
tfDIVA)! 

(H) - 2 MeV. 

tfDIVA)! 

tfDIVA)! 
tfDIVA)! 

(A) • 2 MeV. 

tfDIVA)! 

tfDIVA)! 

tfDIVA)! 

a cin'^2/Sterd. 

SUIcon, Si 

At 2.0 MeV: 2.4763E-25 
At 3.05 MeV: L0648E-25 

At 4J65 MeV: 5.4454E-26 
Oxygen, O 

At 2 MeV: 7.4126E-26 

At 3.05 MeV: 3.I874E-26 

Carbon, C 
At 2.0 MeV: 3.755IE.26 

At 4.265 MeV: 8.2575E-27 

[eOj SI 

At 2.0 MeV: 171.95 
At 3.05 MeV: 140.51 

At 4.265 MeV: 121.13 

StoDoine Powers 

Silicon 

Surface Peak 

H (Si-FOm): 

x.xx 
at Chanflel #: 

x.xx 

hmin.KB.S.-Chan.) 

2.0 MeV 
«DIV/0! 

3.05 MeV 
tfDIVA)! 

4.265 MeV 
tfDIVA)! 

(H) - 2 MeV. 

tfDIVA)! 

tfDIVA)! 
tfDIVA)! 

(A) • 2 MeV. 

tfDIVA)! 

tfDIVA)! 

tfDIVA)! 

a cin'^2/Sterd. 

SUIcon, Si 

At 2.0 MeV: 2.4763E-25 
At 3.05 MeV: L0648E-25 

At 4J65 MeV: 5.4454E-26 
Oxygen, O 

At 2 MeV: 7.4126E-26 

At 3.05 MeV: 3.I874E-26 

Carbon, C 
At 2.0 MeV: 3.755IE.26 

At 4.265 MeV: 8.2575E-27 

[eOj SI 

At 2.0 MeV: 171.95 
At 3.05 MeV: 140.51 

At 4.265 MeV: 121.13 

StoDoine Powers 

Silicon 

Surface Peak 

H (Si-FOm): 

x.xx 
at Chanflel #: 

x.xx 

Amin. (Chao.) 

2.0 MeV 
«DIV/0! 

3.05 MeV 
tfDIVA)! 

4.265 MeV 
tfDIVA)! 

(H) - 2 MeV. 

tfDIVA)! 

tfDIVA)! 
tfDIVA)! 

(A) • 2 MeV. 

tfDIVA)! 

tfDIVA)! 

tfDIVA)! 

a cin'^2/Sterd. 

SUIcon, Si 

At 2.0 MeV: 2.4763E-25 
At 3.05 MeV: L0648E-25 

At 4J65 MeV: 5.4454E-26 
Oxygen, O 

At 2 MeV: 7.4126E-26 

At 3.05 MeV: 3.I874E-26 

Carbon, C 
At 2.0 MeV: 3.755IE.26 

At 4.265 MeV: 8.2575E-27 

[eOj SI 

At 2.0 MeV: 171.95 
At 3.05 MeV: 140.51 

At 4.265 MeV: 121.13 

StoDoine Powers 

Silicon 

Surface Peak 

H (Si-FOm): 

x.xx 
at Chanflel #: 

x.xx 

b(B.S.-Chan.) 6 0 0 

2.0 MeV 
«DIV/0! 

3.05 MeV 
tfDIVA)! 

4.265 MeV 
tfDIVA)! 

(H) - 2 MeV. 

tfDIVA)! 

tfDIVA)! 
tfDIVA)! 

(A) • 2 MeV. 

tfDIVA)! 

tfDIVA)! 

tfDIVA)! 

a cin'^2/Sterd. 

SUIcon, Si 

At 2.0 MeV: 2.4763E-25 
At 3.05 MeV: L0648E-25 

At 4J65 MeV: 5.4454E-26 
Oxygen, O 

At 2 MeV: 7.4126E-26 

At 3.05 MeV: 3.I874E-26 

Carbon, C 
At 2.0 MeV: 3.755IE.26 

At 4.265 MeV: 8.2575E-27 

[eOj SI 

At 2.0 MeV: 171.95 
At 3.05 MeV: 140.51 

At 4.265 MeV: 121.13 

StoDoine Powers 

Silicon 

Surface Peak 

H (Si-FOm): 

x.xx 
at Chanflel #: 

x.xx 

Al(trig.-Chan.) 0 0 0 

2.0 MeV 
«DIV/0! 

3.05 MeV 
tfDIVA)! 

4.265 MeV 
tfDIVA)! 

(H) - 2 MeV. 

tfDIVA)! 

tfDIVA)! 
tfDIVA)! 

(A) • 2 MeV. 

tfDIVA)! 

tfDIVA)! 

tfDIVA)! 

a cin'^2/Sterd. 

SUIcon, Si 

At 2.0 MeV: 2.4763E-25 
At 3.05 MeV: L0648E-25 

At 4J65 MeV: 5.4454E-26 
Oxygen, O 

At 2 MeV: 7.4126E-26 

At 3.05 MeV: 3.I874E-26 

Carbon, C 
At 2.0 MeV: 3.755IE.26 

At 4.265 MeV: 8.2575E-27 

[eOj SI 

At 2.0 MeV: 171.95 
At 3.05 MeV: 140.51 

At 4.265 MeV: 121.13 

StoDoine Powers 

Silicon 

Surface Peak 

H (Si-FOm): 

x.xx 
at Chanflel #: 

x.xx 

A2(S.P..Chan.) 

2.0 MeV 
«DIV/0! 

3.05 MeV 
tfDIVA)! 

4.265 MeV 
tfDIVA)! 

(H) - 2 MeV. 

tfDIVA)! 

tfDIVA)! 
tfDIVA)! 

(A) • 2 MeV. 

tfDIVA)! 

tfDIVA)! 

tfDIVA)! 

a cin'^2/Sterd. 

SUIcon, Si 

At 2.0 MeV: 2.4763E-25 
At 3.05 MeV: L0648E-25 

At 4J65 MeV: 5.4454E-26 
Oxygen, O 

At 2 MeV: 7.4126E-26 

At 3.05 MeV: 3.I874E-26 

Carbon, C 
At 2.0 MeV: 3.755IE.26 

At 4.265 MeV: 8.2575E-27 

[eOj SI 

At 2.0 MeV: 171.95 
At 3.05 MeV: 140.51 

At 4.265 MeV: 121.13 

StoDoine Powers 

Silicon 

Surface Peak 

H (Si-FOm): 

x.xx 
at Chanflel #: 

x.xx 

AacUS.P.-Chan.) 0 0 0 

2.0 MeV 
«DIV/0! 

3.05 MeV 
tfDIVA)! 

4.265 MeV 
tfDIVA)! 

(H) - 2 MeV. 

tfDIVA)! 

tfDIVA)! 
tfDIVA)! 

(A) • 2 MeV. 

tfDIVA)! 

tfDIVA)! 

tfDIVA)! 

a cin'^2/Sterd. 

SUIcon, Si 

At 2.0 MeV: 2.4763E-25 
At 3.05 MeV: L0648E-25 

At 4J65 MeV: 5.4454E-26 
Oxygen, O 

At 2 MeV: 7.4126E-26 

At 3.05 MeV: 3.I874E-26 

Carbon, C 
At 2.0 MeV: 3.755IE.26 

At 4.265 MeV: 8.2575E-27 

[eOj SI 

At 2.0 MeV: 171.95 
At 3.05 MeV: 140.51 

At 4.265 MeV: 121.13 

StoDoine Powers 

Oxygen 

Std. Dev.; 

Left(BG) 
x.xx 

Right (BG) 
x.xx 

Hmax.: 
x.xx 

Hback.: 
x.xx 

Hpeak: 
x.xx 

Xinax.(0*Chan.) 2.0 MeV 
tfDIVA)! 

3.05 MeV (Peak) 

a cin'^2/Sterd. 

SUIcon, Si 

At 2.0 MeV: 2.4763E-25 
At 3.05 MeV: L0648E-25 

At 4J65 MeV: 5.4454E-26 
Oxygen, O 

At 2 MeV: 7.4126E-26 

At 3.05 MeV: 3.I874E-26 

Carbon, C 
At 2.0 MeV: 3.755IE.26 

At 4.265 MeV: 8.2575E-27 

[eOj SI 

At 2.0 MeV: 171.95 
At 3.05 MeV: 140.51 

At 4.265 MeV: 121.13 

StoDoine Powers 

Oxygen 

Std. Dev.; 

Left(BG) 
x.xx 

Right (BG) 
x.xx 

Hmax.: 
x.xx 

Hback.: 
x.xx 

Hpeak: 
x.xx 

Xmin.l(0-Chan.) 

2.0 MeV 
tfDIVA)! 

3.05 MeV (Peak) 

a cin'^2/Sterd. 

SUIcon, Si 

At 2.0 MeV: 2.4763E-25 
At 3.05 MeV: L0648E-25 

At 4J65 MeV: 5.4454E-26 
Oxygen, O 

At 2 MeV: 7.4126E-26 

At 3.05 MeV: 3.I874E-26 

Carbon, C 
At 2.0 MeV: 3.755IE.26 

At 4.265 MeV: 8.2575E-27 

[eOj SI 

At 2.0 MeV: 171.95 
At 3.05 MeV: 140.51 

At 4.265 MeV: 121.13 

StoDoine Powers 

Oxygen 

Std. Dev.; 

Left(BG) 
x.xx 

Right (BG) 
x.xx 

Hmax.: 
x.xx 

Hback.: 
x.xx 

Hpeak: 
x.xx 

Xinin.2(0-Chan.) 

2.0 MeV 
tfDIVA)! 

3.05 MeV (Peak) 

a cin'^2/Sterd. 

SUIcon, Si 

At 2.0 MeV: 2.4763E-25 
At 3.05 MeV: L0648E-25 

At 4J65 MeV: 5.4454E-26 
Oxygen, O 

At 2 MeV: 7.4126E-26 

At 3.05 MeV: 3.I874E-26 

Carbon, C 
At 2.0 MeV: 3.755IE.26 

At 4.265 MeV: 8.2575E-27 

[eOj SI 

At 2.0 MeV: 171.95 
At 3.05 MeV: 140.51 

At 4.265 MeV: 121.13 

StoDoine Powers 

Oxygen 

Std. Dev.; 

Left(BG) 
x.xx 

Right (BG) 
x.xx 

Hmax.: 
x.xx 

Hback.: 
x.xx 

Hpeak: 
x.xx 

XI (Back Ground) tfDIVA)! Element e 

Oxygen 

Std. Dev.; 

Left(BG) 
x.xx 

Right (BG) 
x.xx 

Hmax.: 
x.xx 

Hback.: 
x.xx 

Hpeak: 
x.xx 

X2 (Back (jfound) H 4.8 

Oxygen 

Std. Dev.; 

Left(BG) 
x.xx 

Right (BG) 
x.xx 

Hmax.: 
x.xx 

Hback.: 
x.xx 

Hpeak: 
x.xx 

Y1 (Back Ground) Std. Dev. (BG) U 12.5 

Oxygen 

Std. Dev.; 

Left(BG) 
x.xx 

Right (BG) 
x.xx 

Hmax.: 
x.xx 

Hback.: 
x.xx 

Hpeak: 
x.xx 

Y2 (Back Ground) tfVALUE! C 22.5 

Oxygen 

Std. Dev.; 

Left(BG) 
x.xx 

Right (BG) 
x.xx 

Hmax.: 
x.xx 

Hback.: 
x.xx 

Hpeak: 
x.xx 

Y - InterccDt #DIV/Of »DIV/D! 2.0 MeV (BG) N 26.5 

Oxygen 

Std. Dev.; 

Left(BG) 
x.xx 

Right (BG) 
x.xx 

Hmax.: 
x.xx 

Hback.: 
x.xx 

Hpeak: 
x.xx 

Slope tfDIV/0! #DIVA)! tfVALUE! O 28.0 

Oxygen 

Std. Dev.; 

Left(BG) 
x.xx 

Right (BG) 
x.xx 

Hmax.: 
x.xx 

Hback.: 
x.xx 

Hpeak: 
x.xx 

AI (Total Peak) Si 40.0 

Oxygen 

Std. Dev.; 

Left(BG) 
x.xx 

Right (BG) 
x.xx 

Hmax.: 
x.xx 

Hback.: 
x.xx 

Hpeak: 
x.xx 

A2(Back Ground) #DIV/0! #DIVA)! ToUl (Peak + BG) 
tfDIVA)! 

Units for z &, [eOI 

cV cm'^2/lE15atoiiis 

e matr. 
SlOi: 3.2000E-I4 

e std. 
CH: I.I250E-I4 

Atomic Density (Si) 

N(atoms/cm'^2): 5.0000E+22 
^ (Detector) 

5.4 KeV/Cliannel 

R s HnmVHstd.« tfDIVA)! 
X min. (Si) 

At 2.0 MeV (A): MDiVm! 
At 2.0 MeV (H): »D!V/0! 

At 3.05 MeV: 0DIV/O! 
At 4.265 MeV: tDIV/0! 

Atoms/cm'^2 
Si Surface Peak 

At 2.0 MeV: 9DIV/0! 

At 3.05 MeV: 0D!V/O! 
At 4.265 MeV: 0DIV/O! 

O (2 MeV): iDlV/0! 
O (3.05 MeV): mv/0! 

C (2 MeV): #Z>/V/D.' 

C (4.265 MeV): »DtV/0! 
H Fraction: tDtVlO! 

Oxygen 

Std. Dev.; 

Left(BG) 
x.xx 

Right (BG) 
x.xx 

Hmax.: 
x.xx 

Hback.: 
x.xx 

Hpeak: 
x.xx A(OxvKen Peak) #DIV/0! HDIV/O! 

ToUl (Peak + BG) 
tfDIVA)! 

Units for z &, [eOI 

cV cm'^2/lE15atoiiis 

e matr. 
SlOi: 3.2000E-I4 

e std. 
CH: I.I250E-I4 

Atomic Density (Si) 

N(atoms/cm'^2): 5.0000E+22 
^ (Detector) 

5.4 KeV/Cliannel 

R s HnmVHstd.« tfDIVA)! 
X min. (Si) 

At 2.0 MeV (A): MDiVm! 
At 2.0 MeV (H): »D!V/0! 

At 3.05 MeV: 0DIV/O! 
At 4.265 MeV: tDIV/0! 

Atoms/cm'^2 
Si Surface Peak 

At 2.0 MeV: 9DIV/0! 

At 3.05 MeV: 0D!V/O! 
At 4.265 MeV: 0DIV/O! 

O (2 MeV): iDlV/0! 
O (3.05 MeV): mv/0! 

C (2 MeV): #Z>/V/D.' 

C (4.265 MeV): »DtV/0! 
H Fraction: tDtVlO! 

Carbon 
Std. Dev.; 

Left(BG) 
x.xx 

Right (BG) 
x.xx 

Hmax.: 
x.xx 

Hback.: 
x.xx 

Hpeak: 
x.xx 

Xmax.(C*Chan.) 2.0 MeV 
tfDIVA)! 

4.265 MeV (Peak) 
tfDIVA)! 

Std. Dev. (BG) 

tfVALUE! 
4.265 MeV (BG) 

tfVALUE! 

ToUl (Peak BG) 
tfDIVA)! 

Units for z &, [eOI 

cV cm'^2/lE15atoiiis 

e matr. 
SlOi: 3.2000E-I4 

e std. 
CH: I.I250E-I4 

Atomic Density (Si) 

N(atoms/cm'^2): 5.0000E+22 
^ (Detector) 

5.4 KeV/Cliannel 

R s HnmVHstd.« tfDIVA)! 
X min. (Si) 

At 2.0 MeV (A): MDiVm! 
At 2.0 MeV (H): »D!V/0! 

At 3.05 MeV: 0DIV/O! 
At 4.265 MeV: tDIV/0! 

Atoms/cm'^2 
Si Surface Peak 

At 2.0 MeV: 9DIV/0! 

At 3.05 MeV: 0D!V/O! 
At 4.265 MeV: 0DIV/O! 

O (2 MeV): iDlV/0! 
O (3.05 MeV): mv/0! 

C (2 MeV): #Z>/V/D.' 

C (4.265 MeV): »DtV/0! 
H Fraction: tDtVlO! 

Carbon 
Std. Dev.; 

Left(BG) 
x.xx 

Right (BG) 
x.xx 

Hmax.: 
x.xx 

Hback.: 
x.xx 

Hpeak: 
x.xx 

Xmin.l(C*Chan.) 
2.0 MeV 
tfDIVA)! 

4.265 MeV (Peak) 
tfDIVA)! 

Std. Dev. (BG) 

tfVALUE! 
4.265 MeV (BG) 

tfVALUE! 

ToUl (Peak BG) 
tfDIVA)! 

Units for z &, [eOI 

cV cm'^2/lE15atoiiis 

e matr. 
SlOi: 3.2000E-I4 

e std. 
CH: I.I250E-I4 

Atomic Density (Si) 

N(atoms/cm'^2): 5.0000E+22 
^ (Detector) 

5.4 KeV/Cliannel 

R s HnmVHstd.« tfDIVA)! 
X min. (Si) 

At 2.0 MeV (A): MDiVm! 
At 2.0 MeV (H): »D!V/0! 

At 3.05 MeV: 0DIV/O! 
At 4.265 MeV: tDIV/0! 

Atoms/cm'^2 
Si Surface Peak 

At 2.0 MeV: 9DIV/0! 

At 3.05 MeV: 0D!V/O! 
At 4.265 MeV: 0DIV/O! 

O (2 MeV): iDlV/0! 
O (3.05 MeV): mv/0! 

C (2 MeV): #Z>/V/D.' 

C (4.265 MeV): »DtV/0! 
H Fraction: tDtVlO! 

Carbon 
Std. Dev.; 

Left(BG) 
x.xx 

Right (BG) 
x.xx 

Hmax.: 
x.xx 

Hback.: 
x.xx 

Hpeak: 
x.xx 

Xmin.2(C-Chan.) 

2.0 MeV 
tfDIVA)! 

4.265 MeV (Peak) 
tfDIVA)! 

Std. Dev. (BG) 

tfVALUE! 
4.265 MeV (BG) 

tfVALUE! 

ToUl (Peak BG) 
tfDIVA)! 

Units for z &, [eOI 

cV cm'^2/lE15atoiiis 

e matr. 
SlOi: 3.2000E-I4 

e std. 
CH: I.I250E-I4 

Atomic Density (Si) 

N(atoms/cm'^2): 5.0000E+22 
^ (Detector) 

5.4 KeV/Cliannel 

R s HnmVHstd.« tfDIVA)! 
X min. (Si) 

At 2.0 MeV (A): MDiVm! 
At 2.0 MeV (H): »D!V/0! 

At 3.05 MeV: 0DIV/O! 
At 4.265 MeV: tDIV/0! 

Atoms/cm'^2 
Si Surface Peak 

At 2.0 MeV: 9DIV/0! 

At 3.05 MeV: 0D!V/O! 
At 4.265 MeV: 0DIV/O! 

O (2 MeV): iDlV/0! 
O (3.05 MeV): mv/0! 

C (2 MeV): #Z>/V/D.' 

C (4.265 MeV): »DtV/0! 
H Fraction: tDtVlO! 

Carbon 
Std. Dev.; 

Left(BG) 
x.xx 

Right (BG) 
x.xx 

Hmax.: 
x.xx 

Hback.: 
x.xx 

Hpeak: 
x.xx 

XI (BackGfound) 

2.0 MeV 
tfDIVA)! 

4.265 MeV (Peak) 
tfDIVA)! 

Std. Dev. (BG) 

tfVALUE! 
4.265 MeV (BG) 

tfVALUE! 

ToUl (Peak BG) 
tfDIVA)! 

Units for z &, [eOI 

cV cm'^2/lE15atoiiis 

e matr. 
SlOi: 3.2000E-I4 

e std. 
CH: I.I250E-I4 

Atomic Density (Si) 

N(atoms/cm'^2): 5.0000E+22 
^ (Detector) 

5.4 KeV/Cliannel 

R s HnmVHstd.« tfDIVA)! 
X min. (Si) 

At 2.0 MeV (A): MDiVm! 
At 2.0 MeV (H): »D!V/0! 

At 3.05 MeV: 0DIV/O! 
At 4.265 MeV: tDIV/0! 

Atoms/cm'^2 
Si Surface Peak 

At 2.0 MeV: 9DIV/0! 

At 3.05 MeV: 0D!V/O! 
At 4.265 MeV: 0DIV/O! 

O (2 MeV): iDlV/0! 
O (3.05 MeV): mv/0! 

C (2 MeV): #Z>/V/D.' 

C (4.265 MeV): »DtV/0! 
H Fraction: tDtVlO! 

Carbon 
Std. Dev.; 

Left(BG) 
x.xx 

Right (BG) 
x.xx 

Hmax.: 
x.xx 

Hback.: 
x.xx 

Hpeak: 
x.xx 

X2 (Back CirDund) 

2.0 MeV 
tfDIVA)! 

4.265 MeV (Peak) 
tfDIVA)! 

Std. Dev. (BG) 

tfVALUE! 
4.265 MeV (BG) 

tfVALUE! 

ToUl (Peak BG) 
tfDIVA)! 

Units for z &, [eOI 

cV cm'^2/lE15atoiiis 

e matr. 
SlOi: 3.2000E-I4 

e std. 
CH: I.I250E-I4 

Atomic Density (Si) 

N(atoms/cm'^2): 5.0000E+22 
^ (Detector) 

5.4 KeV/Cliannel 

R s HnmVHstd.« tfDIVA)! 
X min. (Si) 

At 2.0 MeV (A): MDiVm! 
At 2.0 MeV (H): »D!V/0! 

At 3.05 MeV: 0DIV/O! 
At 4.265 MeV: tDIV/0! 

Atoms/cm'^2 
Si Surface Peak 

At 2.0 MeV: 9DIV/0! 

At 3.05 MeV: 0D!V/O! 
At 4.265 MeV: 0DIV/O! 

O (2 MeV): iDlV/0! 
O (3.05 MeV): mv/0! 

C (2 MeV): #Z>/V/D.' 

C (4.265 MeV): »DtV/0! 
H Fraction: tDtVlO! 

Carbon 
Std. Dev.; 

Left(BG) 
x.xx 

Right (BG) 
x.xx 

Hmax.: 
x.xx 

Hback.: 
x.xx 

Hpeak: 
x.xx 

Y1 (Back Ground) 

2.0 MeV 
tfDIVA)! 

4.265 MeV (Peak) 
tfDIVA)! 

Std. Dev. (BG) 

tfVALUE! 
4.265 MeV (BG) 

tfVALUE! 

ToUl (Peak BG) 
tfDIVA)! 

Units for z &, [eOI 

cV cm'^2/lE15atoiiis 

e matr. 
SlOi: 3.2000E-I4 

e std. 
CH: I.I250E-I4 

Atomic Density (Si) 

N(atoms/cm'^2): 5.0000E+22 
^ (Detector) 

5.4 KeV/Cliannel 

R s HnmVHstd.« tfDIVA)! 
X min. (Si) 

At 2.0 MeV (A): MDiVm! 
At 2.0 MeV (H): »D!V/0! 

At 3.05 MeV: 0DIV/O! 
At 4.265 MeV: tDIV/0! 

Atoms/cm'^2 
Si Surface Peak 

At 2.0 MeV: 9DIV/0! 

At 3.05 MeV: 0D!V/O! 
At 4.265 MeV: 0DIV/O! 

O (2 MeV): iDlV/0! 
O (3.05 MeV): mv/0! 

C (2 MeV): #Z>/V/D.' 

C (4.265 MeV): »DtV/0! 
H Fraction: tDtVlO! 

Carbon 
Std. Dev.; 

Left(BG) 
x.xx 

Right (BG) 
x.xx 

Hmax.: 
x.xx 

Hback.: 
x.xx 

Hpeak: 
x.xx 

Y2 (Back Ground) 

2.0 MeV 
tfDIVA)! 

4.265 MeV (Peak) 
tfDIVA)! 

Std. Dev. (BG) 

tfVALUE! 
4.265 MeV (BG) 

tfVALUE! 

ToUl (Peak BG) 
tfDIVA)! 

Units for z &, [eOI 

cV cm'^2/lE15atoiiis 

e matr. 
SlOi: 3.2000E-I4 

e std. 
CH: I.I250E-I4 

Atomic Density (Si) 

N(atoms/cm'^2): 5.0000E+22 
^ (Detector) 

5.4 KeV/Cliannel 

R s HnmVHstd.« tfDIVA)! 
X min. (Si) 

At 2.0 MeV (A): MDiVm! 
At 2.0 MeV (H): »D!V/0! 

At 3.05 MeV: 0DIV/O! 
At 4.265 MeV: tDIV/0! 

Atoms/cm'^2 
Si Surface Peak 

At 2.0 MeV: 9DIV/0! 

At 3.05 MeV: 0D!V/O! 
At 4.265 MeV: 0DIV/O! 

O (2 MeV): iDlV/0! 
O (3.05 MeV): mv/0! 

C (2 MeV): #Z>/V/D.' 

C (4.265 MeV): »DtV/0! 
H Fraction: tDtVlO! 

Carbon 
Std. Dev.; 

Left(BG) 
x.xx 

Right (BG) 
x.xx 

Hmax.: 
x.xx 

Hback.: 
x.xx 

Hpeak: 
x.xx 

Y - Intercept #DIV/0! »D!V/0! 

2.0 MeV 
tfDIVA)! 

4.265 MeV (Peak) 
tfDIVA)! 

Std. Dev. (BG) 

tfVALUE! 
4.265 MeV (BG) 

tfVALUE! 

ToUl (Peak BG) 
tfDIVA)! 

Units for z &, [eOI 

cV cm'^2/lE15atoiiis 

e matr. 
SlOi: 3.2000E-I4 

e std. 
CH: I.I250E-I4 

Atomic Density (Si) 

N(atoms/cm'^2): 5.0000E+22 
^ (Detector) 

5.4 KeV/Cliannel 

R s HnmVHstd.« tfDIVA)! 
X min. (Si) 

At 2.0 MeV (A): MDiVm! 
At 2.0 MeV (H): »D!V/0! 

At 3.05 MeV: 0DIV/O! 
At 4.265 MeV: tDIV/0! 

Atoms/cm'^2 
Si Surface Peak 

At 2.0 MeV: 9DIV/0! 

At 3.05 MeV: 0D!V/O! 
At 4.265 MeV: 0DIV/O! 

O (2 MeV): iDlV/0! 
O (3.05 MeV): mv/0! 

C (2 MeV): #Z>/V/D.' 

C (4.265 MeV): »DtV/0! 
H Fraction: tDtVlO! 

Carbon 
Std. Dev.; 

Left(BG) 
x.xx 

Right (BG) 
x.xx 

Hmax.: 
x.xx 

Hback.: 
x.xx 

Hpeak: 
x.xx 

Slope »DIV/0! «DIV/0! 

2.0 MeV 
tfDIVA)! 

4.265 MeV (Peak) 
tfDIVA)! 

Std. Dev. (BG) 

tfVALUE! 
4.265 MeV (BG) 

tfVALUE! 

ToUl (Peak BG) 
tfDIVA)! 

Units for z &, [eOI 

cV cm'^2/lE15atoiiis 

e matr. 
SlOi: 3.2000E-I4 

e std. 
CH: I.I250E-I4 

Atomic Density (Si) 

N(atoms/cm'^2): 5.0000E+22 
^ (Detector) 

5.4 KeV/Cliannel 

R s HnmVHstd.« tfDIVA)! 
X min. (Si) 

At 2.0 MeV (A): MDiVm! 
At 2.0 MeV (H): »D!V/0! 

At 3.05 MeV: 0DIV/O! 
At 4.265 MeV: tDIV/0! 

Atoms/cm'^2 
Si Surface Peak 

At 2.0 MeV: 9DIV/0! 

At 3.05 MeV: 0D!V/O! 
At 4.265 MeV: 0DIV/O! 

O (2 MeV): iDlV/0! 
O (3.05 MeV): mv/0! 

C (2 MeV): #Z>/V/D.' 

C (4.265 MeV): »DtV/0! 
H Fraction: tDtVlO! 

Carbon 
Std. Dev.; 

Left(BG) 
x.xx 

Right (BG) 
x.xx 

Hmax.: 
x.xx 

Hback.: 
x.xx 

Hpeak: 
x.xx 

AKTotal Peak) 

2.0 MeV 
tfDIVA)! 

4.265 MeV (Peak) 
tfDIVA)! 

Std. Dev. (BG) 

tfVALUE! 
4.265 MeV (BG) 

tfVALUE! 

ToUl (Peak BG) 
tfDIVA)! 

Units for z &, [eOI 

cV cm'^2/lE15atoiiis 

e matr. 
SlOi: 3.2000E-I4 

e std. 
CH: I.I250E-I4 

Atomic Density (Si) 

N(atoms/cm'^2): 5.0000E+22 
^ (Detector) 

5.4 KeV/Cliannel 

R s HnmVHstd.« tfDIVA)! 
X min. (Si) 

At 2.0 MeV (A): MDiVm! 
At 2.0 MeV (H): »D!V/0! 

At 3.05 MeV: 0DIV/O! 
At 4.265 MeV: tDIV/0! 

Atoms/cm'^2 
Si Surface Peak 

At 2.0 MeV: 9DIV/0! 

At 3.05 MeV: 0D!V/O! 
At 4.265 MeV: 0DIV/O! 

O (2 MeV): iDlV/0! 
O (3.05 MeV): mv/0! 

C (2 MeV): #Z>/V/D.' 

C (4.265 MeV): »DtV/0! 
H Fraction: tDtVlO! 

Carbon 
Std. Dev.; 

Left(BG) 
x.xx 

Right (BG) 
x.xx 

Hmax.: 
x.xx 

Hback.: 
x.xx 

Hpeak: 
x.xx 

A2(Back Ground) #DIV/0! •DIVA)! 

2.0 MeV 
tfDIVA)! 

4.265 MeV (Peak) 
tfDIVA)! 

Std. Dev. (BG) 

tfVALUE! 
4.265 MeV (BG) 

tfVALUE! 

ToUl (Peak BG) 
tfDIVA)! 

Units for z &, [eOI 

cV cm'^2/lE15atoiiis 

e matr. 
SlOi: 3.2000E-I4 

e std. 
CH: I.I250E-I4 

Atomic Density (Si) 

N(atoms/cm'^2): 5.0000E+22 
^ (Detector) 

5.4 KeV/Cliannel 

R s HnmVHstd.« tfDIVA)! 
X min. (Si) 

At 2.0 MeV (A): MDiVm! 
At 2.0 MeV (H): »D!V/0! 

At 3.05 MeV: 0DIV/O! 
At 4.265 MeV: tDIV/0! 

Atoms/cm'^2 
Si Surface Peak 

At 2.0 MeV: 9DIV/0! 

At 3.05 MeV: 0D!V/O! 
At 4.265 MeV: 0DIV/O! 

O (2 MeV): iDlV/0! 
O (3.05 MeV): mv/0! 

C (2 MeV): #Z>/V/D.' 

C (4.265 MeV): »DtV/0! 
H Fraction: tDtVlO! 

Carbon 
Std. Dev.; 

Left(BG) 
x.xx 

Right (BG) 
x.xx 

Hmax.: 
x.xx 

Hback.: 
x.xx 

Hpeak: 
x.xx A(CartX)n Peak) iDiv;o< ffDlVA)! 

2.0 MeV 
tfDIVA)! 

4.265 MeV (Peak) 
tfDIVA)! 

Std. Dev. (BG) 

tfVALUE! 
4.265 MeV (BG) 

tfVALUE! 

ToUl (Peak BG) 
tfDIVA)! 

Units for z &, [eOI 

cV cm'^2/lE15atoiiis 

e matr. 
SlOi: 3.2000E-I4 

e std. 
CH: I.I250E-I4 

Atomic Density (Si) 

N(atoms/cm'^2): 5.0000E+22 
^ (Detector) 

5.4 KeV/Cliannel 

R s HnmVHstd.« tfDIVA)! 
X min. (Si) 

At 2.0 MeV (A): MDiVm! 
At 2.0 MeV (H): »D!V/0! 

At 3.05 MeV: 0DIV/O! 
At 4.265 MeV: tDIV/0! 

Atoms/cm'^2 
Si Surface Peak 

At 2.0 MeV: 9DIV/0! 

At 3.05 MeV: 0D!V/O! 
At 4.265 MeV: 0DIV/O! 

O (2 MeV): iDlV/0! 
O (3.05 MeV): mv/0! 

C (2 MeV): #Z>/V/D.' 

C (4.265 MeV): »DtV/0! 
H Fraction: tDtVlO! 

Hydrogen 
Sample (S) 

Analysis 

pfrformidas 
2.8 MeV 

Xmax.(Hsam.) 

2.8 MeV (S) 
tfDIVA)! 

Units for z &, [eOI 

cV cm'^2/lE15atoiiis 

e matr. 
SlOi: 3.2000E-I4 

e std. 
CH: I.I250E-I4 

Atomic Density (Si) 

N(atoms/cm'^2): 5.0000E+22 
^ (Detector) 

5.4 KeV/Cliannel 

R s HnmVHstd.« tfDIVA)! 
X min. (Si) 

At 2.0 MeV (A): MDiVm! 
At 2.0 MeV (H): »D!V/0! 

At 3.05 MeV: 0DIV/O! 
At 4.265 MeV: tDIV/0! 

Atoms/cm'^2 
Si Surface Peak 

At 2.0 MeV: 9DIV/0! 

At 3.05 MeV: 0D!V/O! 
At 4.265 MeV: 0DIV/O! 

O (2 MeV): iDlV/0! 
O (3.05 MeV): mv/0! 

C (2 MeV): #Z>/V/D.' 

C (4.265 MeV): »DtV/0! 
H Fraction: tDtVlO! 

Hydrogen 
Sample (S) 

Analysis 

pfrformidas 
2.8 MeV 

Xinin.l(Hsam.) 
2.8 MeV (S) 

tfDIVA)! 

Units for z &, [eOI 

cV cm'^2/lE15atoiiis 

e matr. 
SlOi: 3.2000E-I4 

e std. 
CH: I.I250E-I4 

Atomic Density (Si) 

N(atoms/cm'^2): 5.0000E+22 
^ (Detector) 

5.4 KeV/Cliannel 

R s HnmVHstd.« tfDIVA)! 
X min. (Si) 

At 2.0 MeV (A): MDiVm! 
At 2.0 MeV (H): »D!V/0! 

At 3.05 MeV: 0DIV/O! 
At 4.265 MeV: tDIV/0! 

Atoms/cm'^2 
Si Surface Peak 

At 2.0 MeV: 9DIV/0! 

At 3.05 MeV: 0D!V/O! 
At 4.265 MeV: 0DIV/O! 

O (2 MeV): iDlV/0! 
O (3.05 MeV): mv/0! 

C (2 MeV): #Z>/V/D.' 

C (4.265 MeV): »DtV/0! 
H Fraction: tDtVlO! 

Hydrogen 
Sample (S) 

Analysis 

pfrformidas 
2.8 MeV 

Xmin.2(Hsam.) 2.8 MeV (S) 
tfDIVA)! 

Units for z &, [eOI 

cV cm'^2/lE15atoiiis 

e matr. 
SlOi: 3.2000E-I4 

e std. 
CH: I.I250E-I4 

Atomic Density (Si) 

N(atoms/cm'^2): 5.0000E+22 
^ (Detector) 

5.4 KeV/Cliannel 

R s HnmVHstd.« tfDIVA)! 
X min. (Si) 

At 2.0 MeV (A): MDiVm! 
At 2.0 MeV (H): »D!V/0! 

At 3.05 MeV: 0DIV/O! 
At 4.265 MeV: tDIV/0! 

Atoms/cm'^2 
Si Surface Peak 

At 2.0 MeV: 9DIV/0! 

At 3.05 MeV: 0D!V/O! 
At 4.265 MeV: 0DIV/O! 

O (2 MeV): iDlV/0! 
O (3.05 MeV): mv/0! 

C (2 MeV): #Z>/V/D.' 

C (4.265 MeV): »DtV/0! 
H Fraction: tDtVlO! 

Hydrogen 
Sample (S) 

Analysis 

pfrformidas 
2.8 MeV 

Hmax.(Hsam.) 
2.8 MeV (S) 

tfDIVA)! 

Units for z &, [eOI 

cV cm'^2/lE15atoiiis 

e matr. 
SlOi: 3.2000E-I4 

e std. 
CH: I.I250E-I4 

Atomic Density (Si) 

N(atoms/cm'^2): 5.0000E+22 
^ (Detector) 

5.4 KeV/Cliannel 

R s HnmVHstd.« tfDIVA)! 
X min. (Si) 

At 2.0 MeV (A): MDiVm! 
At 2.0 MeV (H): »D!V/0! 

At 3.05 MeV: 0DIV/O! 
At 4.265 MeV: tDIV/0! 

Atoms/cm'^2 
Si Surface Peak 

At 2.0 MeV: 9DIV/0! 

At 3.05 MeV: 0D!V/O! 
At 4.265 MeV: 0DIV/O! 

O (2 MeV): iDlV/0! 
O (3.05 MeV): mv/0! 

C (2 MeV): #Z>/V/D.' 

C (4.265 MeV): »DtV/0! 
H Fraction: tDtVlO! 

Hydrogen 
Sample (S) 

Analysis 

pfrformidas 
2.8 MeV 

Hmin.KHsafn.) 

2.8 MeV (S) 
tfDIVA)! 

Units for z &, [eOI 

cV cm'^2/lE15atoiiis 

e matr. 
SlOi: 3.2000E-I4 

e std. 
CH: I.I250E-I4 

Atomic Density (Si) 

N(atoms/cm'^2): 5.0000E+22 
^ (Detector) 

5.4 KeV/Cliannel 

R s HnmVHstd.« tfDIVA)! 
X min. (Si) 

At 2.0 MeV (A): MDiVm! 
At 2.0 MeV (H): »D!V/0! 

At 3.05 MeV: 0DIV/O! 
At 4.265 MeV: tDIV/0! 

Atoms/cm'^2 
Si Surface Peak 

At 2.0 MeV: 9DIV/0! 

At 3.05 MeV: 0D!V/O! 
At 4.265 MeV: 0DIV/O! 

O (2 MeV): iDlV/0! 
O (3.05 MeV): mv/0! 

C (2 MeV): #Z>/V/D.' 

C (4.265 MeV): »DtV/0! 
H Fraction: tDtVlO! 

Hydrogen 
Sample (S) 

Analysis 

pfrformidas 
2.8 MeV Hmin.2(Hsam.) 

2.8 MeV (S) 
tfDIVA)! 

Units for z &, [eOI 

cV cm'^2/lE15atoiiis 

e matr. 
SlOi: 3.2000E-I4 

e std. 
CH: I.I250E-I4 

Atomic Density (Si) 

N(atoms/cm'^2): 5.0000E+22 
^ (Detector) 

5.4 KeV/Cliannel 

R s HnmVHstd.« tfDIVA)! 
X min. (Si) 

At 2.0 MeV (A): MDiVm! 
At 2.0 MeV (H): »D!V/0! 

At 3.05 MeV: 0DIV/O! 
At 4.265 MeV: tDIV/0! 

Atoms/cm'^2 
Si Surface Peak 

At 2.0 MeV: 9DIV/0! 

At 3.05 MeV: 0D!V/O! 
At 4.265 MeV: 0DIV/O! 

O (2 MeV): iDlV/0! 
O (3.05 MeV): mv/0! 

C (2 MeV): #Z>/V/D.' 

C (4.265 MeV): »DtV/0! 
H Fraction: tDtVlO! 

Hydrogen 
Sample (S) 

Analysis 

pfrformidas 
2.8 MeV 

Area. A(Hsam.) 

2.8 MeV (S) 
tfDIVA)! 

Units for z &, [eOI 

cV cm'^2/lE15atoiiis 

e matr. 
SlOi: 3.2000E-I4 

e std. 
CH: I.I250E-I4 

Atomic Density (Si) 

N(atoms/cm'^2): 5.0000E+22 
^ (Detector) 

5.4 KeV/Cliannel 

R s HnmVHstd.« tfDIVA)! 
X min. (Si) 

At 2.0 MeV (A): MDiVm! 
At 2.0 MeV (H): »D!V/0! 

At 3.05 MeV: 0DIV/O! 
At 4.265 MeV: tDIV/0! 

Atoms/cm'^2 
Si Surface Peak 

At 2.0 MeV: 9DIV/0! 

At 3.05 MeV: 0D!V/O! 
At 4.265 MeV: 0DIV/O! 

O (2 MeV): iDlV/0! 
O (3.05 MeV): mv/0! 

C (2 MeV): #Z>/V/D.' 

C (4.265 MeV): »DtV/0! 
H Fraction: tDtVlO! 

Hydrogen 
Standard (ST) 

Analysis 
performed at 

2.H MeV 

Xmax.(Hstd.) 

2.8 MeV (ST) 
tfDIVA)! 

Total (S-fST) 
tfDIVA)! 

Units for z &, [eOI 

cV cm'^2/lE15atoiiis 

e matr. 
SlOi: 3.2000E-I4 

e std. 
CH: I.I250E-I4 

Atomic Density (Si) 

N(atoms/cm'^2): 5.0000E+22 
^ (Detector) 

5.4 KeV/Cliannel 

R s HnmVHstd.« tfDIVA)! 
X min. (Si) 

At 2.0 MeV (A): MDiVm! 
At 2.0 MeV (H): »D!V/0! 

At 3.05 MeV: 0DIV/O! 
At 4.265 MeV: tDIV/0! 

Atoms/cm'^2 
Si Surface Peak 

At 2.0 MeV: 9DIV/0! 

At 3.05 MeV: 0D!V/O! 
At 4.265 MeV: 0DIV/O! 

O (2 MeV): iDlV/0! 
O (3.05 MeV): mv/0! 

C (2 MeV): #Z>/V/D.' 

C (4.265 MeV): »DtV/0! 
H Fraction: tDtVlO! 

Hydrogen 
Standard (ST) 

Analysis 
performed at 

2.H MeV 

Xmin.KHstd.) 
2.8 MeV (ST) 

tfDIVA)! 

Total (S-fST) 
tfDIVA)! 

Units for z &, [eOI 

cV cm'^2/lE15atoiiis 

e matr. 
SlOi: 3.2000E-I4 

e std. 
CH: I.I250E-I4 

Atomic Density (Si) 

N(atoms/cm'^2): 5.0000E+22 
^ (Detector) 

5.4 KeV/Cliannel 

R s HnmVHstd.« tfDIVA)! 
X min. (Si) 

At 2.0 MeV (A): MDiVm! 
At 2.0 MeV (H): »D!V/0! 

At 3.05 MeV: 0DIV/O! 
At 4.265 MeV: tDIV/0! 

Atoms/cm'^2 
Si Surface Peak 

At 2.0 MeV: 9DIV/0! 

At 3.05 MeV: 0D!V/O! 
At 4.265 MeV: 0DIV/O! 

O (2 MeV): iDlV/0! 
O (3.05 MeV): mv/0! 

C (2 MeV): #Z>/V/D.' 

C (4.265 MeV): »DtV/0! 
H Fraction: tDtVlO! 

Hydrogen 
Standard (ST) 

Analysis 
performed at 

2.H MeV 

Xniin.2(Hstd.) 2.8 MeV (ST) 
tfDIVA)! 

Total (S-fST) 
tfDIVA)! 

Units for z &, [eOI 

cV cm'^2/lE15atoiiis 

e matr. 
SlOi: 3.2000E-I4 

e std. 
CH: I.I250E-I4 

Atomic Density (Si) 

N(atoms/cm'^2): 5.0000E+22 
^ (Detector) 

5.4 KeV/Cliannel 

R s HnmVHstd.« tfDIVA)! 
X min. (Si) 

At 2.0 MeV (A): MDiVm! 
At 2.0 MeV (H): »D!V/0! 

At 3.05 MeV: 0DIV/O! 
At 4.265 MeV: tDIV/0! 

Atoms/cm'^2 
Si Surface Peak 

At 2.0 MeV: 9DIV/0! 

At 3.05 MeV: 0D!V/O! 
At 4.265 MeV: 0DIV/O! 

O (2 MeV): iDlV/0! 
O (3.05 MeV): mv/0! 

C (2 MeV): #Z>/V/D.' 

C (4.265 MeV): »DtV/0! 
H Fraction: tDtVlO! 

Hydrogen 
Standard (ST) 

Analysis 
performed at 

2.H MeV 

Hinax.(H5td.) 
2.8 MeV (ST) 

tfDIVA)! 

Total (S-fST) 
tfDIVA)! 

Units for z &, [eOI 

cV cm'^2/lE15atoiiis 

e matr. 
SlOi: 3.2000E-I4 

e std. 
CH: I.I250E-I4 

Atomic Density (Si) 

N(atoms/cm'^2): 5.0000E+22 
^ (Detector) 

5.4 KeV/Cliannel 

R s HnmVHstd.« tfDIVA)! 
X min. (Si) 

At 2.0 MeV (A): MDiVm! 
At 2.0 MeV (H): »D!V/0! 

At 3.05 MeV: 0DIV/O! 
At 4.265 MeV: tDIV/0! 

Atoms/cm'^2 
Si Surface Peak 

At 2.0 MeV: 9DIV/0! 

At 3.05 MeV: 0D!V/O! 
At 4.265 MeV: 0DIV/O! 

O (2 MeV): iDlV/0! 
O (3.05 MeV): mv/0! 

C (2 MeV): #Z>/V/D.' 

C (4.265 MeV): »DtV/0! 
H Fraction: tDtVlO! 

Hydrogen 
Standard (ST) 

Analysis 
performed at 

2.H MeV 

Hmin.UHstd.) 

2.8 MeV (ST) 
tfDIVA)! 

Total (S-fST) 
tfDIVA)! 

Units for z &, [eOI 

cV cm'^2/lE15atoiiis 

e matr. 
SlOi: 3.2000E-I4 

e std. 
CH: I.I250E-I4 

Atomic Density (Si) 

N(atoms/cm'^2): 5.0000E+22 
^ (Detector) 

5.4 KeV/Cliannel 

R s HnmVHstd.« tfDIVA)! 
X min. (Si) 

At 2.0 MeV (A): MDiVm! 
At 2.0 MeV (H): »D!V/0! 

At 3.05 MeV: 0DIV/O! 
At 4.265 MeV: tDIV/0! 

Atoms/cm'^2 
Si Surface Peak 

At 2.0 MeV: 9DIV/0! 

At 3.05 MeV: 0D!V/O! 
At 4.265 MeV: 0DIV/O! 

O (2 MeV): iDlV/0! 
O (3.05 MeV): mv/0! 

C (2 MeV): #Z>/V/D.' 

C (4.265 MeV): »DtV/0! 
H Fraction: tDtVlO! 

Hydrogen 
Standard (ST) 

Analysis 
performed at 

2.H MeV Hmin.ZTHstd.) 

2.8 MeV (ST) 
tfDIVA)! 

Total (S-fST) 
tfDIVA)! 

Units for z &, [eOI 

cV cm'^2/lE15atoiiis 

e matr. 
SlOi: 3.2000E-I4 

e std. 
CH: I.I250E-I4 

Atomic Density (Si) 

N(atoms/cm'^2): 5.0000E+22 
^ (Detector) 

5.4 KeV/Cliannel 

R s HnmVHstd.« tfDIVA)! 
X min. (Si) 

At 2.0 MeV (A): MDiVm! 
At 2.0 MeV (H): »D!V/0! 

At 3.05 MeV: 0DIV/O! 
At 4.265 MeV: tDIV/0! 

Atoms/cm'^2 
Si Surface Peak 

At 2.0 MeV: 9DIV/0! 

At 3.05 MeV: 0D!V/O! 
At 4.265 MeV: 0DIV/O! 

O (2 MeV): iDlV/0! 
O (3.05 MeV): mv/0! 

C (2 MeV): #Z>/V/D.' 

C (4.265 MeV): »DtV/0! 
H Fraction: tDtVlO! 

Hydrogen 
Standard (ST) 

Analysis 
performed at 

2.H MeV 
Area. A(Hstd.) 

2.8 MeV (ST) 
tfDIVA)! 

Total (S-fST) 
tfDIVA)! 

Units for z &, [eOI 

cV cm'^2/lE15atoiiis 

e matr. 
SlOi: 3.2000E-I4 

e std. 
CH: I.I250E-I4 

Atomic Density (Si) 

N(atoms/cm'^2): 5.0000E+22 
^ (Detector) 

5.4 KeV/Cliannel 

R s HnmVHstd.« tfDIVA)! 
X min. (Si) 

At 2.0 MeV (A): MDiVm! 
At 2.0 MeV (H): »D!V/0! 

At 3.05 MeV: 0DIV/O! 
At 4.265 MeV: tDIV/0! 

Atoms/cm'^2 
Si Surface Peak 

At 2.0 MeV: 9DIV/0! 

At 3.05 MeV: 0D!V/O! 
At 4.265 MeV: 0DIV/O! 

O (2 MeV): iDlV/0! 
O (3.05 MeV): mv/0! 

C (2 MeV): #Z>/V/D.' 

C (4.265 MeV): »DtV/0! 
H Fraction: tDtVlO! 
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APPENDIX C 

APPENDICES TO CHAPTER 5 

Appendix CI 

Appendix C2 

Appendix C3 

Appendix C4 

Key features of the TMAFM etched silicon tips. 

Nanoscope® software settings used for scanning TAMFM images. 

Summary of the typical materials used for FTIR-ATR elements. 

Summary of the key FTIR peak locations of interest to the present 
research study. 
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Appendix CI Key features of the TMAFM etched silicon tips [27]. 

Model # TESP(W) 

Force or Spring Constant(s) Typical 20 - 100 N/m 

Resonant Frequency Range - Typical 200 - 400 KHz 

Nominal Tip Radius of Cun/ature 5 - 1 0  n m  

Nominal Tip Height 1 0 - 1 5  u m  

Tip 1/2 Cone Angle 18° Side. 25° Front, 10° Back 

Reflective Coating Uncoated 

Cantilever Length 125 um 

Cantilever Width Per Leg-Perpendicular 

E
 

o
 1 

o
 

C
O

 

Cantilever Thickness 3.5 - 5.0 um 

Cantilever Configuration Single Beam 

Lfsed in Microscope Multimode AFM, Bioscope, Dimension 



Appendix C2 Nanoscope® software settings used for scanning TAMFM images [27]. 

Parameter 
of Interest 

Top^ 
Z-Scale 

View 
Roughness 

Surface 

Plot 
Power Spec 

Data 
tral Density 

Plot 

Color Table 0 0 0 0 0 

Color Contrast 0 0 0 0 0 

Color Offset 60 60 60 60 60 

Plane Fit 3 3 3 3 3 

Z Range (mm) 2 2 2 2 2 

Plot Type Height Height Mixed 
Not 

Applicable 
Height 

Illumination 
Position or Weight 

Left Left 20% 
Not 

Applicable 
Left 

Rotation (deg.) 
Not 

Applicable 
Not 

Applicable 
330 

Not 
Applicable 

Not 
Applicable 

Pitch (deg.) 
Not 

Applicable 
Not 

Applicable 
55 

Not 
Applicable 

Not 
Applicable 

Light - Horizontal 
Not 

Applicable 
Not 

Applicable 
90 

Not 
Applicable 

Not 
Applicable 

Light - Vertical 
Not 

Applicable 
Not 

Applicable 
50 

Not 
Applicable 

Not 
Applicable 

Target 
Not 

Applicable 
Not 

Applicable 
On 

Not 
Applicable 

Not 
Applicable 
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Appendix C3 Summary of the typical materials used for FTIR-ATR elements [46]. 

Useful 
RejS^tive wavelength 

Material index range (nm) Comments 

Sapphire 1.75 0.3-3.7 H,B,I 
MgO 1.68 0.5 - 6.0 H, B,I 

Si 3.42 1.06-6.7 H, B,I 
30 -100 

CaFa 1.4 0.3-7 

InAs 3.4 3.8 - 7.0 

AS2S3 2.4 0.8 - 8.2 S,B 

ZnS 2.22 0.7-10 H, B,I 
Ge 4 2.0-11.4 H,B,I 

As2Se3 2.8 0.9-11.8 S,B 

GeAsSe Glass 2.5 0.9 - 12.5 

InP 3 1.3 - 12.5 

CdS 2.3 0.5 - 14 

GaAs 3.14 1.0-14 B 
ZnSe 2.42 0.5 - 14.3 S,B 
KCl 1.47 0.5 - 15 S,WS 

AgCl 2 0.45 - 16 S, CF, UV 
BCBr 1.52 0.5 - 20 S,WS 

a - Se 2.4 1.0-20 S 

AgBr 2.2 0.5 - 22 S, CF, UV 

CdTe 2.65 1.0-22 S,B,I 
CsBr 1.65 0.4 - 27 S,WS 

Csl 1.72 0.5 - 30 s,ws 
ICRS-5 2.35 0.7 - 30 s, CF 

Te 4.8, 5, 3 5.0 - 25 s 
ZnTe 2.7 0.6 - 52(?) 

Diamond 2.4 6->100 

Note: 
S = soft, H = hard, B = brittle, WS = water soluble, I = chemically inert, 

UV = sensitivity to U.V. light, and CP = cold flows 



Appendix C4 Summary of the key FTIR peak locations of interest to the present research study [64,65]. 

Functional 
Group 

Interested 
Species 

Region 
Wavenumbers (cm') 

Related 
Comments 

Hydrides SiH 2070 - 2090 Hydrides 
SiH, 2090 - 2120 

Hydrides 

SiH, 2120 - 2150 
Oxide SiO, Around 1200 SiO peak over shadowed 
Carbohydride CH 2800 - 3200 Depends on structure - eg. aromatic Carbohydride 

Around 1400 Depends on bending moment 
Carbohydride 

SiC Below 700 
Hydroxyl Si(OH). 3200 - 3500 Slightly conc. soln.,Weak H-bonding, Medium band Hydroxyl 

Around 3960 Dilute soln., No H-bonding, Weak band 
Fluoride HF Below 1000 Fluoride 

SiF Around 900 
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APPENDIX D 

APPENDICES TO CHAPTER 6 

Appendix D1 

Appendix D2 

Appendix D3 

Appendix D4 

Appendix D5 

Appendix D6 

Appendix D7 

Appendix D8 

Appendix D9 

Appendix DIO 

Appendix D11 

Appendix D12 

Appendix D13 

Comparison of surface concentration of carbon measured by ion beam 
analysis along <111> direction in channeling and rotating random modes 
on Si(lOO) samples generated in the experiment VB1. 

Comparison of Si(lOO) samples generated in the experiment VBl based 
on the surface concentration of impurities and crystalline nature. 

Comparison of surface concentration of oxygen measured by ion beam 
analysis along <111> direction in channeling and rotating random modes 
on Si( 100) samples generated in the experiment VB 1. 

Surface concentration of disordered silicon and hydrogen on Si(lOO) 
samples generated by different chemical treatments in the experiment VB 1 
and measured by ion beam analysis. 

Comparison of crystalline nature (Xn^„) of Si(lOO) surfaces as 
measured by ion beam analysis along <111> direction in channeling 
and rotating random modes for samples generated in the experiment VB 1. 

Tapping mode atomic force microscope scans of the VBl-CI sample 
generated in the experiment VB 1. 

Tapping mode atomic force microscope scans of the VB1-C2 sample 
generated in the experiment VB 1. 

Tapping mode atomic force microscope scans of the VB1-C3 sample 
generated in the experiment VB 1. 

Tapping mode atomic force microscope scans of the VBI-C4 sample 
generated in the experiment VB 1. 

Tapping mode atomic force microscope scans of the VBl-Rl sample 
generated in the experiment VB 1. 

Tapping mode atomic force microscope scans of the VB1-R2 sample 
generated in the experiment VB 1. 

Tapping mode atomic force microscope scans of the VB1-R3 sample 
generated in the experiment VB 1. 

Comparison of roughness of Si(lOO) surfaces measured as RMS values 
by tapping mode atomic force microscope for samples generated in the 
experiment VBl. 
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Appendix D14 Comparison of roughness of Si(lOO) surfaces measured as RMS values in 
a particulate free area by tapping mode atomic force microscope for 
samples generated in the experiment VB1. 

Appendix D15 Contribution of silicon and oxygen for the formation of SiO and SiO, 
layers in the experiment VBl. 

Appendix D16 Comparison of surface concentration of carbon measured by ion beam 
analysis along <111> direction in channeling and rotating random modes 
on Si(lOO) samples generated in the experiment SDW. 

Appendix D17 Comparison of Si(lOO) samples generated in the experiment SDW based 
on the surface concentrations of impurities and crystdline nature. 

Appendix D18 Comparison of surface concentration of oxygen measured by ion beam 
analysis along <111> direction in channeling and rotating random modes 
on Si(lOO) samples generated in the experiment SDW. 

Appendix D19 Surface concentration of disordered silicon and hydrogen on Si(lOO) 
samples generated by different chemical treatments in the experiment 
SDW and measured by ion beam analysis. 

Appendix D20 Comparison of crystalline nature (Xnun.) Si(lOO) surfaces as measured 
by ion beam analysis along <11I> direction in channeling and rotating 
random modes for samples generated in the experiment SDW. 

Appendix D21 Tapping mode atomic force microscope scans of the SDW-Sl sample 
generated in the experiment SDW. 

Appendix D22 Tapping mode atomic force microscope scans of the SDW-S3 sample 
generated in the experiment SDW. 

Appendix D23 Tapping mode atomic force microscope scans of the SDW-S5 sample 
generated in the experiment SDW. 

Appendix D24 Tapping mode atomic force microscope scans of the SDW-S7 sample 
generated in the experiment SDW. 

Appendix D25 Tapping mode atomic force microscope scans of the SDW-S9 sample 
generated in the experiment SDW. 

Appendix D26 Comparison of roughness of Si(lOO) surfaces measured as RMS values 
by tapping mode atomic force microscope for samples generated in the 
experiment SDW. 

Appendix D27 Comparison of roughness of Si(lOO) surfaces measured as RMS values in 
a particulate free area by tapping mode atomic force microscope for 
samples generated in the experiment SDW. 
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Appendix D28 

Appendix D29 

Appendix D30 

Appendix D31 

Appendix D32 

Appendix D33 

Appendix D34 

Appendix D35 

Appendix D36 

Appendix D37 

Appendix D38 

Appendix D39 

Appendix D40 

Contribution of silicon and oxygen for the formation of SiO and SiOj 
layers in the experiment SDW. 

Concentration of carbon on Si(lOO) surfaces measured by ion beam 
analysis with a sample tilt of 75° in rotating random mode for samples 
generated in the experiment AS 1. 

Comparison of Si(lOO) samples generated in the experiment ASl based 
on the surface concentrations of C, O, and H as measured by ion beam 
analysis in the rotating random mode with a sample tilt of 75°. 

Concentration of oxygen on Si(lOO) surfaces measured by ion beam 
analysis with a sample tilt of 75° in rotating random mode for samples 
generated in the experiment ASl. 

Concentration of hydrogen on Si(lOO) surfaces measured by ion beam 
analysis with a sample tilt of 75° in rotating random mode for samples 
generated in the experiment ASl. 

Concentration of carbon on Si(lOO) surfaces measured by ion beam 
analysis with a sample tilt of 75° in rotating random mode for samples 
generated in the experiment AS2. 

Mean and standard deviation for the concentrations of C, O, and H on 
Si(lOO) surfaces as measured by ion beam analysis with a sample tilt of 
75° in rotating random mode for samples generated in the experiments 
AS 1 and AS2. 

Comparison of adsorption and desorption levels for C, O, and H on 
Si(lC)O) surfaces for samples generated in the experiment AS2. 

Comparison of adsorption and desorption levels for C, O, and H on 
Si(lOO) surfaces for samples generated in the experiments ASl and AS2 
based on difference in values. 

Comparison of S 1(100) samples generated in the experiments ASl and 
AS2 based on the surface concentration of carbon as measured by ion 
beam analysis in the rotating random mode with a sample tilt of 75°. 

Concentration of oxygen on Si(lOO) surfaces measured by ion beam 
analysis with a sample tilt of 75° in rotating random mode for samples 
generated in the experiment AS2. 

Comparison of Si(lOO) samples generated in the experiments ASl and 
AS2 based on the surface concentration of oxygen as measured by ion 
beam analysis in the rotating random mode with a sample tilt of 75°. 

Concentration of hydrogen on Si(lOO) surfaces measured by ion beam 
analysis with a sample tilt of 75° in rotating random mode for samples 
generated in the experiment AS2. 
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Appendix D41 

Appendix D42 

Appendix D43 

Appendix D44 

Appendix D45 

Appendix D46 

Appendix D47 

Appendix D48 

Appendix D49 

Appendix D50 

Comparison of Si(lOO) samples generated in the experiments ASl and 
AS2 based on the surface concentration of hydrogen as measured by ion 
beam analysis in the rotating random mode with a sample tilt of 75°. 

Concentrations of C, O, and H on Si(lOO) surfaces measured by ion beam 
analysis with a sample tilt of 75° in rotating random mode for samples 
generated in the experiment AS3. 

Comparison of Si(lOO) samples generated in the experiment ASS based 
on surface concentrations of C, O, and H as measured by ion beam 
analysis in rotating random mode witii a sample tilt of 75°. 

Comparison of roughness of Si(lOO) surfaces measured as RMS values 
obtained by TMAFM on samples generated in the experiment AS5 for 
whole image and particulate free area (box) for a scan size of 2 x 2 pim^. 

Tapping mode atomic force microscope scans of the samples (a) AS5-S1, 
(b) AS5-S2, (c) AS5-S3, (d) AS5-S4 and (e) AS5-S5 generated in the 
experiment AS5. 

Tapping mode atomic force microscope scans of the samples (a) AS5-S6, 
(b) AS5-S7, (c) AS5-S8, (d) AS5-S9 and (e) AS5-S10 generated in the 
experiment AS5. 

Tapping mode atomic force microscope scans of the samples (a) AS5-
Sll, (b) AS5-S12, (c) AS5-S13, (d) AS5-S14 and (e) AS5-S15 
generated in the experiment AS5. 

Tapping mode atomic force microscope scans of the samples (a) AS5-
SI6, (b) AS5-S17, (c) AS5-S18, (d) AS5-S19 and (e) AS5-S20 
generated in the experiment AS5. 

Summary of the locations of key peaks noticed in the FTIR spectra 
obtained in ATR mode on the Si(lOO) surfaces for samples generated in 
the experiment AS6. 

Comparison of the peak area for hydride regions with respect to oxide 
region as obtained by FTIR in ATR mode on the Si(lOO) surfaces for 
samples generated in the experiment AS6. 

Appendix D51 

Appendix D52 

Summary of the locations of key peaks noticed in the FTIR spectra 
obtained in ATR mode on the Si(lOO) surfaces for samples generated in 
the experiment AS7. 

Comparison of the peak area for hydride regions with respect to oxide 
region as obtained by FTIR in AIR mode on the Si(lOO) surfaces for 
samples generated in the experiment AS7. 
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Appendix D53 

Appendix D54 

Appendix D55 

Appendix D56 

Appendix D57 

Appendix D58 

Appendix D59 

Appendix D60 

Summary of the locations of key peaks noticed in the h l lK spectra 
obtained in ATR mode on the Si(lOO) surfaces for samples generated in 
the experiment AS9. 

Comparison of the peak area for hydride regions with respect to oxide 
region as obtained by h'llK in ATR mode on the Si(lOO) surfaces for 
samples generated in the experiment AS9. 

Summary of the locations of key peaks noticed in the FTIR spectra 
obtained in ATR mode on the Si(lOO) surfaces for samples generated in 
the experiment AS 16. 

Comparison of the peak area for hydride regions with respect to oxide 
region as obtained by FTIR in ATR mode on the Si(lOO) surfaces for 
samples generated in the experiment AS 16. 

Comparison of the wetting nature of deionized water on H-passivated 
Si(lOO) surfaces obtained by chemical treatment with HF/methanol 
solutions for samples generated in the experiment AS 11. 

Comparison of the wetting nature of deionized water on H-passivated 
Si(lOd) surfaces obtained by chemical treatment with HF/IPA solutions 
for samples generated in the experiment AS 13. 

Comparison of the wetting nature of deionized water on H-passivated 
SiClOO) surfaces obtained by chemical treatment with HF/ethanol 
solutions for samples generated in the experiment AS 14. 

Comparison of the wetting nature of deionized water on H-passivated 
Si(lOb) surfaces obtained by chemical treatment with different Iff/alcohol 
solutions for samples generated in the experiments AS 11, AS 13 and 
ASM. 

Appendix D61 Surface impurity concentrations and contact angle measurements for 
Si(lOO) samples generated in the experiment FSAl. 

Appendix D62 

Appendix D63 

Appendix D64 

Appendix D65 

Sununary of the TMAFM results obtained in the experiment FSAl. 

Concentrations of C, O, and H on Si( 100) surfaces as measured by ion 
beam analysis in rotating random mode with a sample tilt of 75° for 
samples generated in the experiment FS A2. 

Concentrations of C, O, and H on Si(lOO) surfaces as measured by ion 
beam analysis in rotating random mode with a sample tilt of 75° for 
samples generated in the experiment FSA3. 

Mean and standard deviation for concentrations of C, O, and H on 
Si(lOO) surfaces as measured by ion beam analysis with a sample tilt of 
75° in rotating random mode for samples generated in the experiments 
FSA2 and FSA3. 
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Appendix D66 Comparison of adsorption and desorption levels for C, O, and H on 
Si(lOb) surfaces for samples generated in the experiment FSA2. 

Appendix D67 Comparison of adsorption and desorption levels for C, O, and H on 
Si(IOb) surfaces for samples generated in the experiment FSA3. 

Appendix D68 Comparison of area for SiHx and CH^ peaks obtained by MIK in ATR 
mode with unpolarized and polarized light for samples generated in the 
experiment FS A2. 
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Appendix D1 Comparison of surface concentration of carbon measured by ion beam 
analysis along <111> direction in channeling and rotating random modes on 
Si( 100) samples generated in the experiment VB1. 

Carbon Areal Density in <111> Channel Mode 
Sample Relative Error Error 

# Atoms/cm^ Peak BG Total Factor (*) 
VBl-Cl 7.89E+15 0.0211 0.1181 0.1199 9.46E+14 
VB1-C2 3.47E+15 0.0315 0.1954 0.1979 6.87E+14 
VB1-C3 4.13E+15 0.0282 0.1550 0.1576 6.51E+14 
VB1-C4 6.39E+15 0.0228 0.0953 0.0980 6.26E+14 
VBl-Rl 5.68E+15 0.0219 0.1620 0.1634 9.29E+14 
VB1-R2 5.22E+15 0.0214 0.1102 0.1123 5.86E+14 
VB1-R3 4.15E+15 0.0301 0.1368 0.1401 5.82E+14 

Sample 
# 

Carl 

Atoms/cm^ 

3on Areal Der 

Peak 

isity in Rotati 
Relative Erroi 

BG 

ng Random \ 

Total 

lode 
Error 

Factor (**) 
VBl-Cl 1.19E+16 0.0172 0.1263 0.1275 1.52E+15 
VB1-C2 7.35E+15 0.0216 0.1400 0.1417 1.04E+15 
VB1-C3 7.73E+15 0.0206 0.1609 0.1622 1.25E+15 
VB1-C4 9.59E+15 0.0186 0.1291 0.1304 1.25E+15 
VBl-Rl 8.56E+15 0.0197 0.2206 0.2215 1.90E+15 
VB1-R2 8.37E+15 0.0200 0.1310 0.1325 l.llE+15 
VB1-R3 7.03E+15 0.0231 0.2143 0.2156 1.52E+15 

Sample 
# 

Diff 
Atom 

Random 

erence in Car 
is/cm^ 

Channel 

jon Areal Dei 
% 

Difference 

isity 
Ratio 
Factor 

VBl-Cl 1.19E+16 7.89E+15 50.57 1.51 
VB1-C2 7.35E+15 3.47E+15 111.67 2.12 
VB1-C3 7.73E+15 4.13E+15 87.23 1.87 
VB1-C4 9.59E+15 6.39E+15 49.96 1.50 
VBl-Rl 8.56E+15 5.68E+15 50.62 1.51 
VB1-R2 8.37E+15 5.22E+15 60.23 1.60 
VB1-R3 7.03E+15 4.15E+15 69.27 1.69 

Note: 

"BG" stands for 

Background. 

(•) Average Error Factor: 7.I5E+14 Average % Difference: 68.51 

(*•) Average Error Factor: I.37E+15 Average Ratio Factor: 1.69 



Appendix D2 Comparison of Si( 100) samples generated in the experiment VB1 based on the surface concentration of 
impurities and ciystalline nature. 

Ratio 

Parameter 

Surface 

Ran. 

Carbon 

Chan. 

Surface 

Ran. 

Oxygen 

Chan. 

Surface 

Unreg. Si 

Surface 

Hydrogen 
Xmin. ^ 

Area 
'actor 

Height 
VB1-CWB1-C2 1.62 2.27 1.16 1.11 0.98 1.32 1.08 1.03 
VB1-C1A^1-C3 1.54 1.91 1.41 2.42 1.24 1.04 1.46 1.23 
VB1-C1A^1-C4 1.24 1.24 1.19 1.23 1.13 1.77 1.26 1.14 
VBl-ClA^l-Rl 1.39 1.39 1.29 1.56 0.93 1.63 0.99 0.98 
VB1-C1A^1-R2 1.42 1.51 1.39 1.72 1.26 0.94 1.08 1.01 
VB1-CWB1-R3 1.69 1.90 1.59 2.79 1.18 0.59 1.10 1.10 
VB1-C2A^1-C3 0.95 0.84 1.21 2.17 1.27 0.79 1.35 1.20 
VB1-C2A^1-C4 0.77 0.54 1.02 1.11 1.15 1.34 1.16 1.11 
VB1-C2A^1-R1 0.86 0.61 1.11 1.40 0.95 1.24 0.92 0.95 
VB1-C2A^1-R2 0.88 0.67 1.19 1.55 1.29 0.72 1.00 0.99 
VB1-C2A^1-R3 1.05 0.84 1.37 2.51 1.20 0.44 1.02 1.08 
VB1-C3A^1-C4 0.81 0.65 0.84 0.51 0.91 1.70 0.87 0.92 
VB1-C3A^1-R1 0.90 0.73 0.92 0.65 0.75 1.56 0.68 0.79 
VB1-C3A^1-R2 0.92 0.79 0.99 0.71 1.02 0.90 0.75 0.82 
VB1-C3A^1-R3 1.10 1.00 1.13 1.15 0.95 0.56 0.76 0.90 
VBl-C4ArBl-Rl 1.12 1.13 1.09 1.27 0.82 0.92 0.79 0.86 
VB1-C4A^1-R2 1.15 1.22 1.17 1.40 1.12 0.53 0.86 0.89 
VB1-C4A^I-R3 1.36 1.54 1.34 2.27 1.05 0.33 0.87 0.97 
VB1-R1A^I-R2 1.02 1.09 1.07 1.10 1.36 0.58 1.10 1.04 
VB1-R1A^1-R3 1.22 1.37 1.23 1.79 1.27 0.36 1.11 1.13 
VB1-R2A^1-R3 1.19 1.26 1.15 1.62 0.93 0.62 1.01 1.09 

Note: Rot. Ran. stands for rotating random and the quoted values are based on rotating random spectra. 
Chan, stands for <111> channeling and the quoted values are based on <111> channeling spectra. 
Unreg. Si stands for unregistered Si atoms. 

factor values are calculated based on area method and height method. 
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Appendix D3 Comparison of surface concentration of oxygen measured by ion beam 
analysis along <111> direction in channeling and rotating random modes on 
Si(l(X)) samples generated in the experiment VBl. 

Sample 
# 

Ox" 

Atoms/cm^ 

i^gen Areal D( 

Peak 

snsity in <111 
Relative Erroi 

BG 

> Channel M 

Total 

ode 
Error 

Factor (*) 
VBl-Cl 5.44E+15 0.0269 0.1043 0.1077 5.86E+14 
VB1-C2 4.89E+15 0.0284 0.1470 0.1497 7.32E+14 
VB1-C3 2.25E+15 0.0412 0.2808 0.2838 6.38E+14 
VB1-C4 4.42E+15 0.0296 0.1632 0.1659 7.33E+14 
VBl-Rl 3.49E+15 0.0462 0.2688 0.2727 9.51E+14 
VB1-R2 3.16E+15 0.0349 0.2072 0.2101 6.63E+14 
VB1-R3 1.95E+15 0.0470 0.1956 0.2012 3.92E+14 

Sample 
# 

Oxy 

Atoms/cm^ 

jen Areal De 

Peak 

isity in Rotat 
Relative Erroi 

BG 

ing Random N 

Total 

/lode 
Error 

Factor (**) 
VBl-Cl 1.22E+16 0.0179 0.1148 0.1162 1.42E+15 
VB1-C2 1.05E+16 0.0193 0.1396 0.1409 1.48E+15 
VB1-C3 8.68E+15 0.0209 0.1486 0.1501 1.30E+15 
VB1-C4 1.03E+16 0.0194 0.0953 0.0973 l.OOE+15 
VBl-Rl 9.46E+15 0.0242 0.2309 0.2321 2.20E+15 
VB1-R2 8.81E+15 0.0209 0.1446 0.1461 1.29E+15 
VB1-R3 7.68E+15 0.0237 0.1014 0.1041 8.00E+14 

Sample 
# 

Diff< 
Atom 

Random 

;rence in Oxy 
s/cm^ 

Channel 

gen Areal Dei 
% 

Difference 

nsity 
Ratio 
Factor 

VBl-Cl 1.22E+16 5.44E+15 124.22 2.24 
VB1-C2 1.05E+16 4.89E+15 115.05 2.15 
VB1-C3 8.68E+15 2.25E+15 286.12 3.86 
VB1-C4 1.03E+16 4.42E+15 132.58 2.33 
VBl-Rl 9.46E+15 3.49E+15 171.43 2.71 
VB1-R2 8.81E+15 3.16E+15 179.14 2.79 
VB1-R3 7.68E+15 1.95E+15 294.02 3.94 

Note: 

"BG" stands for 

Background. 

(•) Average Error Factor: 6.7IE+14 Average % Difference: 186.08 

(•*) Average Error Factor: J.36E+15 Average Ratio Factor: 2.86 



Appendix D4 Surface concentration of disordered silicon and hydrogen on Si(lOO) samples generated by different chemical 
treatments in the experiment VB1 and measured by ion beam analysis. 

Sample 
# 

Disorde 
Atoms 
per cm^ 

:red Si Areal 
Relative 

Error 

Density 
Error 

Factor(*) 
% 

Fraction 

Hydr 

Sample 

ogen Fractioi 
lelative Erroi 

Standard 

1 (%) 

Total 
Error 

Factor (•*) 
VBl-CI 1.58E+16 0.0319 5.03E+14 0.6564 0.0538 0.0031 0.0538 0.0353 
VB1-C2 1.61E+16 0.0315 5.07E+14 0.4974 0.0618 0.0031 0.0619 0.0307 
VB1-C3 1.27E+16 0.0348 4.40E+14 0.6286 0.0550 0.0031 0.0551 0.0346 
VB1-C4 1.40E+16 0.0330 4.61E+14 0.3702 0.0716 0.0031 0.0717 0.0265 
VBl-Rl 1.70E+16 0.0306 5.19E+14 0.4024 0.0687 0.0031 0.0687 0.0276 
VB1-R2 1.25E+16 0.0345 4.32E+14 0.6951 0.0523 0.0031 0.0524 0.0364 
VB1-R3 1.34E+16 0.0354 4.75E+14 1.1220 0.0412 0.0031 0.0413 0.0462 

Note: Hydrogen is measured at a scattering angle of 75°. 

Average error is measured as mean of all the error values for the particular element in the experiment. 

(•) Average Error; 4.77E+14 

(**) Average Error: 0.0339 
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Appendix D5 Comparison of crystalline nature (Xnun.) Si(lOO) surfaces as measured 
by ion beam analysis along <111> direction in channeling and rotating 
random modes for samples generated in the experiment VB1. 

Crystalline Nature by Height Method 
Sample Xmin. Relative Error Error 

# Factor Channel Random Total Factor (*) 
VBl-Cl 3.1767 0.1031 0.0184 0.1048 0.3329 
VB1-C2 3.0958 0.1078 0.0190 0.1095 0.3390 
VBI-C3 2.5763 0.1111 0.0178 O.I 125 0.2898 
VB1-C4 2.8000 0.1091 0.0183 0.1106 0.3097 
VBl-Rl 3.2461 0.1010 0.0182 0.1026 0.3330 
VB1-R2 3.1320 0.1010 0.0179 0.1026 0.3213 
VB1-R3 2.8774 0.1111 0.0188 0.1127 0.3243 

Crystalline Nature by Area Method 
Sample Xmin. Relative Error Error 

# Factor Channel Random Total Factor (**) 
VBl-Cl 4.2169 0.0397 0.0082 0.0406 0.1712 
VB1-C2 3.8975 0.0417 0.0082 0.0425 0.1656 
VB1-C3 2.8955 0.0469 0.0080 0.0476 0.1378 
VB1-C4 3.3488 0.0439 0.0080 0.0447 0.1497 
VBl-Rl 4.2606 0.0396 0.0082 0.0405 0.1726 
VB1-R2 3.8893 0.0404 0.0080 0.0411 0.1599 
VB1-R3 3.8362 0.0426 0.0083 0.0434 0.1665 

Difference in Crystalline Nature 
Sample Xmin. Factor % Ratio 

# Area Height Difference Factor 
VBl-Cl 4.2169 3.1767 32.74 1.33 
VB1-C2 3.8975 3.0958 25.90 1.26 
VB1-C3 2.8955 2.5763 12.39 1.12 
VB1-C4 3.3488 2.8000 19.60 1.20 
VBl-Rl 4.2606 3.2461 31.25 1.31 
VB1-R2 3.8893 3.1320 24.18 1.24 
VB1-R3 3.8362 2.8774 33.32 1.33 

(•) Average Error Factor: 0.3214 Average % Difference: 25.63 

(••) Average Error Factor: 0.1605 Average Ratio Factor: 1.26 
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Appendix D6 Tapping mode atomic force microscope scans of the VB 1 -C1 sample generated in the experiment VB 1. 00 
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Appendix D7 Tapping mode atomic force microscope scans of the VB 1 -C2 sample generated in the experiment VB 1. 00 
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Appendix D9 Tapping mode atomic force microscope scans of the VB 1-C4 sample generated in the experiment VB 1. 
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Appendix D13 Comparison of roughness of Si(lOO) surfaces measured as RMS values by 
tapping mode atomic force microscope for samples generated in the 
experiment VBl. 

Sample 
# 20x20 

RMS Value 

Sea 
lOx 10 

;s for Whole I 

in Size (fimx 
5 x 5  

mage (nm.) 

im) 
2 x 2  1 x 1  

VBl-Cl 0.193 0.222 0.144 0.189 0.127 
VB1-C2 0.178 0.121 0.107 0.098 0.096 
VB1-C3 0.126 0.096 0.087 0.091 0.095 
VB1-C4 0.117 0.116 0.115 0.099 0.095 
VBl-Rl 0.343 0.168 0.153 0.127 0.129 
VB1-R2 0.463 0.310 0.238 0.159 0.279 
VB1-R3 0.750 0.436 0.326 0.319 0.163 

RMS Values for Selected Area - Box (nm.) 

Sample Scan Size (pna x LUn) 
# 20x20 10x10 5 x 5  2 x 2  1 x 1  

VBl-Cl 0.073 0.142 0.055 0.120 0.090 
VB1-C2 0.092 0.077 0.082 0.096 0.094 
VB1-C3 0.060 0.075 0.073 0.088 0.093 
VB1-C4 0.085 0.099 0.077 0.093 0.090 
VBl-Rl 0.154 0.139 0.143 0.096 0.090 
VB1-R2 0.290 0.220 0.140 0.122 0.127 
VB1-R3 0.509 0.318 0.127 0.126 0.125 

Sample 
# 

%1 

20x20 

Difference in! 

Sea 
10x10 

ElMS Values f 

n Size (|im x 
5 x 5  

br Image vs. I 

imi) 
2 x 2  

3ox 

1 x 1  
VBl-Cl 164.38 56.34 161.82 57.50 41.11 
VB1-C2 93.48 57.14 30.49 2.08 2.13 
VB1-C3 110.00 28.00 19.18 3.41 2.15 
VB1-C4 37.65 17.17 49.35 6.45 5.56 
VBl-Rl 122.73 20.86 6.99 32.29 43.33 
VB1-R2 59.66 40.91 70.00 30.33 119.69 
VB1-R3 47.35 37.11 156.69 153.17 30.40 

Average % 9^ 75 3^ 79 
Difference; 
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Appendix D14 Comparison of roughness of 81(100) surfaces measured as RMS values in 
a particulate free area by tapping mode atomic force microscope for 
samples generated in the experiment VB1. 

Sample 
# 

I 

20x20 

IMS Values f 

Sea 
10x10 

ar Selected Ai 

in Size (pinx 
5 x 5  

•ea - Box (nm. 

mi) 
2 x 2  

) 

1 x 1  
VBl-Cl 0.073 0.142 0.055 0.120 0.090 
VB1-C2 0.092 0.077 0.082 0.096 0.094 
VB1-C3 0.060 0.075 0.073 0.088 0.093 
VB1-C4 0.085 0.099 0.077 0.093 0.090 
VBl-Rl 0.154 0.139 0.143 0.096 0.090 
VB1-R2 0.290 0.220 0.140 0.122 0.127 
VB1-R3 0.509 0.318 0.127 0.126 0.125 

Normalized RMS Values for Selected Area - Box (mn.) 

Sample Scan Size (jim x nm) 
# 20x20 10x10 5 x 5  2 x 2  1 x 1  

VBl-Cl 0.073 0.080 0.337 0.160 0.172 
VB1-C2 0.084 0.058 0.035 0.052 0.081 
VB1-C3 0.037 0.061 0.049 0.084 0.053 
VB1-C4 0.066 0.080 0.051 0.089 0.052 
VBl-Rl 0.204 0.153 0.094 0.125 0.040 
VB1-R2 0.150 0.133 0.137 0.132 0.282 
VB1-R3 0.371 0.255 0.230 0.200 0.096 

Sample 
# 

% D l  

20x20 

ifference in R 

Sea 
10x10 

vis Values fo 

n Size (jimx 
5 x 5  

r Box vs. Nor 

im) 
2 x 2  

Box 

1 x 1  
VBl-Cl 0.00 77.72 -83.67 -24.91 -47.61 
VB1-C2 9.39 33.68 134.29 83.91 15.91 
VB1-C3 63.04 23.76 49.90 4.89 74.16 
VB1-C4 28.79 23.90 49.81 4.97 74.08 
VBl-Rl -24.36 -9.27 51.48 -22.95 125.00 
VB1-R2 92.82 65.54 2.26 -7.58 -54.96 
VB1-R3 37.34 24.61 -44.69 -36.94 30.48 

Average % 29.58 34.28 22.77 0.20 31.01 
Difference: 
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Appendix D15 Contribution of silicon and oxygen for the formation of SiO and SiOj 
layers in the experiment VB1. 

Sample 
# 

Experimental 
Data 

Silicon Suri 
Contribi 
SiO 

ace Peak (at 
ition for 

SiOz 

oms/cm^) 
Bulk 

Silicon 
Disordered 

Silicon 
VBl-Cl 1.58E+16 6.79E+14 2.38E+15 6.79E+14 1.20E+16 
VB1-C2 1.61E+16 6.79E+14 2.11E+15 6.79E+14 1.26E+16 
VB1-C3 1.27E+16 6.79E+14 7.84E+14 6.79E+14 I.05E+16 
VB1-C4 1.40E+16 6.79E+14 1.87E+15 6.79E+14 1.07E+16 
VBl-Rl 1.70E+16 6.79E+14 1.40E+15 6.79E+14 1.42E+16 
VB1-R2 1.25E+16 6.79E+14 1.24E+15 6.79E+14 9.92E+15 
VB1-R3 1.34E+16 6.79E+14 6.35E+14 6.79E+14 1.14E+16 

Sample 
# 

Oxygen 
Experimental 

Data 

Peak (atoms> 
Contribi 
SiO 

'cm^) 
ition for 

SiO, 
VBl-Cl 5.44E+15 6.79E+14 4.76E+15 
VB1-C2 4.89E+15 6.79E+14 4.21E+15 
VB1-C3 2.25E+15 6.79E+14 1.57E+15 
VB1-C4 4.42E+15 6.79E+14 3.74E+15 
VBl-Rl 3.49E+15 6.79E+14 2.81E+15 
VB1-R2 3.16E+15 6.79E+14 2.48E+15 
VB1-R3 1.95E+15 6.79E+14 1.27E+15 
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Appendix D16 Comparison of surface concentration of carbon measured by ion beam 
analysis along <l 11> direction in channeling and rotating random modes 
on Si(lOO) samples generated in the experiment SDW. 

Carbon Areal Density in <111> Channel Mode 
Sample Relative Error Error 

# Atoms/cm^ Peak BG Total Factor (*) 
SDW-S2 8.52E+15 0.0157 0.0515 0.0538 4.58E+14 
SDW-S4 5.39E+15 0.0152 0.0411 0.0439 2.36E+14 
SDW-S6 6.00E+15 0.0182 0.0651 0.0676 4.06E+14 
SDW-S8 4.48E+15 0.0268 0.1237 0.1266 5.67E+14 

SDW-SIO 5.09E+15 0.0259 0.1145 0.1174 5.98E+14 

Sample 
# 

Carl 

Atoms/cm^ 

)on Areal Der 

Peak 

isity in Rotati 
Relative Erroi 

BG 

ng Random N 

Total 

lode 
Error 

Factor (**) 
SDW-S2 1.62E+16 0.0141 0.0661 0.0676 1.09E+15 
SDW-S4 9.12E+15 0.0149 0.1065 0.1075 9.80E+14 
SDW-S6 9.83E+15 0.0172 0.1179 0.1191 1.17E+15 
SDW-S8 7.84E+15 0.0214 0.1699 0.1712 1.34E+15 
SDW-SIO 8.59E+15 0.0211 0.2166 0.2177 1.87E+15 

Sample 
# 

Diff 
Atom 

Random 

erence in Car 
s/cm^ 

Channel 

)on Areal Dei 
% 

Difference 

isity 
Ratio 
Factor 

SDW-S2 1.62E+16 8.52E+15 89.85 1.90 
SDW-S4 9.12E+15 5.39E+15 69.35 1.69 
SDW-S6 9.83E+15 6.00E+15 63.80 1.64 
SDW-S8 7.84E+15 4.48E+15 75.16 1.75 

SDW-SIO 8.59E+15 5.09E+15 68.68 1.69 

Note: 

"BG" stands for 

Background. 

(*) Average Error Factor: 4.53E+14 Average % Difference: 73.36 

(**) Average Error Factor; I.29E+15 Average Ratio factor: 1.73 



Appendix D17 Comparison of Si( 100) samples generated in the experiment SDW based on the surface concentration of 
impurities and crystalline nature. 

Ratio 

Parameter 

Surface 

Rot. Ran. 

Carbon 

Chan. 

Surface 

Rot. Ran. 

Oxygen 

Chan. 

Surface 

Unreg. Si 

Surface 

Hydrogen 
Y . F Amin. * 

Area 
'actor 

Height 
SDW-S2/SDW-S4 1.78 1.58 1.26 1.22 1.06 0.92 0.81 0.83 
SDW-S2/SDW-S6 1.65 1.42 1.31 1.99 1.11 0.88 1.02 1.03 
SDW-S2/SDW-S8 2.07 1.90 1.11 1.47 1.10 0.96 0.92 0.93 
SDW-S2/SDW-S10 1.89 1.67 1.35 1.63 1.13 0.91 1.06 1.04 
SDW-S4/SDW-S6 0.93 0.90 1.04 1.64 1.05 0.96 1.27 1.24 
SDW-S4/SDW-S8 1.16 1.20 0.88 1.21 1.03 1.05 1.14 1.13 
SDW-S4/SDW-S10 1.06 1.06 1.03 1.34 1.06 0.99 1.32 1.26 
SDW-S6/SDW-S8 1.25 1.34 0.85 0.74 0.99 1.09 0.90 0.91 
SDW-S6/SDW-S10 1.14 1.18 1.03 0.82 1.01 1.04 1.04 1.01 
SDW-S8/SDW-S10 0.91 0.88 1.22 1.11 1.03 0,95 1.15 1.12 

Note: Rot. Ran. stands for rotating random and the quoted values are based on rotating random spectra. 
Chan, stands for <111> channeling and the quoted values are based on <111> channeling spectra. 
Unreg. Si stands for unregistered Si atoms. 

Xmin. factor values are calculated based on area method and height method. 
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Appendix D18 Comparison of surface concentration of oxygen measured by ion beam 
analysis along <111> direction in channeling and rotating random modes 
on Si(lOO) samples generated in the experiment SDW. 

Sample 
# 

Ox^ 

Atoms/cm^ 

fg&a. Area! D< 

Peak 

5nsity in <11 ] 
Relative Erroi 

BG 

> Channel M 

Total 

ode 
Error 

Factor (*) 
SDW-S2 5.61E+15 0.0257 0.1300 0.1325 7.44E+14 
SDW-S4 4.61E+15 0.0286 0.0992 0.1032 4.76E+14 
SDW-S6 2.82E+15 0.0370 0.1980 0.2014 5.67E+14 
SDW-S8 3.82E+15 0.0321 0.2496 0.2517 9.63E+14 
SDW-SIO 3.45E+15 0.0342 0.3390 0.3470 1.20E+15 

Sample 
# 

Oxy 

Atoms/cm^ 

gen Areal De 

Peak 

Qsity in Rotat 
Relative Erroi 

BG 

ing Random ^ 
r 

Total 

klode 
Error 

Factor (**) 
SDW-S2 1.23E+16 0.0174 0.1455 0.1466 1.80E+15 
SDW-S4 9.79E+15 0.0196 0.1660 0.1671 1.64E+15 
SDW-S6 9.38E+15 0.0203 0.1535 0.1548 1.45E+15 
SDW-S8 l.llE+16 0.0189 0.1625 0.1636 1.81E+15 
SDW-SIO 9.09E+15 0.0211 0.2233 0.2243 2.04E+15 

Note: 

"BG" stands for 

Background. 

Sample 
# 

DifG 
Atom 

Random 

3rence in Oxy 
s/cm^ 

Channel 

gen Areal Dei 
% 

Difference 

nsity 
Ratio 
Factor 

Note: 

"BG" stands for 

Background. 

SDW-S2 1.23E+16 5.61E+15 119.26 2.19 
Note: 

"BG" stands for 

Background. 

SDW-S4 l.lOE+16 4.61E+15 138.07 2.38 Note: 

"BG" stands for 

Background. 

SDW-S6 9.68E+15 2.82E+15 243.83 3.44 
Note: 

"BG" stands for 

Background. SDW-S8 I.02E+I6 3.82E+I5 165.64 2.66 

Note: 

"BG" stands for 

Background. 

SDW-SIO 9.86E+15 3.45E+15 185.40 2.85 

Note: 

"BG" stands for 

Background. 

(•) Average Error Factor: 7.90E+I4 Average % Difference: 170.44 

(••) Average Error Factor: I.75E+15 Average Ratio Factor: 2.70 



Appendix D19 Surface concentration of disordered silicon and hydrogen on Si(lOO) samples generated by different chemical 
treatments in the experiment SDW and measured by ion beam analysis. 

Sample 
# 

Disorde 
Atoms 
per cm^ 

:red Si Areal 
Relative 

Error 

Density 
Error 

Factor(*) 
% 

Fraction 

Hydr 

Sample 

ogen Fractioi 
Relative Erroi 

Standard 

i(%) 

Total 
Error 

Factor (**) 
SDW-S2 1.61E+16 0.0306 4.93E+14 0.6253 0.0494 0.0028 0.0500 0.0309 
SDW-S4 1.52E+16 0.0293 4.44E+14 0.6825 0.0469 0.0028 0.0333 0.0320 
SDW-S6 1.45E+16 0.0341 4.93E+14 0.7118 0.0438 0.0028 0.0177 0.0126 
SDW-S8 1.47E+16 0.0334 4.90E+14 0.6528 0.0483 0.0028 0.0495 0.0315 
SDW-SIO 1.43E+16 0.0341 4.86E+14 0.6871 0.0499 0.0029 0.0472 0.0343 

Note; Hydrogen is measured at a scattering angle of 75°. 

Average error is measured as mean of all the error values for the particular element in the experiment. 

(•) Average Error: 4.8)E+N 

(••) Average Error: 0.0261 
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Appendix D20 Comparison of crystalline nature of Si(lOO) surfaces as measured by 
ion beam analysis along <lll> direction in channeling and rotating 
random modes for samples generated in the experiment SDW. 

Sample Xmin. 

Crystalline Nature by Height Method 
Relative Error Error 

# Factor Channel Random Total Factor (*) 
SDW-S2 3.2076 0.1078 0.0179 0.1093 0.3506 
SDW-S4 3.8831 0.0870 0.0174 0.0888 0.3448 
SDW-S6 3.1241 0.1060 0.0185 0.1076 0.3362 
SDW-S8 3.4508 0.1054 0.0184 0.1070 0.3692 

SDW-SIO 3.0803 0.1098 0.0187 0.1113 0.3428 

Crystalline Nature by Area Method 
Sample Xmin. Relative Error Error 

# Factor Channel Random Total Factor (**) 
SDW-S2 3.6260 0.0445 0.0079 0.0452 0.1639 
SDW-S4 4.5029 0.0336 0.0079 0.0345 0.1554 
SDW-S6 3.5419 0.0438 0.0081 0.0445 0.1576 
SDW-S8 3.9356 0.0429 0.0082 0.0436 0.1716 

SDW-SIO 3.4219 0.0444 0.0083 0.0452 0.1547 

Difference in Crystalline Nature 
Sample Xmin. Factor % Ratio 

# Area Height Difference Factor 
SDW-S2 3.6260 3.2076 13.04 1.13 
SDW-S4 4.5029 3.8831 15.96 1.16 
SDW-S6 3.5419 3.1241 13.37 1.13 
SDW-S8 3.9356 3.4508 14.05 1.14 

SDW-SIO 3.4219 3.0803 11.09 1.11 

(*) Average Error Factor; 0.3487 Average % Difference: 13.50 

(•*) Average Error Factor: 0.1606 Average Ratio Factor: 1.14 
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Appendix D21 Tapping mode atomic force microscope scans of the SDW-S 1 sample generated in the experiment SDW. 00 u> u) 
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Appendix D22 Tapping mode atomic force microscope scans of the SDW-S3 sample generated in the experiment SDW. 
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Appendix D26 Comparison of roughness of Si(lOO) surfaces measured as RMS values by 
tapping mode atomic force microscope for samples generated in the 
experiment SDW. 

Sample 

# 20x20 

RMS Valut 
Sea 

10x10 

;s for Whole I 
inSize(jimx 

5x5 

mage (nm.) 

mi) 

2x2 1x1 

SDW-Sl 0.151 0.164 0.149 0.179 0.171 

SDW-S3 4.530 4.199 2.231 0.577 0.362 

SDW-S5 0.504 0.296 0.471 1.045 0.161 

SDW-S7 0.356 0.289 0.235 0.211 0.197 

SDW-S9 2.053 2.112 0.245 0.125 0.078 

Sample 

# 

I 

20x20 

IMS Values f< 
Sea 

10x10 

3r Selected Ai 

nSize O^mx 

5x5 

•ea - Box (nm. 
im) 

2x2 

) 

1x1 

SDW-Sl 0.144 0.125 0.104 0.089 0.044 

SDW-S3 0.353 0.291 0.257 0.212 0.191 

SDW-S5 0.220 0.168 0.114 0.092 0.088 

SDW-S7 0.288 0.241 0.203 0.187 0.153 
SDW-S9 0.186 0.135 0.109 0.087 0.073 

Sample 

# 

%] 

20x20 

Difference in 1 

Sea 

10x10 

^S Values f 
nSize(pjnx 

5x5 

"or Image vs. I 
im) 

2x2 

Jox 

1x1 

SDW-Sl 4.86 31.20 43.27 101.12 288.64 

SDW-S3 1183.29 1342.96 768.09 172.17 89.53 

SDW-S5 129.09 76.19 313.16 1035.87 82.95 

SDW-S7 23.61 19.92 15.76 12.83 28.76 
SDW-S9 1003.76 1464.44 124.77 43.68 6.85 

Average % 468.92 586.94 253.01 273.14 99.35 
Difference: 
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Appendix D27 Comparison of roughness of Si(l(X)) surfaces measured as RMS values in 
a particulate free area by tapping mode atomic force microscope for 
samples generated in the experiment SDW. 

Sample 

# 

I 

20x20 

IMS Values fi 
Sea 

10x10 

ar Selected Ai 
inSize(nmx 

5x5 

ea - Box (nm. 
mi) 

2x2 

) 

1x1 

SDW-Sl 0.144 0.125 0.104 0.089 0.044 

SDW-S3 0.353 0.291 0.257 0.212 0.191 

SDW-S5 0.220 0.168 0.114 0.092 0.088 

SDW-S7 0.288 0.241 0.203 0.187 0.153 
SDW-S9 0.186 0.135 0.109 0.087 0.073 

Sample 

# 

Norma 

20x20 

lized RMS Vj 
Sea 

10x10 

dues for Selec 
n Size (jimx 

5x5 

,ted Area - Bo 
mi) 

2x2 

x(nm.) 

1x1 

SDW-Sl 0.144 0.112 0.087 0.078 0.033 

SDW-S3 0.401 0.451 0.251 0.221 0.280 

SDW-S5 0.255 0.114 0.386 0.294 0.146 

SDW-S7 0.499 0.334 0.683 0.293 0.116 
SDW-S9 0.278 0.132 0.418 0.147 0.036 

% Difference in RMS Values for Box vs. Nor. Box 
Sample Scan Size (pm x Lmi) 

# 20x20 10x10 5x5 2x2 1 x 1  

SDW-Sl 0.00 11.61 19.54 14.10 33.33 

SDW-S3 -11.97 -35.48 2.39 -4.07 -31.79 

SDW-S5 -13.73 47.37 -70.47 -68.71 -39.73 

SDW-S7 -42.28 -27.84 -70.28 -36.18 31.90 
SDW-S9 -33.09 2.27 -73.92 -40.82 102.78 

Average % ^20.21 -0.41 -38.55 -27.13 19.30 
Difference: 
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Appendix D28 Contribution of silicon and oxygen for the formation of SiO and SiOj 
layers in the experiment SDW. 

Silicon Surface Peak (atoms/cm^) 

Sample Experimental Contribution for Bulk Disordered 

# Data SiO SiOz Silicon Silicon 

SDW-S2 1.61E+16 6.79E+14 2.81E+15 6.79E+14 1.19E+16 

SDW-S4 L52E+16 6.79E+14 2.30E+I5 6.79E+14 1.15E+16 

SDW-S6 1.45E+16 6.79E+14 L41E+15 6.79E+14 1.17E+16 

SDW-S8 1.47E+16 6.79E+14 L91E+15 6.79E+14 1.14E+16 

SDW-SIO 1.43E+16 6.79E+14 1.73E+15 6.79E+14 1.12E+16 

Oxygen Peak (atoms/cm^) 

Sample Experimental Contribution for 

# Data SiO SiOz 

SDW-S2 5.61E+15 6.79E+14 4.94E+15 

SDW-S4 4.61E+15 6.79E+14 3.93E+15 

SDW-S6 2.82E+15 6.79E+14 2.14E+15 

SDW-S8 3.82E+15 6.79E+14 3.15E+15 

SDW-SIO 3.45E+15 6.79E+14 2.78E+15 
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Appendix D29 Concentration of carbon on Si(lOO) surfaces measured by ion beam 
analysis with a sample tilt of 75° in rotating random mode for samples 
generated in the experiment ASl. 

Carbon Areal Density 

Sample Relative Error Error 

# Atoms/cm^ Peak BG Total Factor (*) 

ASl-SICD 1.13E+16 0.0200 0.1566 0.1579 1.79E+15 

AS1-S1(2) 1.09E+16 0.0210 0.2654 0.2662 2.91E+15 

AS1-S2 5.33E+15 0.0206 0.2083 0.2093 1.12E+15 

AS1-S3 6.63E+15 0.0220 0.2500 0.2509 1.66E+15 

AS1-S4 9.18E+15 0.0220 0.2211 0.2221 2.04E+15 

AS1-S5 7.26E+15 0.0207 0.2468 0.2477 1.80E+15 

AS1-S6 6.69E+15 0.0218 0.1953 0.1965 1.31E+15 

AS1-S7 6.89E+15 0.0216 0.1744 0.1758 1.21E+15 

AS1-S8 7.03E+15 0.0203 0.1666 0.1678 1.18E+15 

AS1-S9 6.41E+15 0.0219 0.2695 0.2704 1.73E+15 

ASI-SIO 6.31E+15 0.0219 0.1551 0.1566 9.88E+14 

ASl-Sll 6.29E+15 0.0227 0.1957 0.1970 1.24E+15 

AS1-S12 6.96E+15 0.0212 0.1813 0.1826 1.27E+15 

AS1-S13 6.12E+15 0.0236 0.1741 0.1757 1.07E+15 

Note: 

Sample AS1-S1(2) was measured at a scattering angle of 54.75°. 

"BG" stands for Background 

(») Average Error Factor: I.52E+15 
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Appendix D30 Compaiison of Si(lOO) samples generated in the experiment AS 1 based on 
the surface concentrations of C, O, and H as measured by ion beam 
analysis in the rotating random mode with a sample tilt of 75°. 

Ratio Surface Concentration Ratio 
Parameter Carbon Oxygen Hydrogen 

S1/S2 2.12 1.20 1.39 
SI/S3 1.71 1.91 1.10 
S1/S4 1.23 1.29 1.73 
S1/S5 1.56 2.65 0.80 
S1/S6 1.69 2.92 0.97 
S1/S7 1.64 2.60 0.90 
S1/S8 1.61 2.82 0.71 
SI/S9 1.77 3.07 0.87 

Sl/SlO 1.79 2.49 0.96 
Sl/Sll 1.80 2.80 0.90 
S1/S12 1.63 2.26 0.84 
S1/S13 1.85 2.51 0.93 
S2/S3 0.80 1.60 0.80 
S2/S4 0.58 1.08 1.25 
S2/S5 0.73 2.21 0.58 
S2/S6 0.80 2.44 0.70 
S2/S7 0.77 2.17 0.65 
S2/S8 0.76 2.36 0.51 
S2/S9 0.83 2.56 0.63 

S2/S10 0.84 2.08 0.70 
S2/S11 0.85 2.34 0.65 
S2/S12 0.77 1.89 0.61 
S2/S13 0.87 2.10 0.67 
S3/S4 0.72 0.67 1.57 
S3/S5 0.91 1.38 0.72 
S3/S6 0.99 1.52 0.88 
S3/S7 0.96 1.36 0.81 
S3/S8 0.94 1.47 0.64 
S3/S9 1.04 1.60 0.79 

S3/S10 1.05 1.30 0.87 
S3/S11 1.05 1.46 0.82 
S3/S12 0.95 1.18 0.76 
S3/S13 1.08 1.31 0.84 
S4/S5 1.27 2.05 0.46 
S4/S6 1.37 2.26 0.56 
S4/S7 1.33 2.02 0.52 
S4/S8 1.31 2.19 0.41 
S4/S9 1.43 2.38 0.50 

S4/S10 1.45 1.94 0.56 

S4/S11 1.46 2.17 0.52 
S4/S12 1.32 1.75 0.49 
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Appendix D30 (cont.) 

Ratio Surface Concentration Ratio 
Parameter Carbon Oxygen Hydrogen 
S4/S13 1.50 1.95 0.54 
S5/S6 1.08 1.10 1.21 
S5/S7 1.05 0.98 1.12 
S5/S8 1.03 1.07 0.89 
S5/S9 1.13 1.16 1.09 
S5/S10 1.15 0.94 1.20 
S5/S11 1.15 1.06 1.13 
S5/S12 1.04 0.85 1.05 
S5/S13 1.19 0.95 1.16 
S6/S7 0.97 0.89 0.93 
S6/S8 0.95 0.97 0.74 
S6/S9 1.04 1.05 0.90 

S6/S10 1.06 0.86 1.00 
S6/S11 1.06 0.96 0.93 
S6/S12 0.96 0.77 0.87 
S6/S13 1.09 0.86 0.96 
S7/S8 0.98 1.09 0.79 
S7/S9 1.08 1.18 0.97 

S7/S10 1.09 0.96 1.07 
S7/S11 1.10 1.08 1.01 
S7/S12 0.99 0.87 0.94 
S7/S13 1.13 0.97 1.04 
S8/S9 1.10 1.09 1.23 

S8/S10 1.11 0.88 1.35 
S8/S11 1.12 0.99 1.27 
S8/S12 1.01 0.80 1.18 
S8/S13 1.15 0.89 1.31 
S9/S10 1.02 0.81 1.10 
S9/S11 1.02 0.91 1.03 
S9/S12 0.92 0.74 0.96 
S9/S13 1.05 0.82 1.07 
SlO/Sll 1.00 1.12 0.94 
S10/S12 0.91 0.91 0.87 
S10/S13 1.03 1.01 0.96 
S11/S12 0.90 0.81 0.93 
S11/S13 1.03 0.90 1.03 
S12/S13 1.14 1.11 1.10 
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Appendix D31 Concentration of oxygen on Si(lOO) surfaces measured by ion beam 
analysis with a sample tilt of 75° in rotating random mode for samples 
generated in the experiment AS 1. 

Oxygen Area! Density 

Sample Relative Error Error 

# Atoms/cm^ Peak BG Total Factor (*) 

ASl-Sl(l) 1.21E+16 0.0177 0.1324 0.1336 1.62E+15 

AS1-S1(2) 1.14E+16 0.0199 0.1830 0.1841 2.09E+15 

AS1-S2 l.OlE-f-16 0.0180 0.1202 0.1215 1.23E+15 

AS1-S3 6.33E+15 0.0209 0.1827 0.1839 1.16E-M5 

AS1-S4 9.40E+15 0.0181 0.2148 0.2155 2.03E+15 

AS1-S5 4.57E+15 0.0198 0.1867 0.1877 8.58E+14 

AS1-S6 4.15E+15 0.0207 0.1492 0.1506 6.25E+14 

AS1-S7 4.66E+15 0.0193 0.2399 0.2407 1.12E+15 

AS1-S8 4.29E+15 0.0198 0.1809 0.1820 7.81E+14 

AS1-S9 3.94E+15 0.0210 0.2868 0.2876 1.13E+15 

ASI-SIO 4.85E+15 0.0196 0.2006 0.2016 9.78E+14 

ASl-Sll 4.32E+15 0.0199 0.1613 0.1625 7.02E+14 

AS1-S12 5.36E+15 0.0199 0.1927 0.1938 1.04E+15 
AS1-S13 4.82E+15 0.0203 0.1275 0.1291 6.22E+14 

Note: 

Sample AS1-S1(2) was measured at a scattering angle of 54.75°. 

"BG" stands for Background 

(•) Average Error Factor; /./•/£+15 
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Appendix D32 Concentration of hydrogen on Si(lOO) surfaces measured by ion beam 
analysis with a sample tilt of 75° in rotating random mode for samples 
generated in the experiment ASl. 

Hydrogen Fraction (%) 

Sample % Relative Error Error 

# Fraction Sample Standard Total Factor (*) 

ASl-Sl(l) 0.7863 0.0407 0.0031 0.0408 0.0321 

AS1-S1(2) 0.8357 0.0358 0.0031 0.0360 0.0301 

AS1-S2 0.5674 0.0500 0.0031 0.0501 0.0284 

AS1-S3 0.7119 0.0479 0.0031 0.0480 0.0342 

AS1-S4 0.4535 0.0455 0.0031 0.0457 0.0207 

AS1-S5 0.9827 0.0486 0.0031 0.0487 0.0479 

AS1-S6 0.8133 0.0516 0.0031 0.0517 0.0420 

AS1-S7 0.8761 0.0472 0.0031 0.0473 0.0414 

AS1-S8 1.1051 0.0340 0.0031 0.0341 0.0377 

AS1-S9 0.9006 0.0440 0.0031 0.0441 0.0397 

ASI-SIO 0.8159 0.0538 0.0031 0.0539 0.0440 

ASl-SIl 0.8715 0.0510 0.0031 0.0511 0.0445 

AS1-S12 0.9334 0.0486 0.0031 0.0487 0.0455 
AS1-S13 0.8456 0.0521 0.0031 0.0522 0.0441 

Note: 

Sample ASl-SI (2) was measured at a scattering angle of 54.75°. 

(•) Average Error Factor; 0.0380 
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Appendix D33 Concentration of carbon on Si(lOO) surfaces measured by ion beam 
analysis with a sample tilt of 75° in rotating random mode for samples 
generated in the experiment AS2. 

Carbon Areal Density 

Sample Atoms Relative Error Error 

# per cm^ Peak BG Total Factor (*) 

AS2-S1 1.08E+16 0.0167 0.1073 0.1086 1.17E+15 

AS2-S2 5.36E+15 0.0173 0.1422 0.1432 7.68E+14 

AS2-S3 6.84E+15 0.0191 0.2021 0.2030 1.39E+15 

AS2-S4 8.65E+15 0.0171 0.0821 0.0839 7.26E+14 

AS2-S5 7.54E+15 0.0169 0.1211 0.1223 9.22E+14 

AS2-S6 6.17E+15 0.0173 0.1235 0.1247 7.69E+14 

AS2-S7 6.32E+15 0.0169 0.1671 0.1680 1.06E+15 

AS2-S8 6.87E+15 0.0162 0.1809 0.1816 1.25E+15 

AS2-S9 6.19E+15 0.0161 0.1696 0.1704 1.06E+15 

AS2-S10 6.03 E+15 0.0165 0.1475 0.1484 8.95E+14 

AS2-S11 5.79E+15 0.0175 0.0957 0.0973 5.64E+14 

AS2-S12 6.29E+15 0.0164 0.1732 0.1740 1.09E+15 

AS2-S13 5.47E+15 0.0174 0.1375 0.1386 7.59E+14 

Note: 

"BG" stands for Background 

(*) Average Error Factor: 9.56E+14 



Appendix D34 Mean and standard deviation for the concentrations of C, O, and H on Si(lOO) surfaces as measured by ion beam 
analysis with a sample tilt of 75° in rotating random mode for samples generated in the experiments AS 1 and 
AS2. 

Sam 

Expt.: ASl 

jle# 

Expt.: AS2 

Car 

Mean 

Areal Density 

Don 

Std. Dev. 

(atoms/cm^) 

Oxy 

Mean 

gen 

Std. Dev. 

% Fra 

Hydi 

Mean 

iction 

ogen 

Std. Dev. 

SI SI l.llE+16 2.54E+14 1.28E+16 7.37E+14 0.8238 0.0375 

S2 S2 5.35E+15 1.68E+13 1.09E+16 7.67E+14 0.6301 0.0627 

S3 S3 6.74E+15 1.03E+14 6.70E+15 3.72E+14 0.7559 0.0440 

S4 S4 8.92E+15 2.62E+14 9.97E+15 5.77E+14 0.5659 0.1124 

S5 S5 7.40E+15 1.42E+14 4.79E+15 2.20E+14 1.0614 0.0787 

S6 S6 6.43E+15 2.61E+14 4.32E+15 1.70E+14 0.9145 0.1012 

S7 S7 6.61E+15 2.86E+14 4.89E+15 2.29E+14 0.9831 0.1070 

S8 S8 6.95E+15 7.81E+13 4.55E+15 2.57E+14 1.0807 0.0245 

S9 S9 6.30E+15 1.07E+14 4.17E+15 2.20E+14 0.9329 0.0323 

SIO SIO 6.17E+15 1.41E+14 4.95E+15 9.64E+13 0.8548 0.0389 

Sll Sll 6.04E+15 2.49E+14 4.75E+15 4.25E+14 0.8939 0.0224 

S12 S12 6.62E+15 3.35E+14 5.63E+15 2.67E+14 0.9632 0.0298 

S13 S13 5.79E+15 3.21E+14 5.11E+15 2.91E+14 0.8706 0.0250 

Note: "BG" stands for Background 

Stat. Parameter Carbon Oxygen Hydrogen 

Mean 6.95 E+15 6.43E+15 0.8716 

Std. Dev. I.97E+14 3.56E+N 0.0551 



Appendix D35 Comparison of adsorption and desorption levels for C, O, and H on Si(lOO) surfaces for samples generated in 
the experiment AS2. 

Sample 

# 

Element of 

Interest 

Sur 

As Received 

Sample 

•ace Concentrat 

After 

Pre-Clean 

ons 

After Final 

Passivation 

Adsorp 

During 

Pre-Clean 

ion/Desorption 

During Final 

Passivation 

Levels 

Overall 

Process 
AS2-S5 Surface C 1.08E+16 8.65E+15 7.54E+15 -2.16E+15 -l.llE+15 -3.27E+15 AS2-S5 

Surface 0 1.36E+16 1.06E+16 5.01E+15 -3.03E+15 -5.54E+15 -8.56E+15 

AS2-S5 

Surface H 0.8613 0.6783 1.1400 -0.1830 0.4617 0.2787 
AS2-S6 Surface C 1.08E+16 8.65E+15 6.17E+15 -2.16E+15 -2.48E+15 -4.64E+15 AS2-S6 

Surface 0 1.36E+16 1.06E+16 4.49E+15 -3.03E+15 -6.06E+15 -9.09E+15 

AS2-S6 

Surface H 0.8613 0.6783 1.0156 -0.1830 0.3373 0.1543 
AS2-S7 Surface C 1.08E+16 8.65E+I5 6.32E+15 -2.16E+15 -2.33E+15 -4.49E+15 AS2-S7 

Surface 0 1.36E+16 1.06E+16 5.12E+15 -3.03E+15 -5.43E+15 -8.46E+15 

AS2-S7 

Surface H 0.8613 0.6783 1.0900 -0.1830 0.4117 0.2287 
AS2-S8 Surface C 1.08E+16 8.65E+15 6.87E+15 -2.16E+15 -1.78E+15 -3.94E+15 AS2-S8 

Surface 0 1.36E+16 1.06E+16 4.80E+15 -3.03E+15 -5.75E+15 -8.77E+15 

AS2-S8 

Surface H 0.8613 0.6783 1.0562 -0.1830 0.3779 0.1949 
AS2-S9 Surface C 1.08E+16 8.65E+15 6.19E+15 -2.16E+15 -2.46E+15 -4.62E+15 AS2-S9 

Surface 0 1.36E+16 1.06E+16 4.39E+15 -3.03E+15 -6.17E+15 -9.19E+15 

AS2-S9 

Surface H 0.8613 0.6783 0.9651 -0.1830 0.2868 0.1038 
AS2-S10 Surface C 1.08E+16 8.65E+15 6.03E+15 -2.16E+15 -2.62E+15 -4.78E+15 AS2-S10 

Surface 0 1.36E+16 1.06E+16 5.04E+15 -3.03E+15 -5.51E+15 -8.53E+15 

AS2-S10 

Surface H 0.8613 0.6783 0.8937 -0.1830 0.2154 0.0324 

oo 
•li. 

00 



Appendix D35 (cont.) 

Sample 

# 

Element of 

Interest 

Sur 

As Received 

Sample 

'ace Concentrat 

After 

Pre-Clean 

ons 

After Final 

Passivation 

Adsorp 

During 

Pre-Clean 

ion/Desorption 

During Final 

Passivation 

Levels 

Overall 

Process 

AS2-S11 Surface C 1.08E+16 8.65E+15 5.79E+15 -2.16E+15 -2.86E+15 -5.02E+15 AS2-S11 

Surface 0 1.36E+16 1.06E+16 5.17E+15 -3.03E+15 -5.38E+15 -8.41E+15 

AS2-S11 

Surface H 0.8613 0.6783 0.9162 -0.1830 0.2379 0.0549 

AS2-S12 Surface C 1.08E+16 8.65E+15 6.29E+15 -2.16E+15 -2.37E+15 -4.52E+15 AS2-S12 

Surface 0 1.36E+16 1.06E-t-16 5.89E+15 -3.03E+15 -4.66E+15 -7.68E+15 

AS2-S12 

Surface H 0.8613 0.6783 0.9929 -0.1830 0.3146 0.1316 

AS2-S13 Surface C 1.08E+16 8.65E+15 5.47E+15 -2.16E+15 -3.18E+15 -5.34E+15 AS2-S13 

Surface 0 1.36E+16 1.06E+16 5.40E+15 -3.03E+15 -5.15E+15 -8.18E+15 

AS2-S13 

Surface H 0.8613 0.6783 0.8956 -0.1830 0.2173 0.0343 

Note: 

Positive values indicate adsorption. 

Negative values indicate desorption. 

Concentrations of Disordered Si, C, and 0 are given in terms of atoms/cm'. 

Concentrations of H is given in terms of % iraction relative to the polystyrene standard. 



Appendix D36 Comparison of adsorption and desorption levels for C, O, and H on Si(lOO) surfaces for samples generated in 
the experiments ASl and AS2 based on difference in values. 

Sur ace Concentrations Adsorption/Desorption Levels 

Sample Element of As Received After After Final During During Final Overall 

# Interest Sample Pre-Clean Passivation Pre-Clean Passivation Process 

S5 Surface C 5.07E+14 5.25E+14 -2.83E+14 1.80E+13 -8.08E+14 -7.90E+14 

Surface 0 -1.47E+15 -1.15E+15 -4.40E+14 3.20E+14 7.10E+14 1.03E+15 

Surface H -0.0750 -0.2248 -0.1573 -0.1498 0.0675 -0.0823 
S6 Surface C 5.07E+14 5.25E+14 5.23E+14 1.80E+13 -2.00E+12 1.60E+13 

Surface 0 -1.47E+15 -1.15E+15 -3.40E+14 3.20E+14 8.10E+14 1.13E+15 

Surface H -0.0750 -0.2248 -0.2023 -0.1498 0.0225 -0.1273 

S7 Surface C 5.07E+14 5.25E+14 5.73E+14 1.80E+13 4.80E+13 6.60E+13 

Surface 0 -1.47E+15 -1.15E+15 -4.59E+14 3.20E+14 6.91E+14 l.OlE+15 

Surface H -0.0750 -0.2248 -0.2139 -0.1498 0.0109 -0.1389 

S8 Surface C 5.07E+14 5.25E+14 1.56E+14 1.80E+13 -3.69E+14 -3.51E+14 

Surface 0 -1.47E+15 -1.15E+15 -5.14E+14 3.20E+14 6.36E+14 9.56E+14 

Surface H -0.0750 -0.2248 0.0489 -0.1498 0.2737 0.1239 

S9 Surface C 5.07E+14 5.25E+14 2.14E+14 1.80E+13 -3.11E+14 -2.93E+14 

Surface 0 -1.47E+15 -1.15E+15 -4.40E+14 3.20E+14 7.10E+14 1.03E+15 
Surface H -0.0750 -0.2248 -0.0645 -0.1498 0.1603 0.0105 

SIO Surface C 5.07E+14 5.25E+14 2.82E+14 1.80E+13 -2.43E+14 -2.25E+14 
Surface 0 -1.47E+15 -1.15E+15 -1.93E+14 3.20E+14 9.57E+14 1.28E+15 
Surface H -0.0750 -0.2248 -0.0778 -0.1498 0.1470 -0.0028 

00 

o 



Appendix D36 (cont.) 

Sample 

# 

Element of 

Interest 

Sur 

As Received 

Sample 

ace Concentrat 

After 

Pre-Clean 

ons 

After Final 

Passivation 

Adsorp 

During 

Pre-Clean 

ion/Desorption 

During Final 

Passivation 

Levels 

Overall 

Process 

Sll Surface C 5.07E+14 5.25E+14 4.99E+14 1.80E+13 -2.60E+13 -8.00E+12 Sll 

Surface 0 -1.47E+15 -1.15E+15 -8.50E+14 3.20E+14 3.00E+14 6.20E+14 

Sll 

Surface H -0.0750 -0.2248 -0.0447 -0.1498 0.1801 0.0303 

S12 Surface C 5.07E+I4 5.25E+14 6.71E+14 1.80E+13 1.46E+14 1.64E+14 S12 

Surface 0 -1.47E+15 -1.15E+15 -5.34E+14 3.20E+14 6.16E+14 9.36E+14 

S12 

Surface H -0.0750 -0.2248 -0.0595 -0.1498 0.1653 0.0155 

S13 Surface C 5.07E+14 5.25E+14 6.42E+14 1.80E+13 1.17E+14 1.35E+14 S13 

Surface 0 -1.47E+15 -1.15E+15 -5.82E+14 3.20E+14 5.68E+14 8.88E+14 

S13 

Surface H -0.0750 -0.2248 -0.0500 -0.1498 0.1748 0.0250 

Note: 

Positive values indicate adsorption. 

Negative values indicate desorption. 
Concentrations of Disordered Si, C, and O are given in terms of atoms/cm^. 

Concentrations of H is given in terms of % fraction relative to the polystyrene standard. 
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AppendixD37 Comparison of Si(lOO) samples generated in the experiments ASl and 
AS2 based on the surface concentration of carbon as measured by ion 
beam analysis in the rotating random mode with a sample tilt of 75°. 

Ratio Surface Carbon 
Parameter ASl AS2 Mean Delta 

SI/S2 2.12 2.02 2.07 -15.12 
S1/S3 1.71 1.58 1.64 -2.47 
S1/S4 1.23 1.25 1.24 0.97 
S1/S5 1.56 1.43 1.50 -1.79 
S1/S6 1.69 1.75 1.72 0.97 
S1/S7 1.64 1.71 1.67 0.89 
SI/S8 1.61 1.57 1.59 3.25 
S1/S9 1.77 1.75 1.76 2.37 

Sl/SlO 1.79 1.79 1.79 1.80 
Sl/Sll 1.80 1.87 1.83 1.02 
S1/S12 1.63 1.72 1.67 0.76 
S1/S13 1.85 1.98 1.91 0.79 
S2/S3 0.80 0.78 0.79 0.16 
S2/S4 0.58 0.62 0.60 -0.06 
S2/S5 0.73 0.71 0.72 0.12 
S2/S6 0.80 0.87 0.83 -0.06 
S2/S7 0.77 0.85 0.81 -0.06 
S2/S8 0.76 0.78 0.77 -0.21 
S2/S9 0.83 0.87 0.85 -0.16 

S2/S10 0.84 0.89 0.87 1 p
 

(O
 

S2/S11 0.85 0.93 0.88 -0.07 
S2/S12 0.77 0.85 0.81 -0.05 
S2/S13 0.87 0.98 0.92 -0.05 
S3/S4 0.72 0.79 0.76 -0.39 
S3/S5 0.91 0.91 0.91 0.72 
S3/S6 0.99 1.11 1.05 -0.39 
S3/S7 0.96 1.08 1.02 -0.36 
S3/S8 0.94 0.99 0.97 -1.31 
S3/S9 1.04 1.10 1.07 -0.96 

S3/S10 1.05 1.13 1.09 -0.73 
S3/S11 1.05 1.18 1.12 -0.41 
S3/S12 0.95 1.09 1.02 -0.31 
S3/S13 1.08 1.25 1.16 -0.32 
S4/S5 1.27 1.15 1.21 -1.85 
S4/S6 1.37 1.40 1.39 1.00 
S4/S7 1.33 1.37 1.35 0.92 
S4/S8 1.31 1.26 1.28 3.36 
S4/S9 1.43 1.40 1.41 2.45 

S4/S10 1.45 1.44 1.44 1.86 
S4/S11 1.46 1.49 1.48 1.05 
S4/S12 1.32 1.38 1.35 0.78 



Appendix D37 (cont.) 

Ratio Surface Carbon 
Parameter ASl AS2 Mean Delta 
S4/S13 1.50 1.58 1.54 0.82 
S5/S6 1.08 1.22 1.15 -0.54 
S5/S7 1.05 1.19 1.12 -0.49 
S5/S8 1.03 1.10 1.06 -1.81 
S5/S9 1.13 1.22 1.17 -1.32 

S5/SI0 1.15 1.25 1.20 -1.00 
S5/S11 1.15 1.30 1.22 -0.57 
S5/S12 1.04 1.20 1.12 -0.42 
S5/S13 1.19 1.38 1.28 -0.44 
S6/S7 0.97 0.98 0.97 0.91 
S6/S8 0.95 0.90 0.92 3.35 
S6/S9 1.04 1.00 1.02 2.44 

S6/S10 1.06 1.02 1.04 1.85 
S6/S11 1.06 1.07 1.06 1.05 
S6/S12 0.96 0.98 0.97 0.78 
S6/S13 1.09 1.13 1.11 0.81 
S7/S8 0.98 0.92 0.95 3.67 
S7/S9 1.08 1.02 1.05 2.68 
S7/SI0 1.09 1.05 1.07 2.03 
S7/S11 1.10 1.09 1.09 1.15 
S7/SI2 0.99 1.01 1.00 0.85 
S7/S13 1.13 1.15 1.14 0.89 
S8/S9 1.10 1.11 1.10 0.73 

S8/S10 1.11 1.14 1.13 0.55 
S8/S11 1.12 1.19 1.15 0.31 
S8/SI2 1.01 1.09 1.05 0.23 
S8/S13 1.15 1.26 1.20 0.24 
S9/S10 1.02 1.03 1.02 0.76 
S9/S11 1.02 1.07 1.04 0.43 
S9/S12 0.92 0.99 0.95 0.32 
S9/S13 1.05 1.13 1.09 0.33 
SlO/Sll 1.00 1.04 1.02 0.57 
S10/S12 0.91 0.96 0.93 0.42 
S10/S13 1.03 1.10 1.06 0.44 
S1I/S12 0.90 0.92 0.91 0.74 
S1I/S13 1.03 1.06 1.04 0.78 
S12/S13 1.14 1.15 1.14 1.04 

Note: Mean ratio factors are calculated from the mean of surface 
concentrations obatined in the experiments AS 1 and AS2. 

Delta ratio factors are calculated from the delta of surface 
concentrations obtained in the experiments AS 1 and AS2. 
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Appendix D38 Concentration of oxygen on Si(lOO) surfaces measured by ion beam 
analysis with a sample tilt of 75° in rotating random mode for samples 
generated in the experiment AS2. 

Oxygen Areal Density 

Sample Relative Error Error 

# Atoms/cm^ Peak BG Total Factor (*) 

AS2-S1 1.36E4-16 0.0146 0.1464 0.1471 2.00E+15 

AS2-S2 1.16E+16 0.0158 0.1558 0.1566 1.82E+15 

AS2-S3 7.07E+15 0.0177 0.1666 0.1675 1.18E+15 

AS2-S4 1.06E+16 0.0161 0.1126 0.1138 1.20E+15 

AS2-S5 5.01E+15 0.0203 0.2514 0.2522 1.26E+15 

AS2-S6 4.49E+15 0.0185 0.1579 0.1590 7.14E+14 

AS2-S7 5.12E+15 0.0180 0.1661 0.1671 8.56E+14 

AS2-S8 4.80E+15 0.0181 0.2259 0.2266 1.09E+15 

AS2-S9 4.39E+15 0.0192 0.1730 0.1740 7.63E+14 

AS2-S10 5.04E+15 0.0182 0.1571 0.1581 7.98E+14 

AS2-S11 5.I7E+15 0.0184 0.1684 0.1694 8.76E+14 

AS2-S12 5.89E+15 0.0168 0.1689 0.1697 l.OOE+15 
AS2-S13 5.40E+15 0.0174 0.2074 0.2081 1.12E+15 

Note: 

"BG" stands for Background 

(•) Average Error Factor: I. I3E+15 
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AppendixD39 Comparison of Si(lOO) samples generated in the experiments ASl and 
AS2 based on the surface concentration of oxygen as measured by ion 
beam analysis in the rotating random mode with a sample tilt of 75°. 

Ratio Surface Oxygen 
Parameter ASl AS2 Mean Delta 

S1/S2 1.20 1.17 1.18 0.96 
S1/S3 1.91 1.92 1.92 1.98 
S1/S4 1.29 1.29 1.29 1.28 
S1/S5 2.65 2.71 2.68 3.35 
S1/S6 2.92 3.02 2.97 4.33 
S1/S7 2.60 2.65 2.62 3.21 
SI/S8 2.82 2.83 2.82 2.87 
S1/S9 3.07 3.10 3.08 3.35 

Sl/SlO 2.49 2.69 2.60 7.64 
Sl/Sll 2.80 2.63 2.71 1.73 
S1/S12 2.26 2.30 2.28 2.76 
S1/S13 2.51 2.51 2.51 2.53 
S2/S3 1.60 1.65 1.62 2.06 
S2/S4 1.08 1.10 1.09 1.33 
S2/S5 2.21 2.32 2.27 3.49 
S2/S6 2.44 2.59 2.52 4.51 
S2/S7 2.17 2.27 2.22 3.35 
S2/S8 2.36 2.42 2.39 2.99 
S2/S9 2.56 2.66 2.61 3.48 

S2/S10 2.08 2.31 2.20 7.96 
S2/S11 2.34 2.25 2.29 1.80 
S2/S12 1.89 1.98 1.93 2.87 
S2/S13 2.10 2.16 2.13 2.64 
S3/S4 0.67 0.67 0.67 0.64 
S3/S5 1.38 1.41 1.40 1.69 
S3/S6 1.52 1.57 1.55 2.18 
S3/S7 1.36 1.38 1.37 1.62 
S3/S8 1.47 1.47 1.47 1.45 
S3/S9 1.60 1.61 1.61 1.69 
S3/S10 1.30 1.40 1.35 3.85 
S3/S11 1.46 1.37 1.41 0.87 
S3/S12 1.18 1.20 1.19 1.39 
S3/S13 1.31 1.31 1.31 1.28 
S4/S5 2.05 2.10 2.08 2.62 
S4/S6 2.26 2.35 2.31 3.39 
S4/S7 2.02 2.06 2.04 2.52 
S4/S8 2.19 2.20 2.19 2.24 
S4/S9 2.38 2.41 2.39 2.62 

S4/S10 1.94 2.09 2.02 5.98 
S4/S11 2.17 2.04 2.10 1.36 
S4/S12 1.75 1.79 1.77 2.16 



Appendix D39 (cont.) 

Ratio Surface Oxygen 
Parameter ASl AS2 Mean Delta 
S4/S13 1.95 1.95 1.95 1.98 
S5/S6 1.10 1.12 1.11 1.29 
S5/S7 0.98 0.98 0.98 0.96 
S5/S8 1.07 1.04 1.05 0.86 
S5/S9 1.16 1.14 1.15 1.00 
S5/S10 0.94 0.99 0.97 2.28 
S5/S11 1.06 0.97 1.01 0.52 
S5/S12 0.85 0.85 0.85 0.82 
S5/S13 0.95 0.93 0.94 0.76 
S6/S7 0.89 0.88 0.88 0.74 
S6/S8 0.97 0.93 0.95 0.66 
S6/S9 1.05 1.02 1.04 0.77 
S6/S10 0.86 0.89 0.87 1.76 
S6/SII 0.96 0.87 0.91 0.40 
S6/S12 0.77 0.76 0.77 0.64 
S6/S13 0.86 0.83 0.85 0.58 
S7/S8 1.09 1.07 1.08 0.89 
S7/S9 1.18 1.17 1.17 1.04 
S7/S10 0.96 1.02 0.99 2.38 
S7/S11 1.08 0.99 1.03 0.54 
S7/S12 0.87 0.87 0.87 0.86 
S7/S13 0.97 0.95 0.96 0.79 
S8/S9 1.09 1.10 1.09 1.17 
S8/SI0 0.88 0.95 0.92 2.67 
S8/S11 0.99 0.93 0.96 0.60 
S8/S12 0.80 0.82 0.81 0.96 
S8/S13 0.89 0.89 0.89 0.88 
S9/S10 0.81 0.87 0.84 2.28 
S9/S11 0.91 0.85 0.88 0.52 
S9/S12 0.74 0.74 0.74 0.82 
S9/S13 0.82 0.81 0.82 0.76 
SlO/Sll 1.12 0.98 1.04 0.23 
S10/S12 0.91 0.86 0.88 0.36 
S10/S13 1.01 0.93 0.97 0.33 
S11/S12 0.81 0.88 0.84 1.59 
S11/S13 0.90 0.96 0.93 1.46 
S12/S13 l.ll 1.09 1.10 0.92 

Note: Mean ratio factors are calculated from the mean of surface 
concentrations obatined in the experiments AS 1 and AS2. 

Delta ratio factors are calculated from the delta of surface 
concentrations obtained in the experiments AS 1 and AS2. 
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Appendix D40 Concentration of hydrogen on Si(lOO) surfaces measured by ion beam 
analysis with a sample tilt of 75° in rotating random mode for samples 
generated in the experiment AS2. 

Hydrogen Fraction (%) 

Sample % Relative Error Error 

# Fraction Sample Standard Total Factor(*) 

AS2-S1 0.8613 0.0533 0.0037 0.0534 0.0460 

AS2-S2 0.6927 0.0572 0.0037 0.0573 0.0397 

AS2-S3 0.7999 0.0578 0.0037 0.0580 0.0464 

AS2-S4 0.6783 0.0542 0.0037 0.0544 0.0369 

AS2-S5 1.1400 0.0496 0.0037 0.0498 0.0568 

AS2-S6 1.0156 0.0512 0.0037 0.0513 0.0521 

AS2-S7 1.0900 0.0508 0.0037 0.0509 0.0555 

AS2-S8 1.0562 0.0549 0.0037 0.0550 0.0581 

AS2-S9 0.9651 0.0573 0.0037 0.0574 0.0554 

AS2-SI0 0.8937 0.0635 0.0037 0.0636 0.0568 

AS2-S11 0.9162 0.0615 0.0037 0.0617 0.0565 

AS2-S12 0.9929 0.0525 0.0037 0.0526 0.0522 
AS2-S13 0.8956 0.0634 0.0037 0.0635 0.0569 

Note: 

"BG" stands for Background 

(•) Average Error Factor: 0.0515 
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AppendixD41 Comparison of Si(lOO) samples generated in the experiments ASl and 
AS2 based on the surface concentration of hydrogen as measured by ion 
beam analysis in the rotating random mode with a sample tilt of 75°. 

Ratio Surface Hydrogen 
Parameter ASl AS2 Mean Delta 

S1/S2 1.39 1.24 1.31 0.60 
S1/S3 1.10 1.08 1.09 0.85 
S1/S4 1.73 1.27 1.46 0.33 
S1/S5 0.80 0.76 0.78 ^ 0.48 
S1/S6 0.97 0.85 0.90 0.37 
S1/S7 0.90 0.79 0.84 0.35 
S1/S8 0.71 0.82 0.76 -1.53 
S1/S9 0.87 0.89 0.88 1.16 
Sl/SlO 0.96 0.96 0.96 0.96 
Sl/Sll 0.90 0.94 0.92 1.68 
S1/S12 0.84 0.87 0.86 1.26 
S1/S13 0.93 0.96 0.95 1.50 
S2/S3 0.80 0.87 0.83 1.42 
S2/S4 1.25 1.02 1.11 0.56 
S2/S5 0.58 0.61 0.59 0.80 
S2/S6 0.70 0.68 0.69 0.62 
S2/S7 0.65 0.64 0.64 0.59 
S2/S8 0.51 0.66 0.58 -2.56 
S2/S9 0.63 0.72 0.68 1.94 

S2/S10 0.70 0.78 0.74 1.61 
S2/S11 0.65 0.76 0.70 2.80 
S2/S12 0.61 0.70 0.65 2.11 
S2/S13 0.67 0.77 0.72 2.51 
S3/S4 1.57 1.18 1.34 0.39 
S3/S5 0.72 0.70 0.71 0.56 
S3/S6 0.88 0.79 0.83 0.43 
S3/S7 0.81 0.73 0.77 0.41 
S3/S8 0.64 0.76 0.70 -1.80 
S3/S9 0.79 0.83 0.81 1.36 

S3/S10 0.87 0.90 0.88 1.13 
S3/S11 0.82 0.87 0.85 1.97 
S3/S12 0.76 0.81 0.78 1.48 
S3/S13 0.84 0.89 0.87 1.76 
S4/S5 0.46 0.60 0.53 1.43 
S4/S6 0.56 0.67 0.62 1.11 
S4/S7 0.52 0.62 0.58 1.05 
S4/S8 0.41 0.64 0.52 -4.60 
S4/S9 0.50 0.70 0.61 3.49 

S4/S10 0.56 0.76 0.66 2.89 
S4/S11 0.52 0.74 0.63 5.03 
S4/S12 0.49 0.68 0.59 3.78 



Appendix D41 (cont.) 

Ratio Surface Hydrogen 
Parameter ASl AS2 Mean Delta 
S4/S13 0.54 0.76 0.65 4.50 
S5/S6 1.21 1.12 1.16 0.78 
S5/S7 1.12 1.05 1.08 0.74 
S5/S8 0.89 1.08 0.98 -3.22 
S5/S9 1.09 1.18 1.14 2.44 
S5/S10 1.20 1.28 1.24 2.02 
S5/S1I 1.13 1.24 1.19 3.52 
S5/S12 1.05 1.15 1.10 2.64 
S5/S13 1.16 1.27 1.22 3.15 
S6/S7 0.93 0.93 0.93 0.95 
S6/S8 0.74 0.96 0.85 -4.14 
S6/S9 0.90 1.05 0.98 3.14 

S6/S10 1.00 1.14 1.07 2.60 
S6/S11 0.93 1.11 1.02 4.53 
S6/S12 0.87 1.02 0.95 3.40 
S6/S13 0.96 1.13 1.05 4.05 
S7/S8 0.79 1.03 0.91 -4.37 
S7/S9 0.97 1.13 1.05 3.32 
S7/S10 1.07 1.22 1.15 2.75 
S7/S11 l.Ol 1.19 1.10 4.79 
S7/SI2 0.94 1.10 1.02 3.59 
S7/SI3 1.04 1.22 1.13 4.28 
S8/S9 1.23 1.09 1.16 -0.76 

S8/S10 1.35 1.18 1.26 -0.63 
S8/SI1 1.27 1.15 1.21 -1.09 
S8/S12 1.18 1.06 1.12 -0.82 
S8/S13 1.31 1.18 1.24 -0.98 
S9/SI0 1.10 1.08 1.09 0.83 
S9/SI1 1.03 1.05 1.04 1.44 
S9/S12 0.96 0.97 0.97 1.08 
S9/S13 1.07 1.08 1.07 1.29 
SlO/Sll 0.94 0.98 0.96 1.74 
SI0/S12 0.87 0.90 0.89 1.31 
S10/S13 0.96 1.00 0.98 1.56 
SI1/S12 0.93 0.92 0.93 0.75 
SII/S13 1.03 1.02 1.03 0.89 
S12/S13 1.10 1.11 1.11 1.19 

Note: Mean ratio factors are calculated from the mean of surface 
concentrations obatined in the experiments AS I and AS2. 

Delta ratio factors are calculated from the delta of surface 
concentrations obtained in the experiments AS 1 and AS2. 
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Appendix D42 Concentrations of C, O, and H on Si(lOO) surfaces measured by ion beam 
analysis with a sample tilt of 75° in rotating random mode for samples 
generated in the experiment AS3. 

Carbon Areal Density 

Sample Relative Error Error 

# Atoms/cm^ Peak BG Total Factor (*) 

AS3-S1 LllE+16 0.0162 0.1522 0.1531 1.70E+15 

AS3-S2 5.08E+15 0.0150 0.1181 0.1191 6.05E+14 

AS3-S3 5.79E+15 0.0181 0.1373 0.1385 8.02E+14 

AS3-S4 9.22E+15 0.0186 0.1450 0.1462 1.35E+15 

AS3-S5 6.03 E+15 0.0177 0.1158 0.1171 7.06E+14 

AS3-S6 5.69E+15 0.0177 0.1588 0.1598 9.10E+14 

AS3-S7 5.10E+15 0.0161 0.1539 0.1547 7.89E+14 
AS3-S8 4.89E+15 0.0165 0.1549 0.1558 7.61E+14 

Oxygen Area! Density 

Sample Relative Error Error 

# Atoms/cm^ Peak BG Total Factor (**) 

AS3-S1 1.30E+16 0.0141 0.1113 0.1121 1.46E+15 

AS3-S2 1.19E+16 0.0141 0.1155 0.1163 1.38E+15 

AS3-S3 8.26E+15 0.0178 0.2453 0.2460 2.03E+15 

AS3-S4 l.llE+16 0.0187 0.1987 0.1996 2.22E+15 

AS3-S5 8.44E+15 0.0181 0.1537 0.1548 1.31E+15 

AS3-S6 7.53E+15 0.0183 0.2027 0.2035 1.53E+15 

AS3-S7 6.96E+15 0.0182 0.2080 0.2088 1.45E+15 

AS3-S8 6.49E+15 0.0169 0.1480 0.1490 9.67E+14 

Note: 

"BG" stands for background 

(•) Average Error; 9.53E+ 14 

(**) Average Error: I.54E+15 
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Appendix D42 (cont.) 

Hydrogen Fraction (%) 

Sample % Relative Error Error 

# Fraction Sample Standard Total Factor (#) 

AS3-S1 0.6913 0.0635 0.0032 0.0636 0.0440 

AS3-S2 0.5316 0.0579 0.0032 0.0580 0.0308 

AS3-S3 0.6229 0.0581 0.0032 0.0582 0.0363 

AS3-S4 0.4819 0.0573 0.0032 0.0574 0.0277 

AS3-S5 0.8351 0.0555 0.0032 0.0556 0.0464 

AS3-S6 1.0937 0.0568 0.0032 0.0569 0.0622 

AS3-S7 1.3523 0.0549 0.0032 0.0550 0.0744 

AS3-S8 1.4771 0.0540 0.0032 0.0541 0.0799 

Note: 

"BG" stands for background 

(#) Average Error: 0.0502 
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Appendix D43 Comparison of Si( 100) samples generated in the experiment ASS based on 
surface concentrations of C, O, and H as measured by ion beam analysis in 
rotating random mode with a sample tilt of 75°. 

Ratio 
Parameter 

Surface 
Carbon 

Surface 
Oxygen 

Surface 
Hydrogen 

AS3-S1/AS3-S2 2.19 1.09 1.30 
AS3-S1/AS3-S3 1.92 1.57 1.11 
AS3-S1/AS3-S4 1.20 1.17 1.44 
AS3-S1/AS3-S5 1.84 1.54 0.83 
AS3-S1/AS3-S6 1.95 1.73 0.63 
AS3-S1/AS3-S7 2.18 1.87 0.51 
AS3-S1/AS3-S8 2.27 2.00 0.47 
AS3-S2/AS3-S3 0.88 1.44 0.85 
AS3-S2/AS3-S4 0.55 1.07 1.10 
AS3-S2/ASS-S5 0.84 1.41 0.64 
AS3-S2/ASS-S6 0.89 1.58 0.49 
AS3-S2/AS3-S7 0.97 1.71 0.39 
AS3-S2/AS3-S8 1.04 1.83 0.36 
AS3-S3/AS3-S4 0.63 0.74 1.29 
AS3-S3/AS3-S5 0.96 0.98 0.75 
AS3-S3/AS3-S6 1.02 1.10 0.57 
AS3-S3/AS3-S7 1.14 1.19 0.46 
AS3-S3/AS3-S8 1.18 1.27 0.42 
AS3-S4/ASS-S5 1.53 1.32 0.58 
AS3-S4/AS3-S6 1.62 1.47 0.44 
AS3-S4/AS3-S7 1.81 1.60 0.36 
AS3-S4/AS3-S8 1.89 1.71 0.33 
AS3-S5/AS3-S6 1.06 1.12 0.76 
AS3-S5/AS3-S7 1.18 1.21 0.62 
AS3-S5/ASS-S8 1.23 1.30 0.57 
AS3-S6/ASS-S7 1.12 1.08 0.81 
AS3-S6/ASS-S8 1.16 1.16 0.74 
AS3-S7/AS3-S8 1.04 1.07 0.92 
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Appendix D44 Comparison of roughness of Si(lOO) surfaces measured as RMS values 
obtained by TMAFM on samples generated in the experiment ASS for 

whole image and particulate free area (box) for a scan size of 2 x 2 |im^. 

Sample 

# 
Scan Size 

(ixmxpn) 

Roughness, 

Image 

RMS (nm.) 

Box 

Percent 

Difference 

Ratio 

Factor 

AS5-S1 2 x 2  0.654 0.122 436.07 5.36 

AS5-S2 2 x 2  0.068 0.067 1.49 1.01 

AS5-S3 2 x 2  0.144 0.123 17.07 1.17 

AS5-S4 2 x 2  0.602 0.129 366.67 4.67 

AS5-S5 2 x 2  0.102 0.092 10.87 1.11 

AS5-S6 2 x 2  0.174 0.111 56.76 1.57 

AS5-S7 2 x 2  0.430 0.145 196.55 2.97 

AS5-S8 2 x 2  0.113 0.109 3.67 1.04 

AS5-S9 2 x 2  0.186 0.120 55.00 1.55 

AS5-S10 2 x 2  0.365 0.169 115.98 2.16 

AS5-S11 2 x 2  0.100 0.098 2.04 1.02 

AS5-S12 2 x 2  0.339 0.132 156.82 2.57 

AS5-S13 2 x 2  0.142 0.115 23.48 1.23 

AS5-S14 2 x 2  0.142 0.114 24.56 1.25 

AS5-S15 2 x 2  0.456 0.120 280.00 3.80 

AS5-S16 2 x 2  0.153 0.113 35.40 1.35 

AS5-S17 2 x 2  11.273 1.973 471.36 5.71 

AS5-S18 2 x 2  0.034 0.029 17.24 1.17 

AS5-S19 2 x 2  0.171 0.153 11.76 1.12 AS5-S19 

2 x 2  0.168 0.166 1.20 1.01 

AS5-S20 2 x 2  0.078 0.072 8.33 1.08 AS5-S20 

2 x 2  0.077 0.070 10.00 1.10 

Note: Average Percent Difference is 104.65. 

Average Ratio factor is 2.05. 
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Appendix D45 Tapping mode atomic force microscope scans of the samples (a) AS5-S1, (b) AS5-S2, (c) AS5-S3, (d) AS5-S4 
and (e) AS5-S5 generated in the experiment ASS. 
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Appendix D46 Tapping mode atomic force microscope scans of the samples (a) AS5-S6, (b) AS5-S7, (c) AS5-S8, (d) AS5-S9 
and (e) AS5-S10 generated in the experiment AS5. 
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Appendix D47 Tapping mode atomic force microscope scans of the samples (a) AS5-S11, (b) AS5-S12, (c) AS5-S13, 
(d) AS5-S14 and (e) AS5-S15 generated in the experiment AS5. 
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Appendix EMS Tapping mode atomic force microscope scans of the samples (a) AS5-S16, (b) AS5-S17, (c) AS5-S18, 
(d) AS5-S19 and (e) AS5-S20 generated in the experiment AS5. 
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Appendix D49 Summary of the locations of key peaks noticed in the FTIR spectra obtained in ATR mode on the Si(lOO) 
surfaces for samples generated in the experiment AS6. 

Sample 

# i iii A 

1 

iv 

^eak Loc 

V 

ation Wi 

vi 

avenumt 

vii 

>er (cm' 

a P Y ix B 

AS6-S3 971 1214 1448 1666 2091 2111 2139 3380 

AS6-S4 971 1133 1222 1444 1659 2264 3374 

AS6-S5 970 1218 1449 1651 2112 2141 3364 

AS6-S6 969 1228 1450 1654 2112 2141 3391 

AS6-S7 970 1217 1450 1656 2105 2139 3391 

AS6-S8 969 1215 1449 1676 2111 2142 3371 

AS6-S9 969 1200 1448 1680 2112 2140 3364 

AS6-S10 1299 1379 1449 1695 2112 2140 3354 

Minimum 969 1133 1200 1299 1379 1444 1651 2091 2105 2139 2264 3354 

Maximum 971 1133 1228 1299 1379 1450 1695 2091 2112 2142 2264 3391 

Average 970 1133 1216 1299 1379 1448 1667 2091 2111 2140 2264 3374 

Std. Dev. 1 0 8 0 0 2 14 0 2 1 0 12 



Appendix D50 Comparison of the peaic area for hydride regions with respect to oxide region as obtained by FTIR in ATR mode 
on the Si(lOO) surfaces for samples generated in the experiment AS6. 

Sample Monohydride Dihydride Trihydride Total Hydride Oxide H/O 

# Mean Std. Dev. Mean Std. Dev. Mean Std. Dev. Mean Std. Dev. Mean Std. Dev. Ratio* 

AS6-S3 0.009 0.002 0.165 0.019 0.071 0.010 0.244 0.029 -20.89 1.04 1.17 

AS6-S4 -4.20 0.03 0.00 

AS6-S5 0.266 0.026 0.107 0.012 0.373 0.039 -19.74 0.69 1.89 

AS6-S6 0.279 0.053 0.104 0.018 0.383 0.071 -20.75 1.72 1.85 

AS6-S7 0.213 0.015 0.090 0.006 0.303 0.021 -21.00 0.32 1.44 

AS6-S8 0.200 0.042 0.081 0.013 0.281 0.055 -21.07 0.66 1.33 

AS6-S9 0.141 0.017 0.049 0.003 0.190 0.021 -20.85 0.71 0.91 

AS6-S10 0.070 0.012 0.025 0.004 0.094 0.016 

Note; • H/0 Ratio are multiplied by 100. 



Appendix D51 Summary of the locations of key peaks noticed in the FTIR spectra obtained in ATR mode on the Si(lOO) 
surfaces for samples generated in the experiment AS7. 

Sample 

# i ii 

Peak Lo 

A 

cation ̂  

vi 

'avelengi 

vii 

th (cm ') 

P Y B 

AS7-S3 964 1211 1655 2109 2139 

AS7-S4 967 1201 1448 1660 3359 

AS7-S5 967 1046 1213 2112 2143 3403 
AS7-S6 966 1045 1211 2112 2143 3341 

AS7-S7 967 1040 1211 2110 2140 3350 

AS7-S8 966 1045 1211 1652 2112 2142 3532 

AS7-S9 962 1212 1458 1665 2111 2142 3370 

AS7-S10 966 1211 1457 1658 2112 2142 3380 

Minimum 962 1040 1201 1448 1652 2109 2139 3341 

Maximum 967 1046 1213 1458 1665 2112 2143 3532 

Average 966 1044 1210 1454 1658 2111 2142 3391 

Std. Dev. 2 2 3 5 4 1 1 60 

00 

o 



Appendix D52 Comparison of the peak area for hydride regions with respect to oxide region as obtained by FTIR in ATR mode 
on the Si(IOO) surfaces for samples generated in the experiment AS7. 

Sample 

# 
Monc 

Mean 

>hydride 

Std. Dev. 

Dih 

Mean 

ydride 

Std. Dev. 

Trih 

Mean 

lydride 

Std. Dev. 

Total 

Mean 

Hydride 

Std. Dev. 

0 

Mean 

xide 

Std. Dev. 

H/0 

Ratio* 

AS7-S3 0.034 0.000 0.014 0.000 0.047 0.000 -6.08 0.00 0.77 

AS7-S4 -5.40 0.14 0.00 

AS7-S5 0.034 0.002 0.013 0.001 0.047 0.003 -5.06 0.06 0.93 

AS7-S6 0.042 0.001 0.015 0.001 0.057 0.001 -5.08 0.21 1.11 

AS7-S7 0.034 0.001 0.018 0.001 0.053 0.002 -5.12 0.04 1.03 

AS7-S8 0.034 0.002 0.013 0.000 0.046 0.001 -5.04 0.11 0.91 

AS7-S9 0.026 0.003 0.011 0.000 0.037 0.003 -5.99 0.15 0.61 

AS7-S10 0.024 0.001 0.007 0.000 0.031 0.002 -6.07 0.06 0.51 

Note: • H/0 ratio are multipied by 100. 



Appendix D53 Summary of the locations of key peaks noticed in the FTIR spectra obtained in ATR mode on the Si(lOO) 
surfaces for samples generated in the experiment AS9. 

Sample 
1 

'eak Location Wavenumber (cm"'' 

# ii A a P Y xi B 

AS9-S3 Spectra Missing 

AS9-S4 Spectra Missing 

AS9-S5 Spectra Missing 

AS9-S6 1019 1213 2110 2140 2857 2927 3404 
AS9-S7 1011 1212 2105 2139 2858 2929 3408 
AS9-S8 1047 1211 2111 2144 2855 2927 
AS9-S9 1048 1211 2112 2144 2856 2927 

AS9-S10 1041 1211 2085 2113 2143 2854 2926 

AS9-S11 1045 1211 2086 2112 2145 2856 2928 

AS9-S12 1040 1211 2111 2140 2855 2927 

AS9-S13 1027 1212 2111 2139 2860 2929 

AS9-S14 1040 1211 2111 2143 2853 2922 

AS9-S15 1038 1212 2084 2111 2142 
AS9-S16 1041 1212 2085 2113 2143 

AS9-S17 1039 1211 2111 2141 2855 2926 
AS9-S18 1025 1211 2111 2140 

AS9-S19 1020 1211 2108 2139 
AS9-S20 1034 1212 2110 2140 2855 2924 

AS9-S21 1040 1211 2084 2112 2141 2857 2926 
AS9-S22 1041 1211 2085 2113 2142 2855 2926 

Minimum 1011 1211 2084 2105 2139 2853 2922 3404 

Maximum 1048 1213 2086 2113 2145 2860 2929 3408 

Average 1035 1211 2085 2111 2141 2856 2926 3406 
Std. Dev. 10 1 1 2 2 2 2 2 

to 



Appendix D54 Comparison of the peak area for hydride regions with respect to oxide region as obtained by FTIR in ATR mode 
on the Si(lOO) surfaces for samples generated in the experiment AS9. 

Sample 

# 
Monohydride 

Mean | Std. Dev. 

Dihydride 

Mean | Std. Dev. 

Trihydride 

Mean | Std. Dev. 

Total Hydride 

Mean | Std. Dev. 

Oxide 

Mean | Std. Dev. 

H/0 

Ratio* 
AS9-S3 Spectra Missing 

AS9-S4 Spectra Missing 

AS9-S5 S [}ectra Missing 

AS9-S6 0.193 0.000 0.068 0.003 0.260 0.003 -2.77 0.17 9.40 

AS9-S7 0.149 0.001 0.060 0.001 0.209 0.003 -2.36 0.07 8.85 
AS9-S8 0.016 0.004 0.006 0.003 0.022 0.007 -1.75 0.06 1.24 
AS9-S9 0.011 0.000 0.003 0.001 0.014 0.001 -1.73 0.00 0.82 
AS9-S10 0.003 0.006 0.026 0.001 0.009 0.000 0.037 0.001 -1.79 0.05 2.04 
AS9-S11 0.002 0.000 0.019 0.001 0.004 0.001 0.025 0.003 -1.80 0.03 1.36 
AS9-S12 0.016 0.004 0.003 0.001 0.019 0.005 -1.79 0.03 1.06 
AS9-S13 0.017 0.001 0.004 0.001 0.021 0.000 -1.76 0.05 1.18 

AS9-S14 0.033 0.002 0.011 0.002 0.045 0.004 -1.79 0.11 2.48 

AS9-S15 0.003 0.000 0.042 0.004 0.009 0.001 0.054 0.004 -1.78 0.02 3.04 
AS9-S16 0.006 0.001 0.047 0.007 0.012 0.002 0.064 0.008 -1.68 0.09 3.81 
AS9-S17 0.037 0.002 0.008 0.001 0.045 0.003 -1.86 0.12 2.43 

AS9-S18 0.056 0.007 0.014 0.002 0.070 0.009 -1.83 0.03 3.83 

AS9-S19 0.057 0.040 0.012 0.004 0.069 0.043 -1.77 0.06 3.88 
AS9-S20 0.044 0.018 0.008 0.001 0.051 0.019 -1.71 0.01 2.99 
AS9-S21 0.004 0.001 0.033 0.005 0.009 0.001 0.046 0.007 -1.81 0.01 2.56 
AS9-S22 0.005 0.001 0.031 0.006 0.008 0.001 0.044 0.008 -1.66 0.01 2.62 

Note: • H/0 ratio are multiplied by 100. 



Appendix D55 Summary of the locations of key peaks noticed in the FTIR spectra obtained in ATR mode on the 
surfaces for samples generated in the experiment AS 16. 

Sample 
# ii iii A vi 

'eak Loc 
vii 

ation W 
a 

ivenumb 

P 

er (cm"'' 
Y viii ix xi B 

AS16-SI 1063 1135 1236 2110 2261 
AS16-S2 1059 1141 1231 1441 1664 2078 2112 2141 2258 2932 3298 
AS16-S3 1065 1139 1233 1443 1673 2110 2141 2930 3322 
AS 16-84 1056 1232 2110 2141 2936 3344 
AS16-S5 1049 1137 1231 2108 2140 2936 3330 
AS 16-86 1053 1140 1232 2111 2140 2936 3340 
AS 16-87 1049 1142 1232 1445 1677 2078 2112 2142 2937 3312 
AS 16-88 1046 1145 1232 1450 1673 2077 2112 2141 2266 2934 3321 
AS 16-89 1062 1140 1234 1446 1668 2109 2140 2202 2262 2938 3323 

AS16-811 1060 1143 1233 1452 1666 2079 2112 2142 2266 2935 3331 
AS16-S12 1058 1142 1232 1451 1670 2111 2142 2932 3323 
A816-S13 1060 1141 1231 1446 1674 2081 2111 2141 2257 2931 3326 
A816-814 1058 1144 1234 1447 1672 2082 2112 2141 2937 3337 
AS16-S15 1068 1142 1233 1447 1678 2112 2141 2936 3356 
AS16-S16 1061 1142 1233 1450 1671 2082 2113 2140 2259 2934 3336 
AS16-S17 1059 1144 1232 1451 1669 2081 2112 2141 2239 2931 3344 
AS 16-818 1053 1145 1231 1450 1669 2083 2113 2142 2262 2932 3314 
A816-819 1062 1141 1231 1451 1668 2083 2111 2141 2262 2931 3329 
AS 16-820 1056 1140 1232 1447 1669 2084 2113 2140 2261 2933 3354 
AS 16-821 1142 1237 1454 1675 2076 2108 2138 2264 2934 3343 
AS 16-822 1055 1144 1233 1451 1667 2079 2113 2141 2258 2931 3325 
AS 16-823 1456 1672 
AS16-S24 1452 1670 2107 2265 

Minimum 1046 1135 1231 1441 1664 2076 2107 2138 2202 2239 2930 3298 
Maximum 1068 1145 1237 1456 1678 2084 2113 2142 2202 2266 2938 3356 
Average 1058 1141 1233 1449 1671 2080 2111 2141 2202 2260 2934 3330 
Std. Dev. 5 3 2 4 4 2 2 1 0 6 2 14 



Appendix D56 Comparison of the peaic area for hydride regions with respect to oxide region as obtained by FTIR in ATR mode 
on the Si(lOO) surfaces for samples generated in the experiment AS 16. 

Sample 

# 

Monc 

Mean 

(hydride 

Std. Dev. 

Dih 

Mean 

ydride 

Std. Dev. 

Trih 

Mean 

lydride 

Std. Dev. 

Total 

Mean 

Hydride 

Std. Dev. 

0 

Mean 

>xide 

Std. Dev. 

H/0 

Ratio* 

AS 16-81 0.014 0.004 0.014 0.004 -0.476 0.040 0.029 

AS16-S2 0.001 0.000 0.016 0.000 0.004 0.000 0.020 0.000 -0.600 0.000 0.034 

AS16-S3 0.017 0.001 0.005 0.001 0.023 0.002 -0.523 0.001 0.043 

AS16-S4 0.013 0.001 0.004 0.000 0.017 0.001 -0.503 0.017 0.034 
AS16-S5 0.019 0.001 0.003 0.000 0.023 0.001 -0.555 0.017 0.041 
AS16-S6 0.025 0.004 0.006 0.000 0.029 0.007 -0.521 0.041 0.056 
AS16-S7 0.003 0.000 0.024 0.001 0.006 0.001 0.031 0.002 -0.547 0.014 0.057 
AS16-S8 0.002 0.000 0.029 0.000 0.007 0.000 0.038 0.000 -0.573 0.000 0.067 

AS16-S9 0.029 0.003 0.006 0.001 0.035 0.004 -0.701 0.015 0.049 

AS16-S11 0.001 0.000 0.032 0.002 0.010 0.001 0.043 0.003 -0.584 0.030 0.073 
AS16-S12 0.031 0.001 0.008 0.000 0.039 0.001 -0.563 0.053 0.069 
AS16-S13 0.002 0.000 0.036 0.002 0.009 0.001 0.047 0.003 -0.640 0.016 0.074 
AS16-S14 0.002 0.000 0.041 0.001 0.011 0.001 0.055 0.002 -0.585 0.077 0.094 

AS16-S15 0.031 0.002 0.009 0.001 0.040 0.003 -0.595 0.018 0.068 
AS16-S16 0.003 0.000 0.042 0.001 0.013 0.000 0.057 0.001 -0.592 0.008 0.097 
AS16-S17 0.002 0.000 0.045 0.001 0.015 0.000 0.062 0.001 -0.689 0.009 0.090 
AS16-S18 0.002 0.000 0.047 0.002 0.016 0.000 0.065 0.002 -0.671 0.027 0.096 
AS16-S19 0.002 0.001 0.053 0.000 0.014 0.000 0.068 0.001 -0.738 0.009 0.093 
AS16-S20 0.004 0.001 0.052 0.001 0.013 0.000 0.069 0.000 -0.774 0.001 0.089 

AS16-S21 0.001 0.000 0.014 0.000 0.003 0.000 0.018 0.000 -0.218 0.057 0.082 
AS16-S22 0.002 0.001 0.047 0.002 0.017 0.001 0.066 0.003 -0.844 0.039 0.078 
AS16-S23 

AS16-S24 0.026 0.000 0.026 0.000 

Note: • H/0 ratio are multiplied by 100. 
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Appendix D57 Comparison of the wetting nature of deionized water on H-passivated 
Si(lOO) surfaces obtained by chemical treatment with HF/Methanol 
solutions for samples generated in the experiment AS 11. 

Sample Wetting Angle Measurement 

# Rim#l Run #2 Run #3 Mean Std. Dev. 

ASll-Sl 12.00 11.50 12.00 11.83 0.29 

AS11-S2 5.00 5.00 4.00 4.67 0.58 

AS 11-83 25.00 27.00 31.00 27.67 3.06 

AS11-S4 6.00 7.00 4.00 5.67 1.53 

AS 11-85 46.00 48.00 50.00 48.00 2.00 

AS 11-86 44.00 46.00 50.00 46.67 3.06 

AS 11-87 42.00 42.00 42.00 42.00 0.00 

AS 11-88 45.00 46.00 48.00 46.33 1.53 

ASll-89 47.00 48.00 49.00 48.00 1.00 

ASll-SlO 43.00 46.00 50.00 46.33 3.51 

ASll-Sll 38.00 39.00 41.00 39.33 1.53 

AS11-S12 37.00 44.00 42.00 41.00 3.61 

AS11-S13 44.00 44.00 43.00 43.67 0.58 

AS11-S14 32.00 42.00 44.00 39.33 6.43 

AS11-S15 35.00 41.00 43.00 39.67 4.16 

AS11-S16 45.00 46.00 51.00 47.33 3.21 

AS11-S17 44.00 50.00 52.00 48.67 4.16 



877 

Appendix D58 Comparison of the wetting nature of deionized water on H-passivated 
Si(l(X)) surfaces obtained by chemical treatment with HF/IPA solutions for 
samples generated in the experiment AS 13. 

Sample Wetting Angle Measurement 

# Run #1 Run #2 Run #3 Mean Std. Dev. 

AS13-S1 11.00 11.00 12.00 11.33 0.58 

AS13-S2 1.00 0.00 2.00 1.00 1.00 

AS13-S3 21.00 22.00 24.00 22.33 1.53 

AS13-S4 0.00 2.00 2.00 1.33 1.15 

AS13-S5 38.00 38.00 39.00 38.33 0.58 

AS13-S6 31.00 33.00 34.00 32.67 1.53 

AS13-S7 34.00 35.00 38.00 35.67 2.08 

AS13-S8 29.00 32.00 36.00 32.33 3.51 

AS13-S9 30.00 30.00 27.00 29.00 1.73 

AS13-S10 36.00 38.00 39.00 37.67 1.53 

AS13-S11 22.00 24.00 26.00 24.00 2.00 

AS13-S12 44.00 45.00 45.00 44.67 0.58 

AS13-S13 35.00 36.00 36.00 35.67 0.58 

AS13-S14 21.00 23.00 23.00 22.33 1.15 

AS13-S15 25.00 27.00 29.00 27.00 2.00 

AS13-S16 28.00 32.00 34.00 31.33 3.06 

AS13-S17 35.00 35.00 36.00 35.33 0.58 
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Appendix D59 Comparison of the wetting nature of deionized water on H-passivated 
Si(lOb) surfaces obtained by chemical treatment with HF/Ethanol solutions 
for samples generated in the experiment AS 14. 

Sample Wetting Angle Measmrement 

# Run#l Rim#2 Run #3 Mean Std. Dev. 

AS14-S1 12.00 12.00 13.00 12.33 0.58 

AS14-S2 0.00 1.00 1.00 0.67 0.58 

AS14-S3 24.00 26.00 27.00 25.67 1.53 

AS14-S4 2.00 0.00 1.00 1.00 1.00 

AS 14-85 24.00 26.00 28.00 26.00 2.00 

AS14-S6 26.00 28.00 31.00 28.33 2.52 

AS14-S7 34.00 35.00 36.00 35.00 1.00 

AS14-S8 32.00 33.00 34.00 33.00 1.00 

AS14-S9 31.00 31.00 31.00 31.00 0.00 

AS14-S10 30.00 31.00 32.00 31.00 1.00 

AS14-S11 34.00 35.00 36.00 35.00 1.00 

AS14-S12 28.00 29.00 30.00 29.00 1.00 

AS14-S13 32.00 33.00 36.00 33.67 2.08 

AS14-S14 24.00 26.00 30.00 26.67 3.06 

AS14-S15 24.00 26.00 29.00 26.33 2.52 

AS14-S16 28.00 32.00 32.00 30.67 2.31 

AS14-S17 29.00 30.00 31.00 30.00 1.00 
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Appendix D60 Comparison of the wetting nature of deionized water on H-passivated 
SiClOb) surfaces obtained by chemical treatment with different Iff^/Alcohol 
solutions for samples generated in the experiments ASH, AS 13 and 
AS 14. 

Alcohol System 

Sample Methanol IPA Ethanol 

# Mean Std. Dev. Mean Std. Dev. Mean Std. Dev. 

SI 11.83 0.29 11.33 0.58 12.33 0.58 

S2 4.70 0.58 1.00 1.00 0.70 0.58 

S3 27.67 3.06 22.33 1.53 25.67 1.53 

S4 5.70 1.53 1.30 1.15 1.00 1.00 

S5 48.00 2.00 38.33 0.58 26.00 2.00 

S6 46.67 3.06 32.67 1.53 28.33 2.52 

S7 42.00 0.00 35.67 2.08 35.00 1.00 

S8 46.33 1.53 32.33 3.51 33.00 1.00 

S9 48.00 1.00 29.00 1.73 31.00 0.00 

SIO 46.33 3.51 37.67 1.53 31.00 1.00 

Sll 39.30 1.53 24.00 2.00 35.00 1.00 

S12 41.00 3.61 44.67 0.58 29.00 1.00 

S13 43.70 0.58 35.70 0.58 33.67 2.08 

S14 39.30 6.43 22.33 1.15 26.67 3.06 

S15 39.67 4.16 27.00 2.00 26.33 2.52 

S16 47.33 3.21 31.33 3.06 30.67 2.31 

S17 48.67 4.16 35.33 0.58 30.00 1.00 
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Appendix D61 Surface impurity concentrations and contact angle measurements for 
Si(lOO) samples generated in the experiment FSAl. 

Sample 

# 

Carl 

Atoms/cm^ 

3on Areal Dei 

Peak 

isity in Rotati 

Relative Erroi 

BG 

ng Random N 

Total 

lode 

Error 

Factor (*) 

FSAl-Sl 7.94E+15 0.0157 0.0956 0.0969 7.69E+14 

FSAl-82 7.44E+15 0.0173 0.1496 0.1506 1.12E+15 

FSAl-S3 7.23E+15 0.0181 0.1316 0.1328 9.60E+14 

FSA1-S4 7.07E+15 0.0167 0.1193 0.1205 8.52E+14 

FSA1-S5 7.28E+15 0.0157 0.0956 0.0969 7.06E+14 

FSA1-S6 6.98E+15 0.0188 0.1657 0.1668 1.16E+15 

FSA1-S7 6.95E+15 0.0166 0.1656 0.1664 1.16E+15 

FSA1-S8 7.02E+15 0.0188 0.2416 0.2423 1.70E+15 

Sample 

# 

Oxy 

Atoms/cm" 

gen Areal De 

Peak 

asity in Rotat 

Relative Erroi 

BG 

ng Random ̂  

r 
Total 

dode 

Error 

Factor (**) 

FSAl-Sl 1.03E+16 0.0167 0.1768 0.1776 1.83E+15 

FSA1-S2 6.89E+15 0.0187 0.1763 0.1773 1.22E+15 

FSA1-S3 5.91E+15 0.0192 0.1930 0.1940 1.15E+15 

FSA1-S4 5.37E+15 0.0198 0.2007 0.2017 I.08E+15 

FSA1-S5 5.30E+15 0.0190 0.2436 0.2443 1.29E+15 

FSA1-S6 5.24E+15 0.0194 0.2784 0.2791 1.46E+15 

FSA1-S7 5.19E+15 0.0202 0.0975 0.0996 5.17E+14 

FSA1-S8 5.27E+15 0.0202 0.2029 0.2039 1.07E+15 

Note: 

"BG" stands for Background. 

(•) Average Error Factor: I.09E+15 

(*•) Average Error Factor: I.20E+15 



Appendix D61 (cont.) 

Hydrogen Fraction (%) 

Sample % Relative Error Error 

# Fraction Sample Standard Total Factor (#) 

FSAl-Sl 0.6237 0.0510 0.0028 0.0510 0.0318 

FSA1-S2 0.7542 0.0798 0.0028 0.0799 0.0603 

FSA1-S3 0.7912 0.0533 0.0028 0.0534 0.0423 

FSA1-S4 0.8099 0.0593 0.0028 0.0594 0.0481 

FSA1-S5 0.7881 0.0501 0.0028 0.0502 0.0396 

FSA1-S6 0.8113 0.0530 0.0028 0.0531 0.0431 

FSA1-S7 0.8156 0.0560 0.0028 0.0561 0.0458 

FSA1-S8 0.8057 0.0572 0.0028 0.0572 0.0461 

Note; 

(#) Average Error Factor: 0.044! 

Sample 

# 
Contact 

Angle (°) 

FSAl-Sl -

FSA1-S2 48 

FSA1-S3 53 

FSA1-S4 57 

FSA1-S5 68 

FSA1-S6 72 

FSA1-S7 73 
FSA1-S8 66 

Note: 

Average Contact Angle: 62.4 



Appendix D62 Summary of the TMAI^ results obtained in the experiment FSA1. 

Sample 

# 

Roug 

10 |im X 10 )im (*) 

hness, RMS (nm) 

2 |im X 2 ^im (*) Average 

Surface 

Topography 

FSAl-Sl 0.020 0.016 0.018 Extremely Smooth 

FSA1-S2 0.017 0.016 0.017 Extremely Smooth 

FSA1-S3 0.018 0.015 0.017 Extremely Smooth 

FSA1-S4 0.017 0.015 0.016 Extremely Smooth 

FSA1-S5 0.028 0.028 0.028 Two Large Particles 

FSA1-S6 0.024 0.021 0.023 
Several Minor Small 

Particles 

FSA1-S7 0.033 0.021 0.027 
Several Minor Small 

Particles 

FSA1-S8 0.023 0.021 0.022 
Most Overall Rough 

Sample 

Note: (*) Scan Size 

Average RMS across all the samples based on individual average RMS values is 0.021 nm. 



883 

Appendix D63 Concentrations of C, O, and H on Si(lOO) surfaces as measured by ion 
beam analysis in rotating random mode with a sample tilt of 75° for 
samples generated in the experiment FS A2. 

Sample 

# 

Carl 

Atoms/cm^ 

5on Areal Dei 

Peak 

isity in Rotati 

Relative Erroi 

BG 

ng Random N 

Total 

lode 

Error 

Factor (*) 

FSA2-S1 7.04E+15 0.0185 0.1758 0.1768 1.24E+15 

FSA2-S2 6.93E+15 0.0180 0.2029 0.2037 1.41E+15 

FSA2-S3 6.52E+15 0.0182 0.1958 0.1966 1.28E+15 

FSA2-S4 6.69E+15 0.0200 0.1287 0.1302 8.71E+14 

FSA2-S5 7.59E+15 0.0180 0.2029 0.2037 1.55E+15 

Sample 

# 

Oxy 

Atoms/cm^ 

^en Areal Dei 

Peak 

asity in Rotati 

Relative Erroi 

BG 

Jig Random ^ 

Total 

/lode 

Error 

Factor (**) 

FSA2-S1 7.31E+15 0.0201 0.2780 0.2787 2.04E+15 

FSA2-S2 7.45E+15 0.0202 0.0876 0.0899 6.70E+14 

FSA2-S3 6.78E+15 0.0202 0.2526 0.2534 1.72E+15 

FSA2-S4 6.94E+15 0.0217 0.1316 0.1334 9.26E+14 

FSA2-S5 1.07E+16 0.0164 0.1191 0.1202 1.28E+15 

Hydrogen Fraction (%) 

Sample % Relative Error Error 

# Fraction Sample Standard Total Factor (#) 

FSA2-S1 0.7877 0.0557 0.0030 0.0558 0.0440 

FSA2-S2 0.7961 0.0498 0.0030 0.0498 0.0396 

FSA2-S3 0.8213 0.0573 0.0030 0.0573 0.0471 

FSA2-S4 0.8110 0.0498 0.0030 0.0498 0.0404 
FSA2-S5 0.6158 0.0582 0.0030 0.0583 0.0359 

Note: 

"BG" stands for Background. 

(•) Average Error Factor: I.27E+I5 (#) Average Error Factor: 0.0414 

(••) Average Error Factor 1.15E+15 
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Appendix D64 Concentrations of C, O, and H on Si(lOO) surfaces as measured by ion 
beam analysis in rotating random mode with a sample tilt of 75° for 
samples generated in the experiment FSA3. 

Sample 

# 

Carl 

Atoms/cm^ 

jon Areal Der 

Peak 

isity in Rotati 

Relative Erroi 

BG 

ng Random N 

Total 

lode 

Error 

Factor (*) 

FSA3-S1 7.11E+15 0.0161 0.0817 0.0833 5.92E+14 

FSA3-S2 6.98E+15 0.0169 0.1697 0.1705 1.19E+15 

FSA3-S3 6.67E+15 0.0167 0.1369 0.1379 9.20E+14 

FSA3-S4 6.82E+15 0.0170 0.1751 0.1759 1.20E+15 

FSA3-S5 7.62E+15 0.0163 0.1780 0.1788 1.36E+15 

Sample 

# 

Oxy 

Atoms/cm^ 

jen Areal Dei 

Peak 

asity in Rotat 

Relative Erroi 

BG 

ing Random ^ 

Total 

/lode 

Error 

Factor (**) 

FSA3-S1 7.39E+15 0.0168 0.1525 0.1534 1.13E+15 

FSA3-S2 7.56E+15 0.0187 0.1200 0.1215 9.18E+14 

FSA3-S3 6.98E+15 0.0175 0.1862 0.1870 1.31E+15 

FSA3-S4 6.90E+15 0.0219 0.0977 0.1001 6.90E+14 

FSA3-S5 l.llE+16 0.0148 0.1209 0.1218 1.36E+15 

Sample 

# 

% 
Fraction 

Hydi 

Sample 

•ogen Fractior 

Relative Erroi 

Standard 

i(%) 

Total 

Error 

Factor (#) 

FSA3-S1 0.7795 0.0525 0.0030 0.0526 0.0410 

FSA3-S2 0.8011 0.0474 0.0030 0.0475 0.0381 

FSA3-S3 0.8193 0.0503 0.0030 0.0504 0.0413 

FSA3-S4 0.8148 0.0466 0.0030 0.0467 0.0381 

FSA3-S5 0.6091 0.0537 0.0030 0.0538 0.0328 

Note: 

"BG" stands for Background. 

(•) Average Error Factor: 1.05E+15 (#) Average Error Factor; 0.0382 

{••) Average Error Factor: 1.08E+I5 



Appendix D65 Mean and standard deviation for concentrations of C, O, and H on Si(lOO) surfaces as measured by ion beam 
analysis with a sample tilt of 75° in rotating random mode for samples generated in the experiments FSA2 and 
FSA3. 

Sam 

FSA2 

pie# 

FSA3 

Carb( 

Mean 

Areal Densit) 

)n (*) 

Std. Dev. 

(atoms/cm^) 

Oxyge 

Mean 

>n (**) 

Std. Dev. 

% Frs 

Hydro 

Mean 

lotion 

pn (#) 

Std. Dev. 

SI Si 7.08E+15 3.50E+13 7.35E+15 4.00E+13 0.7836 0.0041 

S2 82 6.96E+15 2.50E+13 7.51E+15 5.50E+13 0.7986 0.0025 

S3 S3 6.60E+15 7.50E+13 6.88E+15 l.OOE+14 0.8203 0.0010 

S4 S4 6.76E+15 6.50E+13 6.92E+15 2.00E+13 0.8129 0.0019 

85 85 7.61E+15 1.50E+13 1.09E+16 2.00E+14 0.6125 0.0034 

Note: 

(*) Average Sid. Dev.: 4.30E+ 13 

{**) Average Std. Dev.: 8.30E+ 13 

(#) Average Std. Dev.: 0.0026 
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Appendix D66 Comparison of adsorption and desorption levels for C, O, and H on 
Si(lOb) surfaces for samples generated in the experiment FSA2. 

Surface Concentrations Ads/Des Levels 

Sample Element of After After Final During Final 

# Interest Pre-Clean Passivation Passivation 

FSA2-S1 Surface C 7.59E+15 7.04E+15 -5.50E+14 FSA2-S1 

Surface 0 1.07E+16 7.31E+15 -3.43E+15 

FSA2-S1 

Surface H 0.6158 0.7877 0.1719 

FSA2-S2 Surface C 7.59E+15 6.93E+15 -6.59E+I4 FSA2-S2 

Surface 0 L07E+16 7.45E+15 -3.29E+15 

FSA2-S2 

Surface H 0.6158 0.7961 0.1803 

FSA2-S3 Surface C 7.59E+15 6.52E+15 -1.07E+15 FSA2-S3 

Surface 0 1.07E+16 6.78E+15 -3.96E+15 

FSA2-S3 

Surface H 0.6158 0.8213 0.2055 

FSA2-S4 Surface C 7.59E+15 6.69E+15 -8.99E+14 FSA2-S4 

Surface 0 1.07E+16 6.94E+15 -3.80E+15 

FSA2-S4 

Surface H 0.6158 0.8110 0.1952 

Note: 

Ads stands for "Adsorption" 

Des stands for "Desorption" 

Positive values indicate adsorption. 

Negative values indicate desorption. 

Concentrations of C and O are given in terms of atoms/cm^. 

Concentrations of H is given in terms of % fraction relative to the polystyrene standard. 
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Appendix D67 Comparison of adsorption and desorption levels for C, O, and H on 
Si(lOb) surfaces for samples generated in the experiment FSA3. 

Surface Concentrations Ads/Des Levels 

Sample Element of After After Final During Final 

# Interest Pre-Clean Passivation Passivation 

FSA3-S1 Surface C 7.62E+15 7.11E+I5 -5.10E+14 FSA3-S1 

Surface 0 l.llE+16 7.39E+15 -3.75E+15 

FSA3-S1 

Surface H 0.6091 0.7795 0.1704 

FSA3-S2 Surface C 7.62E+15 6.98E+15 -6.39E+14 FSA3-S2 

Surface 0 l.llE+16 7.56E+15 -3.58E+15 

FSA3-S2 

Surface H 0.6091 0.8011 0.1920 

FSA3-S3 Surface C 7.62E+15 6.67E+15 -9.47E+14 FSA3-S3 

Surface 0 1.11E+I6 6.98E+15 -4.16E+15 

FSA3-S3 

Surface H 0.6091 0.8193 0.2102 

FSA3-S4 Surface C 7.62E+15 6.82E+15 -7.99E+14 FSA3-S4 

Surface 0 l.llE+16 6.90E+15 -4.24E+15 
FSA3-S4 

Surface H 0.6091 0.8148 0.2057 

Note: 

Ads stands for "Adsorption" 

Des stands for "Desorption" 

Positive values indicate adsorption. 

Negative values indicate desorption. 

Concentrations of C and O are given in terms of atoms/cm^. 

Concentrations of H is given in terms of % fraction relative to the polystyrene standard. 



Appendix D68 Comparison of area for SiH^ and CHjj peaks obtained by FTIR in ATR mode with unpolarized and polarized 
light for samples generated in the experiment FSA2. 

Sample 

# Rim #1 

Unp 

Rim #2 

1 

olarized S 

Run #3 

5iHx Area 

pectra' 

Mean 

Dbtained b; 

Std. Dev. 

i FTIR/A 

Run #1 

TR Analy 

Po 

Run #2 

sis 

arized Sp 

Run #3 

ectra^ 

Mean Std. Dev. 

SI 0.13 0.14 0.16 0.14 0.02 0.16 0.16 0.16 0.16 0.00 

S2 0.17 0.21 0.27 0.22 0.05 0.46 0.50 0.43 0.46 0.03 

S3 0.30 0.24 0.28 0.27 0.03 0.68 0.60 0.49 0.59 0.10 

S4 0.26 0.12 0.20 0.19 0.07 0.38 0.36 0.46 0.40 0.05 

X 0.21 0.29 0.25 0.06 0.65 0.65 0.00 

CHx Area Obtained by FTIR/ATR Analysis 

Sample Unpolarized Spectra Po arized Spectra^ 

# Run #1 Run #2 Run #3 Mean Std. Dev. Run #1 Run #2 Run #3 Mean Std. Dev. 

SI - - - - - - - - - -

S2 - - - - - 1.01 1.10 0.79 0.97 0.16 

S3 - - - - - 1.29 1.21 0.90 1.13 0.21 

S4 - - - - - 0.61 0.62 0.78 0.67 0.10 
X - - - - - 0.97 0.97 0.00 

Note; Sample # X is prepared at SEMATECH using 10:1 aqueous HF solution and is used as control. 

Sample FSA2-S5 is used as a reference in the FTIR/ATR analysis. 

'Average Std. Dev. = 0.0443 

^Average Std. Dev. = 0.0371 

'Average Std. Dev. = 0.1166 
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APPENDIX E 

APPENDICES TO CHAPTER 7 

Appendix El 

Appendix E2 

Appendix E3 

Appendix E4 

Appendix E5 

Appendix E6 

Appendix E7 

Appendix E8 

Appendix E9 

Appendix ElO 

Appendix Ell 

Thickness and refractive index measurements by ellipsometry of the oxide 
films grown on Si(lOO) surfaces chemically processed in the experiment 
AS4. 

Plot of capacitance vs. voltage for the sample AS4-S1 of Si(lOO) substrate 
with an oxide layer grown by rapid thermal oxidation in the experiment 
AS4. 

Plot of capacitance vs. voltage for the sample AS4-S3 of Si(lOO) substrate 
with an oxide layer grown by rapid thermal oxidation in the experiment 
AS4. 

Plot of capacitance vs. voltage for the sample AS4-S4 of Si(lOO) substrate 
with an oxide layer grown by rapid thermal oxidation in the experiment 
AS4. 

Plot of capacitance vs. voltage for the sample AS4-S5 of Si(lOO) substrate 
with an oxide layer grown by rapid thermal oxidation in the experiment 
AS4. 

Plot of capacitance vs. voltage for the sample AS4-S6 of Si(lOO) substrate 
with an oxide layer grown by rapid thermal oxidation in the experiment 
AS4. 

Plot of capacitance vs. voltage for the sample AS4-S7 of Si(lOO) substrate 
with an oxide layer grown by rapid thermal oxidation in the experiment 
AS4. 

Plot of capacitance vs. voltage for the sample AS4-S8 of Si(lOO) substrate 
with an oxide layer grown by rapid thermal oxidation in ^e experiment 
AS4. 

Plot of capacitance vs. voltage for the sample AS4-S9 of Si(lOO) substrate 
with an oxide layer grown by rapid thermal oxidation in the experiment 
AS4. 

Plot of capacitance vs. voltage for the sample AS4-S10 of Si(lOO) 
substrate with an oxide layer grown by rapid thermal oxidation in the 
experiment AS4. 

Plot of capacitance vs. voltage for the sample AS4-S11 of Si(lOO) 
substrate with an oxide layer grown by rapid thermal oxidation in the 
experiment AS4. 
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Appendix EI2 

Appendix E13 

Appendix E14 

Appendix E15 

Appendix E16 

Appendix E17 

Appendix E18 

Appendix E19 

Appendix E20 

Appendix E21 

Appendix E22 

Appendix E23 

Plot of capacitance vs. voltage for the sample AS4-S12 of Si(lOO) 
substrate with an oxide layer grown by rapid thermal oxidation in the 
experiment AS4. 

Plot of capacitance vs. voltage for the sample AS4-SI3 of Si(IOO) 
substrate with an oxide layer grown by rapid thermal oxidation in the 
experiment AS4. 

Plot of capacitance vs. voltage for the sample AS4-S14 of Si(lOO) 
substrate with an oxide layer grown by rapid thermal oxidation in the 
experiment AS4. 

Plot of capacitance vs. voltage for the sample AS4-S15 of Si(lOO) 
substrate with an oxide layer grown by rapid thermal oxidation in the 
experiment AS4. 

Plot of capacitance vs. voltage for the sample AS4-S16 of Si(lOO) 
substrate with an oxide layer grown by rapid thermal oxidation in the 
experiment AS4. 

Characterization of oxide films grown by rapid thermal oxidation on 
Si(lOO) surfaces by C-V measurements for the samples generated in the 
experiment AS4. 

Illustration of the RBS spectra gathered by ion beam analysis on the 
surface of the sample AS4-S1 generated in the experiment AS4 with a 

sample tilt (0) of 75° with respect to the incident ion beam. 

Illustration of the RBS spectra gathered by ion beam analysis on the 
surface of the sample AS4-S1 generated in the experiment AS4 with a 

sample tilt (0) of 54.75° with respect to die incident ion beam. 

Illustration of the RBS spectra gathered by ion beam analysis on the 
surface of the sample AS4-S1 generated in the experiment AS4 with a 

sample tilt (0) of 45° with respect to the incident ion beam. 

Summary of the areal densities of the oxide films grown on Si(lOO) 
surfaces by rapid thermal oxidation and measured by ion beam analysis at 
a sample tilt angle of 75° in the experiment AS4. 

Summary of the areal densities of the oxide films grown on Si(lOO) 
surfaces by rapid thermal oxidation and measured by ion beam analysis at 
a sample tilt angle of 54.75° in the experiment AS4. 

Summary of the areal densities of the oxide films grown on Si(lOO) 
surfaces by rapid thermal oxidation and measured by ion beam analysis at 
a sample tilt angle of 45° in the experiment AS4. 
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Appendix E24 

Appendix E25 

Appendix E26 

Mean and standard deviation of the areal densities for the oxide films 
grown on Si(l(X)) surfaces by rapid thermal oxidation and measured by 
ion beam analysis at three different scattering angles in the experiment 
AS4. 

Calculation of the silicon oxide stoichiometry grown on different 
chemically treated Si(lOO) samples generated in the experiment AS4 based 
on ion beam analysis performed at a sample tilt of 75° with respect to 
•"He"^ beam. 

TMAFM scans of the oxide surfaces grown by RTO on chemically treated 
Si( 100) substrates for the samples (a) AS4-S1, (b) AS4-S2, (c) AS4-S3, 
(d) AS4-S4, and (e) AS4-S5 generated in the experiment AS4. 

Appendix E27 TMAFM scans of the oxide surfaces grown by RTO on chemically treated 
Si(lOO) substrates for the samples (a) AS4-S6, (b) AS4-S7, (c) AS4-S8, 
(d) AS4-S9, and (e) AS4-S10 generated in the experiment AS4. 

Appendix E28 

Appendix E29 

Appendix E30 

TMAFM scans of the oxide surfaces grown by RTO on chemically treated 
Si(lOO) substrates for the samples (a) AS4-S11, (b) AS4-S12, (c) AS4-
S13, (d) AS4-S14, and (e) AS4-S15 generated in the experiment AS4. 

TMAFM scans of the oxide surfaces grown by RTO on chemically treated 
Si(lOO) substrates for the samples (a) AS4-S16, and (b) AS4-S17 
generated in the experiment AS4. 

Summary of the TMAFM roughness analysis reported as RMS values for 
the oxide surfaces grown on different chemically treated Si(lOO) 
substrates for the samples from the experiment AS4. 
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Appendix El Thickness and refractive index measurements by ellipsometry of the oxide 
films grown on Si(lOO) surfaces chemically processed in the experiment 
AS4. 

Sample 

# 

Thickness 

Wo. (A) 

Refractive 

Index (N) 

AS4-SI 229.00 1.4800 

AS4-S2 230.00 1.5000 

AS4-S3 217.00 1.5600 

AS4-S4 242.00 1.4500 

AS4-S5 221.00 1.5200 

AS4-S6 246.00 1.5100 

AS4-S7 236.00 1.5500 

AS4-S8 218.00 1.5900 

AS4-S9 230.00 1.5600 

AS4-S10 234.00 1.5700 

AS4-S11 258.00 1.5500 

AS4-S12 246.00 1.4900 

AS4-S13 221.00 1.5000 

AS4-S14 220.00 1.5500 

AS4-S15 213.00 1.5200 

AS4-S16 226.00 1.5100 

AS4-S17 308.00 1.5200 

Average Thickness: 235.00 A 

Average Ref. Index: 1.5253 
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Appendix E2 Plot of capacitance vs. voltage for the sample AS4-S1 of Si(lOO) substrate with an oxide layer grown by rapid 
thermal oxidation in the experiment AS4. 
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Appendix E3 Plot of capacitance vs. voltage for the sample AS4-S3 of Si(lOO) substrate with an oxide layer grown by rapid 
thermal oxidation in the experiment AS4. 

00 
VO 
•1  ̂



50 

pii 

b> 

u 
«N (1> 

o 

& 
u 

40-

30-

20-

10-

0 i i i i [ i i 

-10 -8 -6 -4 -2 

i i i i i i i i i i i i i i 

0 

Voltage, V (volts) 

Appendix E4 Plot of capacitance vs. voltage for the sample AS4-S4 of Si(IOO) substrate with an oxide layer grown by rapid 
thermal oxidation in the experiment AS4. 
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Appendix E5 Plot of capacitance vs. voltage for the sample AS4-S5 of Si(lOO) substrate with an oxide layer grown by rapid 
thermal oxidation in the experiment AS4. 
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Appendix E6 Plot of capacitance vs. voltage for the sample AS4-S6 of Si(lOO) substrate with an oxide layer grown by rapid 
thermal oxidation in the experiment AS4. 
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Appendix E7 Plot of capacitance vs. voltage for the sample AS4-S7 of Si(lOO) substrate with an oxide layer grown by rapid 
thermal oxidation in the experiment AS4. 
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Appendix E8 Plot of capacitance vs. voltage for the sample AS4-S8 of Si(lOO) substrate with an oxide layer grown by rapid 
thermal oxidation in the experiment AS4. 
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Appendix E9 Plot of capacitance vs. voltage for the sample AS4-S9 of Si(lOO) substrate with an oxide layer grown by rapid 
thermal oxidation in the experiment AS4. 
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Appendix ElO Plot of capacitance vs. voltage for the sample AS4-S10 of Si( 100) substrate with an oxide layer grown by rapid 
thermal oxidation in the experiment AS4. 
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Appendix El 1 Plot of capacitance vs. voltage for the sample AS4-S11 of Si( 100) substrate with an oxide layer grown by rapid 
thermal oxidation in the experiment AS4. 
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Appendix E12 Plot of capacitance vs. voltage for the sample AS4-S12 of Si(lOO) substrate with an oxide layer grown by rapid 
thermal oxidation in the experiment AS4. 
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Appendix E13 Plot of capacitance vs. voltage for the sample AS4-S13 of Si(lOO) substrate with an oxide layer grown by rapid 
thermal oxidation in the experiment AS4. 
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Appendix E14 Plot of capacitance vs. voltage for the sample AS4-S14 of Si(lOO) substrate v̂ 'ith an oxide layer grown by rapid 
thermal oxidation in the experiment AS4. 
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Appendix E15 Plot of capacitance vs. voltage for the sample AS4-S15 of Si(lOO) substrate with an oxide layer grown by rapid 
thermal oxidation in the experiment AS4. 
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tance vs. voltage for the sample AS4-S16 of Si(lOO) substrate with an oxide laye 
tion in the experiment AS4. 



Appendix E17 Characterization of oxide films grown by rapid thermal oxidation on Si(lOO) surfaces by C-V measurements for 
the samples generated in the experiment AS4. 

Difference in Difference in Charge Carrier or 
Sample Oxide Flat Band Threshold Density Flat Band Oxide Doping Density 

# Thickness Voltage Voltage q"/q Capacitance Capacitance Nsub. 
Wo.. (a) AV„.(V) AV.h(V) X 10'^ cm- Cn, (pF) Co.. (pF) X lO'^cm' 

AS4-S1 198.70 -4.3000 -3.5530 3.6000 183.35 459.70 19.0000 
AS4-S2 225.30 -2.0000 -1.4910 1.1000 67.67 405.40 1.4000 
AS4-S3 217.60 -2.6500 -1.9940 1.7000 134.96 411.90 8.9000 
AS4-S4 248.00 -2.6500 -1.9710 1.5000 135.68 368.10 9.9000 
AS4-S5 220.80 -2.6700 -2.0400 1.7000 123.61 413.50 6.6000 
AS4-S6 259.80 -3.7000 -3.0240 2.3000 128.19 345.00 9.2000 
AS4-S7 233.90 -3.2500 -2.5990 2.1000 135.08 383.20 9.7000 
AS4-S8 213.70 -3.5500 -2.8730 2.6000 146.12 419.40 11.0000 
AS4-S9 211.20 -2.5200 -1.9420 1.7000 99.37 424.40 3.7000 

AS4-S10 229.30 -2.6500 -2.0430 1.6000 108.47 390.90 5.0000 
AS4-S11 250.40 -3.1900 -2.5920 2.0000 99.42 357.90 4.2000 
AS4-S12 237.10 -3.4000 -2.7310 2.2000 133.14 378.00 9.4000 
AS4-SI3 207.00 -3.4000 -2.7460 2.6000 138.06 433.80 9.1000 
AS4-S14 229.80 -2.8000 -2.1440 1.8000 127.73 382.60 8.5000 
AS4-S15 186.00 -2.4000 -1.7750 1.7000 131.01 482.20 7.2000 
AS4-S16 230.80 -3.1200 -2.4700 2.0000 127.38 38.40 8.0000 
AS4-S17 296.00 -3.5500 -2.8000 1.9000 121.68 302.80 8.4000 
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Appendix El8 Illustration of the RBS spectra gathered by ion beam analysis on the surface of the sample AS4-S1 generated 

the experiment AS4 with a sample tilt (0) of 75° with respect to the incident ''Hê  ̂ion beam. 
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Appendix E19 Illustration of the RBS spectra gathered by ion beam analysis on the surface of the sample AS4-S1 generated 

the experiment AS4 with a sample tilt (0) of 54.75° with respect to the incident "'Hê  ̂ion beam. 
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Appendix E20 Illustration of the RBS spectra gathered by ion beam analysis on the surface of the sample AS4-S1 generated 

the experiment AS4 with a sample tilt (0) of 45° with respect to the incident "'Hê  ̂ion beam. 
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Appendix E21 Summary of the areal densities of the oxide films grown on Si(lOO) 
surfaces by rapid thermal oxidation and measured by ion beam analysis at a 
sample tilt angle of 75° in the experiment AS4. 

Sample 
# 

Atoms 
per cm^ 

Scatteri 
R< 

Peak 

ng Angle 
ilative En 

BG 

0 = 75° 
ror 

Total 
Error 

Factor 
AS4-S1 3.29E+17 0.0095 0.1107 0.1112 3.66E+16 
AS4-S2 3.38E+17 0.0094 0.1232 0.1236 4.17E+16 
AS4-S3 3.22E+17 0.0099 0.1496 0.1499 4.82E+16 
AS4-S4 3.24E+17 0.01 0.1315 0.1319 4.27E+16 
AS4-S5 3.66E+17 0.0094 0.1288 0.1292 4.73E+16 
AS4-S6 2.8IE+17 0.0108 0.1297 0.1302 3.66E+16 
AS4-S7 3.17E+17 0.0101 0.1091 0.1096 3.47E+16 
AS4-S8 3.22E+17 0.0099 0.0982 0.0987 3.18E+16 
AS4-S9 2.80E+17 0.0109 0.1264 0.1269 3.55E+16 

AS4-S10 3.09E+17 0.0101 0.0965 0.0971 3.00E+16 
AS4-S11 3.09E+17 0.0102 0.0953 0.0959 2.97E+16 
AS4-S12 2.86E+17 0.0105 0.1268 0.1272 3.64E+16 
AS4-S13 3.34E+17 0.0098 0.1313 0.1317 4.40E+16 
AS4-S14 3.30E+17 0.0098 0.1176 0.1180 3.90E+16 
AS4-S15 3.26E+17 0.01 0.1057 0.1061 3.45E+16 
AS4-S16 3.54E+17 0.0095 0.0953 0.0957 3.39E+16 
AS4-S17 4.10E+17 0.009 0.1113 0.1117 4.58E+16 

Average Error Factor: 3.8 lE+16 
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Appendix E22 Summary of the areal densities of the oxide films grown on Si(lOO) 
surfaces by rapid thermal oxidation and measured by ion beam analysis at a 
sample tilt angle of 54.75° in the experiment AS4. 

Scattering Angle, 9 = 54.75° 

Sample Atoms Relative Error Error 
# percm^ Peak BG Total Factor 

AS4-S1 3.70E+17 0.0115 0.1374 0.1379 5.11E+16 
AS4-S2 3.35E+17 0.0119 0.1060 0.1067 3.57E+16 
AS4-S3 3.39E+17 0.0120 0.1011 0.1018 3.45E+16 
AS4-S4 3.29E+17 0.0164 0.2114 0.2121 6.98E+16 
AS4-S5 3.69E+17 0.0116 0.1108 0.1114 4.11E+16 
AS4-S6 2.83E+17 0.0130 0.1082 0.1089 3.08E+16 
AS4-S7 3.12E+17 0.0123 0.1441 0.1447 4.51E+16 
AS4-S8 3.37E+17 0.0119 0.1002 0.1009 3.40E+16 
AS4-S9 3.11E+17 0.0128 0.1100 0.1108 3.45E+16 

AS4-S10 3.08E+17 0.0124 0.1393 0.1398 4.30E+16 
AS4-S11 3.21E+17 0.0121 0.0971 0.0978 3.14E+16 
AS4-S12 3.18E+17 0.0122 0.0827 0.0836 2.66E+16 
AS4-S13 2.94E+17 0.0127 0.1155 0.1162 3.42E+16 
AS4-S14 3.49E+17 0.0117 0.1115 0.1121 3.92E+16 
AS4-S15 3.42E+17 0.0123 0.1862 0.1866 6.38E+16 
AS4-S16 3.38E+17 0.0119 0.0945 0.0952 3.21E+16 
AS4-S17 3.77E+17 0.0115 0.0871 0.0879 3.32E+16 

Average Error Factor. 4.00E+16 
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Appendix E23 Summary of the areal densities of the oxide films grown on Si(lOO) 
surfaces by rapid thermal oxidation and measured by ion beam analysis at a 
sample tilt angle of 45° in the experiment AS4. 

Sample 
# 

Atoms 
percm^ 

Scatteri 
R 

Peak 

ng Angle, 
elative En 

BG 

6 = 45° 

or 
Total 

Error 
Factor 

AS4-S1 3.47E+17 0.0121 0.1412 0.1417 4.92E+16 
AS4-S2 3.29E+17 0.0127 0.0801 0.0811 2.67E+16 
AS4-S3 3.50E+17 0.0127 0.1303 0.1309 4.58E+16 
AS4-S4 3.33E+17 0.0124 0.1103 0.1110 3.69E+16 
AS4-S5 3.45E+17 0.0122 0.1448 0.1453 5.01E+16 
AS4-S6 2.89E+17 0.0134 0.1153 0.1161 3.35E+16 
AS4-S7 3.25E+17 0.0125 0.1627 0.1632 5.31E+16 
AS4-S8 3.56E+17 0.0121 0.1339 0.1345 4.79E+16 
AS4-S9 3.02E+17 0.0131 0.1400 0.1406 4.24E+16 

AS4-S10 3.26E+17 0.0128 0.1286 0.1292 4.21E+16 
AS4-S11 3.07E+17 0.0129 0.0817 0.0827 2.54E+16 
AS4-S12 3.48E+17 0.0134 0.1804 0.1809 6.29E+16 
AS4-S13 3.02E+17 0.0127 0.1074 0.1082 3.27E+16 
AS4-S14 3.44E+I7 0.0125 0.1170 0.1176 4.05E+16 
AS4-S15 3.32E+17 0.0125 0.0819 0.0829 2.75E+16 
AS4-S16 3.36E+17 0.0130 0.0826 0.0836 2.81E+16 
AS4-S17 3.90E+17 0.0118 0.0979 0.0986 3.84E+16 

Average Error Factor: 4.02E+16 
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Appendix E24 Mean and standard deviation of the area! densities for the oxide films 
^own on Si(lOO) surfaces by rapid thermal oxidation and measured by 
ion beam analysis at three different scattering angles in the experiment 
AS4. 

Mean of Std. Dev. of 
Sample Areal Density Areal Density 

# Atoms/cm^ Atoms/cm^ 
AS4-S1 3.49E+17 1.69E+16 
AS4-S2 3.34E+17 3.70E+15 
AS4-S3 3.37E+17 1.17E+16 
AS4-S4 3.29E+17 3.57E+15 
AS4-S5 3.60E+17 1.07E+16 
AS4-S6 2.84E+17 3.38E+15 
AS4-S7 3.18E+17 5.69E+15 
AS4-S8 3.38E+17 1.40E+16 
AS4-S9 2.98E+I7 1.32E+16 

AS4-S10 3.14E+17 8.31E+15 
AS4-S11 3.12E+17 5.97E+15 
AS4-S12 3.17E+17 2.52E+16 
AS4-S13 3.10E+17 1.71E+16 
AS4-S14 3.41E+17 8.05E+15 
AS4-S15 3.33E+17 6.74E+15 
AS4-S16 3.42E+17 8.17E+15 
AS4-S17 3.92E+17 1.33E+16 

Note: Scattering angles used in this study were 75°, 54.75° and 45°. 
Overall Mean (atoms/cm^): 3.30E+17 
Overall Std. Dev. (atoms/cm^): I.03E+I6 



Appendix E25 Calculation of the silicon oxide stoichiometry grown on different chemically treated Si( 100) samples generate 
the experiment AS4 based on ion beam analysis performed at a sample tilt of 75° with respect to ""He beam. 

Sample 

# Type 

Spe 
Energy 

MeV. 

ctra 
Counts 

K 

Angle 

0 

Pe 

Area 

Oxygei 
ak 

Hpcak 

[1 
Areal 

Density 

Sill 

Hsi.sub. 

con 

Hsi.Film 

Ate 

0 

»mic Perc 

Si 

ent 

0/Si 

AS4-S1 RBS 2 200 75 11005 970 3.29E+17 3510 1633 84.63 46.52 1.82 

AS4-S2 RBS 2 200 75 11229 1059 3.38E+17 3490 1510 92.93 43.27 2.15 

AS4-S3 RBS 2 200 75 10126 928 3.22E+17 3304 1375 86.02 41.62 2.07 

AS4-S4 RBS 2 200 75 9925 917 3.24E+17 3214 1393 87.38 43.34 2.02 

AS4-S5 RBS 2 200 75 11217 881 3.66E+17 3214 1232 83.95 38.33 2.19 

AS4-S6 RBS 2 200 75 8604 869 2.81E+17 3214 1518 82.80 47.23 1.75 

AS4-S7 RBS 2 200 75 9806 893 3.17E+17 3245 1327 84.28 40.89 2.06 

AS4-S8 RBS 2 200 75 10194 906 3.22E+17 3321 1313 83.55 39.54 2.11 

AS4-S9 RBS 2 200 75 8379 903 2.80E+17 3143 1339 87.99 42.60 2.07 

AS4-S10 RBS 2 200 75 9763 991 3.09E+17 3311 1393 91.66 42.07 2.18 

AS4-S11 RBS 2 200 75 9694 1085 3.09E+17 3286 1464 101.12 44.55 2.27 

AS4-S12 RBS 2 200 75 9122 918 2.86E+17 3347 1388 84.00 41.47 2.03 

AS4-S13 RBS 2 200 75 10455 1025 3.34E+17 3286 1490 95.53 45.34 2.11 

AS4-S14 RBS 2 200 75 10474 946 3.30E+17 3327 1490 87.08 44.79 1.94 

AS4-S15 RBS 2 200 75 9943 902 3.26E+17 3204 1265 86.22 39.48 2.18 

AS4-S16 RBS 2 200 75 11153 963 3.54E+17 3306 1327 89.21 40.14 2.22 

AS4-S17 RBS 2 200 75 12352 1005 4.10E+17 3163 1429 97.31 45.18 2.15 
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Appendix E26 TMAFM scans of the oxide surfaces grown by RTO on chemically treated Si(lOO) substrates for the samples 
(a) AS4-S1, (b) AS4-S2, (c) AS4-S3, (d) AS4-S4, and (e) AS4-S5 generated in the experiment AS4. vO 
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Appendix E27 TMAFM scans of the oxide surfaces grown by RTO on chemically treated Si(l(X)) substrates for the samples 
(a) AS4-S6, (b) AS4-S7, (c) AS4-S8, (d) AS4-S9, and (e) AS4-S10 generated in the experiment AS4. VO 
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Appendix E28 TMAFM scans of the oxide surfaces grown by RTO on chemically treated Si(lOO) substrates for the samples 
(a) AS4-S11, (b) AS4-S12, (c) AS4-S13, (d) AS4-S14, and (e) AS4-S15 generated in the experiment AS4. vo 
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Appendix E29 TMAFM scans of the oxide surfaces grown by RTO on chemically treated Si(lOO) substrates for the samples 
(a) AS4-S16, and (b) AS4-S17 generated in the experiment AS4. 
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Appendix E30 Summary of the TMAFM roughness analysis reported as RMS values for the oxide surfaces grown on different 
chemically treated Si(lOO) substrates for the samples from the experiment AS4. 

Sample Image Area Box Area RMS Values (nm.) 
# Sq. )i,m. X (|Lim.) Y (nm.) Sq. M,m. Image Box Nor. Box 

AS4-S1 4.00 1.35 0.62 0.83 0.328 0.208 0.208 
AS4-S2 4.00 1.60 1.35 2.16 0.157 0.156 0.060 
AS4-S3 4.00 1.71 1.41 2.42 0.199 0.185 0.064 
AS4-S4 4.00 1.19 1.10 1.31 0.162 0.154 0.098 
AS4-S5 4.00 1.27 1.06 1.34 0.241 0.210 0.130 
AS4-S6 4.00 1.21 0.99 1.20 0.125 0.121 0.084 
AS4-S7 4.00 1.47 1.25 1.83 0.119 0.114 0.052 
AS4-S8 4.00 1.23 0.77 0.95 0.158 0.140 0.123 
AS4-S9 4.00 0.94 0.86 0.81 0.121 0.101 0.105 

AS4-S10 4.00 1.73 1.27 2.20 0.135 0.106 0.040 
AS4-S11 4.00 1.77 0.88 1.55 0.149 0.122 0.066 
AS4-S12 4.00 1.73 1.25 2.16 0.120 0.112 0.043 
AS4-S13 4.00 1.73 1.04 1.80 0.137 0.118 0.055 
AS4-S14 4.00 1.77 1.70 2.99 0.139 0.138 0.039 
AS4-S15 4.00 1.50 1.27 1.90 0.134 0.128 0.056 
AS4-S16 4.00 1.71 1.40 2.39 0.148 0.129 0.045 
AS4-S17 4.00 1.46 1.30 1.91 0.129 0.128 0.056 

Note: Nor. Box stands for Normalized Box. 
Normalization of RMS was done w.r.t. "As Received" sample and values for box. 
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APPENDIX F 

APPENDICES TO CHAPTER 8 

Appendix F1 Summary of the run # and recipe name used at Lawrence Semiconductor 
Research Laboratory (LSRL), Tempe, AZ, for growing Si epitaxial films 
on H-passivated Si(l()0) substrates used in the experiment AS 10. 

Appendix F2 Surface concentrations of disordered silicon on Si/Si(100) epitaxial 
samples grown in the experiment AS 10 and measured by RBS in <111> 
channel direction. 

Appendix F3 Comparison of crystalline nature (Xmin) of Si(lOO) surfaces as measured 
by RBS along <111> direction in channeling and rotating random modes. 

Appendix F4 Tapping mode atomic force microscope scans of the samples (a) AS 10-
Sl, (b) AS10-S3, (c) AS10-S5, (d) AS10-S7, and (e) AS10-S9 generated 
in the experiment AS 10 after re-processing with standard LSRL clean. 

Appendix F5 Tapping mode atomic force microscope scans of the samples (a) ASIO-
Sll, (b) AS10-S13, (c) AS10-S15, (d) AS10-S17, and (e) AS10-S19 
generated in the experiment AS 10 after re-processing with standard LSRL 
clean. 

Appendix F6 Tapping mode atomic force microscope scans of the samples (a) ASIO-
S21 and (b) AS10-S23 generated in the experiment AS 10 after re
processing with standard LSRL clean. 

Appendix F7 Summary of the TMAFM analysis results obtained on the epitaxial 
samples generated in the experiment AS 10. 

Appendix F8 Dlustration of the SIMS analysis obtained at the epitaxial film and 
substrate interface of an homoepitaxial film grown on Si(lOO) substrate 
for the sample AS 10-S2 ft-om the experiment AS 10. 

Appendix F9 Illustration of the SIMS analysis obtained at the epitaxial film and 
substrate interface of an homoepitaxial film grown on Si(lOO) substrate 
for the sample AS 10-S4 from the experiment AS 10. 

Appendix FIO Illustration of the SIMS analysis obtained at the epitaxial film and 
substrate interface of an homoepitaxial film grown on Si(lOO) substrate 
for the sample AS 10-S6 ft-om the experiment AS 10. 

Appendix Fll Illustration of the SIMS analysis obtained at the epitaxial film and 
substrate interface of an homoepitaxial film grown on Si(lOO) substrate 
for the sample AS 10-S8 ft-om the experiment AS 10. 
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Appendix F12 

Appendix F13 

Appendix F14 

Appendix F15 

Appendix F16 

Appendix F17 

Appendix F18 

Appendix F19 

Dlustration of the SIMS analysis obtained at the epitaxial film and 
substrate interface of an homoepitaxial film grown on Si(lOO) substrate 
for the sample AS 10-S10 from the experiment AS 10. 

Illustration of the SIMS analysis obtained at the epitaxial film and 
substrate interface of an homoepitaxial film grown on Si(lOO) substrate 
for the sample AS lO-S 12 from the experiment AS 10. 

Dlustration of the SIMS analysis obtained at the epitaxial film and 
substrate interface of an homoepitaxial film grown on Si(lOO) substrate 
for the sample AS 10-S 14 from the experiment AS 10. 

Illustration of the SIMS analysis obtained at the epitaxial film and 
substrate interface of an homoepitaxial film grown on Si(lOO) substrate 
for the sample AS 10-S16 from the experiment AS 10. 

Illustration of the SIMS analysis obtained at the epitaxial film and 
substrate interface of an homoepitaxial film grown on Si(lOO) substrate 
for the sample AS 10-S 18 from the experiment AS 10. 

Illustration of the SIMS analysis obtained at the epitaxial film and 
substrate interface of an homoepitaxial film grown on Si(lOO) substrate 
for the sample AS 10-S20 from the experiment AS 10. 

Illustration of the SIMS analysis obtained at the epitaxial film and 
substrate interface of an homoepitaxial film grown on Si(lOO) substrate 
for the sample AS10-S22 from the experiment AS 10. 

Illustration of die SIMS analysis obtained at the epitaxial film and 
substrate interface of an homoepitaxial film grown on Si(lOO) substrate 
for the sample AS 10-S24 from the experiment AS 10. 



Appendix F1 Summary of the run # and recipe name used at Lawrence Semiconductor Research Laboratory (LSRL), Tempe, 
AZ, for growing Si epitaxial films on H-passivated Si(lOO) substrates used in the experiment AS 10. 

Run Sample Run Recipe Bake and Dep. Passivation H: Target Dep. time 
Type # No. Name Temp (C) Step Bake Thick, (nm) (min:sec) 

Dummy Test 1 90131A ST_850 850 LSRL Clean Yes 1.00 15:00 
Wafers Test 2 90131B ST_750 750 LSRL Clean Yes 0.120 15:00 

ASIO-SI 90132A ST131_01 950 HF/Methanol No 0.075 19.7 
AS10-S2 90123B ST131_02 950 HF/Methanol No 1.00 4:23 
AS10-S3 90123C ST131_01 950 HF/HaO No 0.075 19.7 
AS10-S4 90123D ST131_02 950 HF/H2O No 1.00 4:23 
AS10-S5 90132E ST131 03 950 HF/Methanol Yes 0.075 19.7 
AS10-S6 90132F ST131_04 950 HF/Methanol Yes 1.00 4:23 
AS10-S7 90132G ST131_03 950 HF/H2O Yes 0.075 19.7 
AS10-S8 90132H ST131_04 950 HF/HjO Yes 1.00 4:23 

Device AS10-S9 901321 ST131_05 850 HF/Methanol No 0.075 57.7 
Wafers ASIO-SIO 90132J ST13I_06 850 HF/Methanol No 1.00 12:49 

AS 10-811 90132K ST131_05 850 HF/H.O No 0.075 57.7 
ASI0-S12 90132L ST131_06 850 HF/HiO No 1.00 12:49 
AS10-S13 90132M ST131_07 850 HF/Methanol Yes 0.075 57.7 
AS10-S14 90132N ST131_08 850 HF/Methanol Yes 1.00 12:49 
AS10-S15 901320 ST131_07 850 HF/H2O Yes 0.075 57.7 
AS10-S16 90132P ST131_08 850 HF/H2O Yes 1.00 12:49 
AS10-S17 90132Q ST131_09 750 HF/Methanol No 0.075 8:49 
AS10-S18 90132R ST131_10 750 HF/Methanol No 1.00 117:39 
AS 10-819 901328 8T131_09 750 HF/H2O No 0.08 8:49 
AS 10-820 90132T 8T131_10 750 HF/H2O No 1.00 117:39 



Appendix F1 (cont.) 

Run 
Type 

Sample 
# 

Run 
No. 

Recipe 
Name 

Bake and Dep. 
Temp (C) 

Passivation 
Step Bake 

Target 
Thick. (|Lim) 

Dep. Time 
(min:sec) 

Device 
Wafers 

AS10-S21 90132U ST131_11 750 HF/Methanol Yes 0.075 8:49 Device 
Wafers AS10-S22 90132V ST131_12 750 HF/Methanol Yes 1.00 117:39 
Device 
Wafers 

AS10-S23 90132W ST131_11 750 HF/H2O Yes 0.075 8:49 

Device 
Wafers 

AS10-S24 90132X ST131_12 750 HF/H2O Yes 1.00 117:39 

Test Run Results: The test wafers received standard LSRL low temperature preclean. The first two test wafers 
looked quite good. 
90131 A; 7 LPD's, has some bumps under microscope inspection and the results have to be 

quantified better. 
Thickness of this layer was 1.05 |im ± 3.8% measured by Nicolet on 4 points 
(center and edge). 

9013 IB: 1 LPD, 1 haze circle. 
Notably the 750°C process gave good results, NOT poly, though the layer was thin 
(1200 A) and it was hard to spot defects on it. Still the results were encouraging. 
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Appendix F2 Surface concentrations of disordered silicon on Si/Si(100) epitaxial samples 
grown in the experiment AS 10 and measured by RBS in <111> channel 
direction. 

Sample 
# 

Disord( 
Atoms 
per cm^ 

;red Si Areal 
Relative 

Error 

Density 
Error 

Factor (*) 
ASIO-SI 1.75E+16 0.0291 5.08E+14 
AS10-S3 1.04E+16 0.0381 3.97E+14 
AS10-S5 1.51E+16 0.0325 4.90E+14 
AS10-S7 1.43E+16 0.0322 4.60E+14 
AS10-S9 1.36E+16 0.0336 4.58E+14 
ASlO-Sll 1.32E+16 0.0343 4.54E+14 
AS10-S13 1.34E+16 0.0339 4.55E+14 
AS10-S15 1.44E+16 0.0327 4.71E+14 
AS10-S17 1.79E+16 0.0297 5.31E+14 
AS10-S19 1.63E+16 0.0313 5.09E+14 
AS10-S21 1.93E+16 0.0337 6.49E+14 
AS10-S23 2.21E+16 0.0314 6.92E+14 

Note: Average error is measured as mean of all the 
error values. 
(*) Average Error: 5.06E+14 



927 

Appendix F3 Comparison of crystalline nature (Xrma) of Si(lOO) surfaces as measured by 
RBS along <l 11> direction in chamieling and rotating random modes. 

Crystalline Nature by Height Method 
Sample Xmin. Relative Error Error 

# Factor Channel Random Total Factor (*) 
ASIO-SI 2.6764 0.1066 0.0174 0.1080 0.2891 
AS10-S3 3.7373 0.1005 0.0194 0.1024 0.3827 
AS10-S5 3.1922 0.1026 0.0183 0.1042 0.3326 
AS10-S7 3.1990 0.1000 0.0179 0.1016 0.3250 
AS 10-89 3.3355 0.0976 0.0178 0.0992 0.3309 
ASlO-Sll 3.3391 0.1015 0.0186 0.1032 0.3446 
AS10-S13 3.2635 0.1026 0.0185 0.1043 0.3404 
AS10-S15 3.5341 0.0933 0.0175 0.0949 0.3354 
AS10-S17 3.7074 0.0949 0.0183 0.0967 0.3585 
AS10-S19 2.7967 0.1078 0.0180 0.1093 0.3057 
AS10-S21 4.9033 0.0981 0.0217 0.1004 0.4923 
AS10-S23 5.7520 0.0905 0.0217 0.0931 0.5355 

Crystalline Nature by Area Method 
Sample Xmin. Relative Error Error 

# Factor Channel Random Total Factor (**) 
ASIO-SI 2.6411 0.0477 0.0078 0.0484 0.1278 
AS10-S3 3.1401 0.0460 0.0081 0.0467 0.1466 
AS10-S5 3.3002 0.0445 0.0081 0.0452 0.1492 
AS10-S7 3.1881 0.0438 0.0078 0.0445 0.1419 
AS10-S9 3.0712 0.0455 0.0080 0.0462 0.1419 
ASlO-Sll 3.2441 0.0448 0.0081 0.0455 0.1476 
AS10-S13 3.1096 0.0456 0.0080 0.0463 0.1440 
AS10-S15 3.5337 0.0421 0.0079 0.0428 0.1512 
AS10-S17 4.0694 0.0398 0.0080 0.0406 0.1652 
AS10-S19 3.2343 0.0446 0.0080 0.0453 0.1465 
ASI0-S21 5.0077 0.0424 0.0095 0.0435 0.2178 
AS10-S23 6.2258 0.0381 0.0095 0.0392 0.2441 

(•) Average Error Factor; 0.3644 

(*•) Average Error Factor: 0.1603 



Appendix F3 (cont.) 

Sample 

# 

Differenc 

Xmin. ^ 

Area 

,e in Crystalli] 

"actor 

Height 

ae Nature 

% 
Difference 

ASIO-SI 2.6411 2.6764 -1.32 
AS10-S3 3.1401 3.7373 -15.98 
AS10-S5 3.3002 3.1922 3.38 
AS10-S7 3.1881 3.1990 -0.34 
AS10-S9 3.0712 3.3355 -1.92 
ASlO-Sll 3.2441 3.3391 -2.85 
AS10-S13 3.1096 3.2635 -4.72 
AS10-S15 3.5337 3.5341 -0.01 
AS10-S17 4.0694 3.7074 9.76 
AS10-S19 3.2343 2.7967 15.65 
AS10-S21 5.0077 4.9033 2.13 
AS10-S23 6.2258 5.7520 8.24 

Average % Difference: 0.50 
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Appendix F4 Tapping mode atomic force microscope scans of the samples (a) ASIO-SI, (b) AS10-S3, (c) AS10-S5, 
(d) AS10-S7, and (e) AS10-S9 generated in the experiment AS 10 after re-processing with standard LSRL clean. VO lO 
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AppendixF5 Tapping mode atomic force microscope scans of the samples (a) ASlO-Sll, (b) AS10-S13, (c) AS10-S15, 
(d) AS10-S17, and (e) AS10-S19 generated in the experiment AS 10 after re-processing with standard LSRL 
clean. 
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Appendix F6 Tapping mode atomic force microscope scans of the samples (a) AS10-S21 and (b) AS10-S23 generated in the 
experiment AS 10 after re-processing with standard LSRL clean. 
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Appendix F7 Summary of the TMAFM analysis results obtained on the epitaxial samples generated in the experiment AS 10. 

Sample 
# 

Scan w.r.t. 
SCI Clean 

Scan Size 
Image 

;^m x |j.m) 
Box 

Roughnes 
Image 

s Analysis, F 
Box 

IMS (nm) 
Nor. Box 

%Dif 
Diff. 1 

Terence in 
Diff. 2 

RMS 
Diff. 3 

ASIO-SI Before 20x20 11.4 x 10.2 0.263 0.225 0.225 16.89 16.89 0.00 ASIO-SI 
After 20x20 13.3 X 10.1 0.185 0.133 0.133 39.10 39.10 0.00 

AS10-S3 Before 20x20 12.7 X 10.1 0.307 0.233 0.249 31.76 23.14 7.00 AS10-S3 
After 20x20 14.9 X 11.7 0.129 0.114 0.172 13.16 -25.09 51.05 

AS10-S5 Before 20x20 15.2 X 15.0 0.208 0.194 0.446 7.22 -53.34 129.79 AS10-S5 
After 20x20 16.8 X 9.0 0.189 0.113 0.149 67.26 27.10 31.59 

AS10-S7 Before 20x20 14.7 X 15.5 0.216 0.187 0.442 15.51 -51.13 136.36 AS10-S7 

After 20x20 16.0 X 16.8 0.148 0.135 0.265 9.63 -44.15 96.30 
AS10-S9 Before 20x20 16.0 X 16.7 0.219 0.205 0.519 6.83 -57.78 153.02 AS10-S9 

After 20x20 15.6 X 9.9 0.160 0.124 0.153 29.03 4.51 23.47 
ASlO-Sll  Before 20x20 11.5 X 11.9 0.486 0.218 0.268 122.94 81.61 22.75 ASlO-Sll  

After 20x20 12.7 X 12.3 0.263 0.120 0.154 119.17 71.22 28.00 
AS 10-813 Before 20x20 9.4 X 7.2 0.224 0.219 0.131 2.28 70.73 -40.09 AS 10-813 

After 20x20 13.5 X 12.8 0.126 0.133 0.171 -5.26 -26.27 28.50 
ASI0-S15 Before 20x20 12.8 X 13.4 0.174 0.164 0.336 6.10 -48.18 104.76 ASI0-S15 

After 20x20 15.0 X 14.2 0.141 0.114 0.209 23.68 -32.66 83.68 
AS10-S17 Before 20x20 13.9 X 14.5 2.134 0.255 0.393 736.86 443.00 54.12 AS10-S17 

After 20x20 8.7 X 7.0 0.267 0.143 0.059 86.71 349.49 -58.46 
AS10-S19 Before 20x20 12.1 X 11.4 0.212 0.204 0.269 3.92 -21.28 32.01 AS10-S19 

After 20x20 14.0 X 8.5 0.144 0.090 0.117 60.00 23.61 29.44 



Appendix F7 (cont.) 

Sample 
# 

Scan w.r.t. 
SCI Clean 

Scan Size 
Image 

;|i.m X |Jim) 
Box 

Roughnes 
Image 

s Analysis, F 
Box 

IMS (nm) 
Nor. Box 

%Dif  
Diff. 1 

ference in 
Diff. 2 

RMS 
Diff. 3 

AS10-S21 Before 20x20 12.3 X 11.2 0.184 0.151 0.270 21.85 -31.80 78,68 AS10-S21 
After 20x20 11.7 X 8.6 0.187 0.152 0.099 23.03 88.13 -34.61 

AS10-S23 Before 20x20 14.0 X 12.2 0.215 0.189 0.333 13.76 -35.49 76.35 AS10-S23 
After 20x20 10.2 X 8.7 0.143 0.123 0.087 16.26 63.62 -28.94 

Note: Nor. stands for Normalized 
Normalization of RMS is done with respect to area of box for "AS 10-S 1" sample. 

Diff. 1 = ((Image RMS - Box RMS)/(Box RMS)) x 100 
Diff. 2 = ((Image RMS - Nor. Box RMS)/(Nor. Box RMS)) x 100 
Diff. 3 = ((Nor. Box RMS - Box RMS)/(Box RMS)) x 100 
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Appendix F8 Illustration of the SIMS analysis obtained at the epitaxial film and substrate interface of an homoepitaxial film 
grown on Si(lOO) substrate for the sample AS 10-82 from the experiment AS 10. 
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Appendix F9 Illustration of the SIMS analysis obtained at the epitaxial film and substrate interface of an homoepitaxial film 
grown on Si(lOO) substrate for the sample AS10-S4 from the experiment AS 10. 
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Appendix FIO Illustration of the SIMS analysis obtained at the epitaxial film and substrate interface of an homoepitaxial film 
grown on Si(lOO) substrate for the sample AS10-S6 from the experiment AS 10. 
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Appendix PI 1 Illustration of the SIMS analysis obtained at the epitaxial film and substrate interface of an homoepitaxial film 
grown on Si(lOO) substrate for the sample AS10-S8 from the experiment AS 10. 
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Appendix F12 Illustration of the SIMS analysis obtained at the epitaxial film and substrate interface of an homoepitaxial film 
grown on Si(lOO) substrate for the sample ASIO-SIO from the experiment AS 10. 
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Appendix F13 Illustration of the SIMS analysis obtained at the epitaxial film and substrate interface of an homoepitaxial film 
grown on Si(lOO) substrate for the sample AS10-S12 from the experiment AS 10. 
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Appendix F14 Illustration of the SIMS analysis obtained at the epitaxial film and substrate interface of an homoepitaxial film 
grown on Si( 100) substrate for the sample AS 10-S14 from the experiment AS 10. 
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Appendix F15 Illustration of the SIMS analysis obtained at the epitaxial film and substrate interface of an homoepitaxial film 
grown on Si(lOO) substrate for the sample AS10-S16 from the experiment AS 10. 
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Appendix F16 Illustration of the SIMS analysis obtained at the epitaxial film and substrate interface of an homoepitaxial film 
grown on Si(lOO) substrate for the sample AS10-S18 from the experiment AS 10. 
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Appendix F17 Illustration of the SIMS analysis obtained at the epitaxial film and substrate interface of an homoepitaxial film 
grown on Si(lOO) substrate for the sample AS 10-S20 from the experiment AS 10. 
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Appendix F18 Illustration of the SIMS analysis obtained at the epitaxial film and substrate interface of an homoepitaxial film 
grown on Si(lOO) substrate for the sample AS 10-S22 from the experiment AS 10. 
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Appendix F19 Illustration of the SIMS analysis obtained at the epitaxial film and substrate interface of an homoepitaxial film 
grown on Si(lOO) substrate for the sample AS10-S24 from the experiment AS 10. 
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APPENDIX G 

APPENDICES TO CHAPTER 9 

Appendix G1 

Appendix G2 

Appendix 03 

Appendix 04 

Appendix 05 

Appendix 06 

Appendix 07 

Appendix 08 

Appendix 09 

Summary of die key properties for tlie polystyrene material. 

Properties of Probimide 200 cured film manufactured by Olin Ciba Geigy 
Microelectronic Materials. 

Basic properties of hydrogen Silsesquioxane resin based thin films 
manufactured by Dow Coming Corporation. 

Illustration of the RBS spectra gathered at 4.315 MeV with a sample tilt of 
0° for a total of 50,000 initial ion counts for dilferent bulk 
polymers. 

Illustration of the RBS spectra gathered at 4.28 MeV with a sample tilt of 
0° for a total of 50,000 initial ''He^^ ion counts for different bulk 
polymers. 

Plot of energy calibration with respect to channel number for tlie bulk 
polymers based on RBS spectra gathered at initial ion energy of 
4.315 MeV with a sample tilt of 0°. 

Plot of energy calibration with respect to channel number for the bulk 
polymers based on RBS spectra gathered at initial '*He^'^ ion energy of 
4.28 MeV with a sample tilt of 0°. 

Comparison of carbon surface concentration calculated using the peak area 
and height obtained by ion beam analysis at 4.315 MeV with a sample tilt 
of 0° for the bulk polymers analyzed in the present study. 

Comparison of carbon surface concentration calculated using the peak area 
and height obtained by ion beam analysis at 4.28 MeV with a sample tilt 
of 0° for the bulk polymers analyzed in the present study. 

Appendix OlO Comparison of carbon surface concentration calculated using the peak area 
obtained by ion beam analysis at 4.315 MeV and 4.28 MeV with a sample 
tilt of 0° for the bulk polymers analyzed in the present study. 

Appendix 011 Comparison of carbon siuface concentration calculated using the peak 
height obtained by ion beam analysis at 4.315 MeV and 4.28 MeV with a 
sample tilt of 0° for the bulk polymers analyzed in the present study. 

Appendix 012 Comparison plot of the hydrogen spectra obtained by elastic recoil 
detection at 2.8 MeV with a sample tilt of 75° for second polyvinylidene 
fluoride as a function of number of initial "He^"^ ions in increments of 
20,000 counts. 
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Appendix G13 Comparison plot of the hydrogen spectra obtained by elastic recoil 
detection at 2.8 MeV with a sample tilt of 75° for polytetrafluoroethylene 
(Teflon) as a function of number of initial ions in increments of 
20,000 counts. 

Appendix G14 Comparison plot of the hydrogen spectra obtained by elastic recoil 
detection at 2.8 MeV with a sample tilt of 75° for polyvinyl chloride as a 
function of number of initial "^He ions in increments of 20,000 counts. 

Appendix G15 Comparison plot of the hydrogen spectra obtained by elastic recoil 
detection at 2.8 MeV with a sample tilt of 75° for white polypropylene as a 
fiinction of number of initial ions in increments of 20,000 counts. 

Appendix G16 Comparison plot of the hydrogen spectra obtained by elastic recoil 
detection at 2.8 MeV with a sample tilt of 75° for high density 
polyethylene as a function of number of initial ions in increments of 
20,000 counts. 

Appendix G17 Area of hydrogen peaks for different bulk polymers as a function of initial 
ion dose reported in periodic increments and cununulative amounts. 

Appendix G18 Height of hydrogen peaks for different bulk polymers as a function of 
initial '*He^'^ ion dose reported in periodic increments and cununulative 
amounts. 

Appendix G19 Comparison of the rates of radiation damage for different bulk polymers 
analyzed in this study based on the cununulative values for area and height 
of the hydrogen peak for a total ion dose of 5 x lO'"* ions/cm^. 

Appendix G20 Calculation of hydrogen areal density per count for the bulk polymers 
based on stoichiometry as well as ared density of carbon measured at 
4.315 MeV and 4.28 MeV with a sample tilt of 0°. 

Appendix G21 Illustration of the RBS spectra gathered for a polystyrene sample aligned 
normal to the "^He'^ beam for a total of 50,000 initial He^^ ion counts with 
a energy of 4.315 MeV and 4.28 MeV. 

Appendix G22 Plot of energy calibration with respect to channel number for the 
polystyrene samples based on RBS spectra gathered at initial ion 
energy of 4.28 MeV and 4.315 MeV with a sample tilt of 0°. 

Appendix G23 Comparison of carbon concentration obtained by ion beam analysis at 
4.315 MeV and 4.28 MeV with a sample tilt of 0° for the polystyrene 
sample analyzed on 3/14/1996 using the peak area and height. 

Appendix G24 Comparison plot of the hydrogen spectra obtained by elastic recoil 
detection at 2.8 MeV with a sample tilt of 75° for polystyrene sample as a 
function of number of initial ''He^'" ions in increments of 20,000 counts. 
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Appendix G25 Sununary of die Elastic Recoil Detection (ERD) of hydrogen concentration 
in the polystyrene film on Si(lOO) as a ftinction of *He ion dose based 
on spectra generated on 12/1/1995. 

Appendix G26 Summary of the Elastic Recoil Detection (ERD) of hydrogen concentration 
in the polystyrene film on Si(lOO) as a fonction of ion dose based 
on spectra generated on 3/14/96. 

Appendix G27 Comparison of the rates of radiation damage for polystyrene films on 
81(100) wafers based on the cumulative values for area and height of the 
hydrogen peak for a total ion dose of 4.5 x 10'"^ ions/cm^ and 5.0 x 
10'"* ions/cm^ for analysis done on 12/1/1995 and 3/14/1996 respectively. 

Appendix G28 Calculation of hydrogen areal density per count for polystyrene samples 
based on stoichiometry as well as areal density of carbon measured at 
4.28 MeV and 4.315 MeV initial "'He^* ion energy and sample tilt of 0°. 

Appendix G29 Calculation of H areal density per count on a sample surface as a function 
of percent firaction of H on sample with respect to 3000 A thick 
polystyrene standard based on the number of counts in the H peak area for 
the standard. 

Appendix G30 Comparison plot of the RBS spectra gathered at 2 MeV initial ion 

Appendix G31 

energy with a sample tilt of 0° for the Dow Coming samples. 

Plot of energy calibration with respect to channel number for the Dow 
Coming samples based on RBS spectra gathered at initial '^He^"^ ion 
energy of 2 MeV with a sample tilt of 0°. 

Appendix G32 Comparison of oxygen concentration in the Dow Coming samples 
calculated using area and height of the peak obtained by ion beam analysis 
witii 2 MeV ions at a sample tilt angle of 0°. 

Appendix G33 

Appendix G34 

Appendix G35 

Comparison plot of the hydrogen spectra obtained by elastic recoil 
detection at 2.8 MeV with a sample tilt of 75° for Dow Coming Sample 
#1174 as a function of number of initial ions in increments of 
30,000 counts. 

Comparison plot of the hydrogen spectra obtained by elastic recoil 
detection at 2.8 MeV with a sample tilt of 75° for Dow Coming Sample 
#1175 as a function of number of initial ions in increments of 
30,000 counts. 

Comparison plot of the hydrogen spectra obtained by elastic recoil 
detection at 2.8 MeV with a sample tilt of 75° for Dow Coming Sample 
#1176 as a function of number of initial ions in increments of 
30,000 counts. 

Appendix G36 Comparison plot of the hydrogen spectra obtained by elastic recoil 
detection at 2.8 MeV with a sample tilt of 75° for Dow Coming Sample 
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Appendix G37 

Appendix G38 

#1177 as a function of number of initial '*He^^ ions in increments of 
30,000 counts. 

Comparison plot of the hydrogen spectra obtained by elastic recoil 
detection at 2.8 MeV with a sample tilt of 75° for Dow Coming Sample 
#1178 as a function of number of initial "'He^'^ ions in increments of 
30,000 counts. 

Comparison plot of the hydrogen spectra obtained by elastic recoil 
detection at 2.8 MeV with a sample tilt of 75° for Dow Coming Sample 
#1179 as a function of number of initial '*He^^ ions in increments of 
30,000 counts. 

Appendix G39 Area and height of hydrogen peak for different Dow Coming samples 
measured by elastic recoil detection at 2.8 MeV with a sample tilt of 75° 
and reported as a function of ion doses for periodic increments and 
cummulative amounts. 

Appendix G40 Hydrogen peak width and height/width aspect ratio for the Dow Coming 
samples analyzed in this study by elastic recoil detection at 2.8 MeV with 
a sample tilt of 75° and reported as a function of ion doses for 
periodic increments. 

Appendix G41 

Appendix G42 

Comparison of the rates of radiation damage for Dow Coming samples 
based on the cumulative values for area and height of the hydrogen peak 
for a total ion dose of 4.5 x 10'*' ions/cm^ 

Calculation of hydrogen areal density per count for Dow Coming samples 
based on stoichiometry as well as areal density of oxygen measured at 2 
MeV initial ''He*^ ion energy and sample tilt of 0°. 

Appendix G43 Calculation of hydrogen areal density per count for Dow Coming samples 
based on the RUMP simulated film areal density and measured height of 
the hydrogen peak. 

Comparison plot of the RBS spectra gathered at 2 MeV initial ''He^^ ion 
energy with a sample tilt of 0° for the Olin Ciba Geigy samples. 

Appendix G44 

Appendix G45 Comparison plot of the RBS spectra gathered at 2 MeV Initial "'He^^ ion 

Appendix G46 

energy with a sample tilt of 75° for the Olin Ciba Geigy samples. 

Comparison plot of carbon NRA spectra gathered at 4.315 MeV initial 
ion energy with a sample tUt of 75° for the Olin Ciba Geigy 

samples. 

Appendix G47 Comparison plot of oxygen NRA spectra gathered at 3.05 MeV initial 
ion energy with a sample tilt of 75° for the Olin Ciba Geigy 

samples. 
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Appendix G48 Plot of energy calibration with respect to channel number for the Olin Ciba 
Geigy (OCG) samples based on RBS spectra gathered at initial He ion 
energy of 2.0 MeV, 3.05 MeV and 4,315 MeV with a sample tilt of 0°. 

Appendix G49 Comparison of carbon concentration in the Olin Ciba Geigy samples 
calculated using area and height of the peak obtained by ion be^ analysis 
with 2 MeV ions at a sample tilt angle of 0°. 

Appendix G50 Comparison of carbon concentration in the Olin Ciba Geigy samples 
calculated using area and height of the peak obtained by ion beam analysis 
with 2 MeV ions at a sample tilt angle of 75°. 

Appendix G51 Comparison of carbon concentration in the Olin Ciba Geigy samples 
calculated using peak area obtained by ion beam analysis with 2 MeV 
•'He^'^ ions at a sample tilt angles of 0° and 75°. 

Appendix G52 Comparison of carbon concentration in the Olin Ciba Geigy samples 
calculated using peak height obtained by ion beam analysis with 2 MeV 
•'He^^ ions at a sample tilt angles of 0° and 75°. 

Appendix G53 Comparison of carbon concentration in the Olin Ciba Geigy samples 
calculated using area and height of the peak obtained by ion be^ analysis 
with 4.315 MeV ions at a sample tilt angle of 75°. 

Appendix G54 Comparison of carbon concentration in the Olin Ciba Geigy samples 
calculated using peak area obtained by ion beam analysis with 4.315 MeV 
and 2.0 MeV "'He^'" ions at a sample tilt angle of 75°. 

Appendix G55 Comparison of carbon concentration in the Olin Ciba Geigy samples 
calculated using peak height obtained by ion beam analysis with 4.315 
MeV and 2.0 MeV ions at a sample tilt angle of 75°. 

Appendix G56 Comparison of carbon concentration in the Olin Ciba Geigy samples 
calculated using peak area obtained by ion beam analysis with 4.315 MeV 
and 2.0 MeV ions at a sample tilt angle of 75° and 0° respectively. 

Appendix G57 Comparison of carbon concentration in the Olin Ciba Geigy samples 
calculated using peak height obtained by ion beam analysis with 4.315 
MeV and 2.0 
respectively. 

MeV '*He ions at a sample tilt angle of 75° and 0' 

Appendix G58 Comparison of oxygen concentration in the Olin Ciba Geigy samples 
calculated using area and height of the peak obtained by ion bean analysis 
with 3.05 MeV ions at a sample tilt angle of 75°. 

Appendix G59 Calculation of normalized carbon, oxygen and hydrogen areal densities 
for Olin Ciba Geigy (OCG) samples obtained using either peak area or 
height measured by ion beam techniques using 50,000 counts of 2 MeV, 
3.05 MeV and 4.315 MeV initial ions with sample tilt of 0° or 75°. 
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Appendix G60 Comparison plot of the hydrogen spectra obtained by elastic recoil 
detection at 2.8 MeV with a sample tilt of 75° for 0.5K A Olin Ciba Geigy 
sample as a function of number of initial ions in increments of 
30,(fc0 counts. 

Appendix G61 Comparison plot of the hydrogen spectra obtained by elastic recoil 
detection at 2.8 MeV with a sample tilt of 75° for IK A Olin Ciba Geigy 
sample as a function of number of initial '*He^^ ions in increments of 
30,(W0 counts. 

Appendix G62 Comparison plot of the hydrogen spectra obtained by elastic recoil 
detection at 2.8 MeV with a sample tilt of 75° for 2K A Olin Ciba Geigy 
sample as a function of number of initial ''He^* ions in increments of 
30,(fe0 counts. 

Appendix G63 Comparison plot of the hydrogen spectra obtained by elastic recoil 
detection at 2.8 MeV with a sample tilt of 75° for 3K A Olin Ciba Geigy 
sample as a function of number of initial ions in increments of 
30,000 counts. 

Appendix G64 Area and height of hydrogen peak for different Olin Ciba Geigy samples 
measured by elastic recoil detection at 2.8 MeV with a sample tilt of 75° 
and reported as a function of '*He^^ ion doses for periodic increments and 
cummulative amounts. 

Appendix G65 Hydrogen peak width and height/width aspect ratio for the Olin Ciba 
Geigy samples analyzed in this study by elastic recoil detection at 2.8 
MeV with a sample tilt of 75° and reported as a function of ion 
doses for periodic increments. 

Appendix G66 Comparison of the rates of radiation damage for Olin Ciba Geigy samples 
based on the cumulative values for area and height of the hydrogen peak 

for a total ion dose of 2.0 x 10'^ ions/cm^. 

Appendix G67 Calculation of hydrogen areal density per count for Olin Ciba Geigy 
(OCG) samples based on stoichiometry as well as areal density of carbon 
and oxygen measured at 2 MeV, 3.05 MeV and 4.315 MeV initial 
ion energy and sample tilt of 0° or 75°. 

Appendix G68 Calculation of H areal density per count on a sample surface as a function 
of percent fraction of H on sample with respect to 1000 A thick OCG 
standard based on the number of counts in the H peak area for the 
standard. 

Appendix G69 Hydrogen peak area and height of polystyrene, Dow Coming and Olin 
Ciba Geigy films on Si(lOO) as a function of "^He^"^ ion dose for periodic 
increment and cummulative doses. 
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Appendix G70 Hydrogen peak width and height/width aspect ratio of polystyrene, Dow 
Coming and Olin Ciba Geigy on Si(lOO) as a function of He^^ ion dose 
for periodic increments. 

Appendix G71 Comparison of the rates of radiation damage for polystyrene, Dow 
Coming and Olin Ciba Geigy films on Si(lOO) based on the cummulative 
values for area and height of the hydrogen peak for a total dose of 
4.5 X 10'"* ions/cm^. 



Appendix G1 Summary of the key properties for the polystyrene material. 

PROPERTY VALUE 

Density (gms./cm^) 1.06 
Glass Transition Temperature, Tg (°C) 95 
Young's Mudulus @ 25C, E (MN m'^) 3.5 X 10 ' 

Coefficient of Sliding Friction (^k) 0.33-0.5 

Thermal Linear Expansivity (10'^ K ') 6.0 - 8.0 
Specific Heat Capacity (kJ kg"' K ') 1.2 
Thermal Conductivity (W m"' K-1) 0.16 
Thermal Conductivity of Cellular Polymer materials (W m-1 K-1) 

At a Density of 16 kg m'^ 0.039 
At a Density of 25 kg m'^ 0.035 
At a Density of 32 kg m'^ 0.032 

Electrical Conductivity, a (siemens/cm.) 1.0 X lO '" 

Refractive Index, n(d) 1.591 
Reciprocal Dispersive Power, Vj 31 

Solubility Parameter, 6 (cal cm'^)"^ 8 .5-9.7 

Chemical Yields for Radiolytic Reactions, 0 

For Croslinking Process - G(cl) 0.26 
For Hydrogen Evolution - G(h) 0.29 

For Chain Scission - G(cs) 2.6 
Characteristic Ratio, C 9.85 
Critical Oxygen Index 0.18 
Critical Entanglement Chain Length, 730 

Heat of Combustion, AH°e (kj/gm.) 42.2 

Izod Impact Strength (ft. Ib./in. of notch) 0.25 - 0.4 



Appendix G1 (cont.) 

PROPERTY VALUE 

Interchain Spacing of Amorphous Polystyrene, A 10 

Surface Tension (dynes/cm.) 
At Temperature = 20°C 

At Temperature = 140°C 
40.7 
32.1 

Solvent Cyclohexane 
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Appendix G2 Properties of Probimide 200 cured film manufactured by Olin Ciba Geigy 
Microelectronic Materials. 

PROPERTY UNITS MEASURED 
Physical: 
Tensile (Hard Bake: 2 hrs/350°C) 

Modulus GPa 3.3 
Strength MPa 128 

Elongation % 75 
Refractive Index (633nm) 1.66 

Density g/cm^ 1.28 
Moisture Uptake (50% RH) % 1.1 

Stress MPa 45.8 

Thermal: 
Glass Transition Temperature °C 309 

Melting Point °C None 

Decomposition Temperature °C 515 

Weight Loss (400°C in N2) %/Hr 

Coefficient of Thermal Expansion (°)- 'x lO® 54 

Thermal Conductivity cal/cm/s/°C 

Specific Heat cal/gm/°C 

Electrical: 
Dielectric Constant 
Humidity 24°C 0%/50% 3.0/3.4 
Dissipation Factor (1 MHZ, RH 0/50%) 0.006/0.1 

Dielectric Breakdown Field V/|jm 

Volume Resistivity Q-cm 

Surface Resistivity Q 

Adhesion: 
90° Tape Peel Test, 72 Hrs in boiling 
water (ASTM D-3359-83B) 

5 



Appendix G3 Basic properties of hydrogen Silsesquioxane resin based thin films manufactured by Dow Coming Corporation. 

PROPERTY REPORTED 
Physical 
Precursor Composition Ho,285Sio.2850o.43 
Solvent Methylisobutyl Ketone 
Precursor Density ~ 1.5 gms/cm^ 
Film Refractive Index (632 nm) 1.38 
Stress (as deposited) < 70 MPa (much below detection limit) 

Stress (400°C N2 anneal) 80 MPa - tensile 

Moisture Uptake (as deposited, 50% RH) « 1% w/w 
Thermal 
Glass Transition in Film None 
Melting Point None 

Decomposition Temperature (O2) 350°C < T < 400°C 

Coefficient of Thermal Expansion of Film (400°C N2 anneal) 11 ppm/°C (preliminary) 

Biaxial Modulus 10 GPa (preliminary) 
Electrical 
Relative Permittivity 2.7-3.0 
Dielectric Breakdovvn > 3 MV/cm 
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Appendix G4 Illustration of the RBS spectra gathered at 4.315 MeV with a sample tilt of 0° for a total of 50,000 initial ion 
counts for different bulk polymers. VO 
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Appendix G6 Plot of energy calibration with respect to channel number for the bulk polymers based on RBS spectra gathered at 
initial ion energy of 4.315 MeV with a sample tilt of 0°. 
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VO o\ 
o 



961 

Appendix G8 Comparison of carbon surface concentration calculated using the peak area 
and height obtained by ion beam analysis at 4.315 MeV with a sample tilt of 
0° for the bulk polymers analyzed in the present study. 

Bulk Carbon Areal Density using Peak Area 
Polymer Relative Error Error 

# Atoms/cm^ Peak BG Total Factor (*) 
PVDF (1) l.llE+18 0.0037 0.0135 0.0140 1.55E+16 
PVDF (2) 8.30E+17 0.0043 0.0157 0.0163 1.35E+16 

Teflon 3.68E+17 0.0064 0.0128 0.0143 5.26E+15 
PVC 6.64E+17 0.0048 0.0131 0.0139 9.23E+15 
WPP 1.32E+18 0.0034 0.0142 0.0146 1.93E+16 

HOPE 4.68E+17 0.0057 0.0167 0.0177 8.28E+15 

PS 7.43E+17 0.0045 0.0111 0.0120 8.92E+15 

Polymer 
# 

Bi 

Atoms/cm^ 

ilk Carbon Ar 

Peak 

eal Density u< 

Relative Erroi 
BG 

sing Peak Hei 

r 
Total 

Error 
Factor (**) 

PVDF (1) 5.58E+16 0.0164 0.0933 0.0947 5.29E+15 
PVDF (2) 5.16E+16 0.0171 0.1043 0.1056 5.45E+15 

Teflon L88E+16 0.0282 0.0925 0.0967 1-82E+15 

PVC 4.43E+16 0.0184 0.0836 0.0856 3.79E+15 

WPP 6.29E+16 0.0155 0.1060 0.1071 6.73E+15 

HOPE 2.21E+16 0.0261 0.1240 0.1267 2.79E+15 
PS 5.11E+16 0.0171 0.0639 0.0661 3.38E+15 

Sample 
# 

Diff 

Atom 

Area 

erence in Car 
is/cm" 

Height 

)on Areal Dei 

% 
Difference 

isity 
Ratio 
Factor 

PVDF (1) l.llE+18 5.58E+16 1882.56 19.83 
PVDF (2) 8.30E+17 5.16E+16 1509.39 16.09 

Teflon 3.68E+17 1.88E+16 1854.95 19.55 

PVC 6.64E+17 4.43E+16 1399.53 15.00 

WPP 1.32E+18 6.29E+16 1999.35 20.99 

HDPE 4.68E+17 2.21E+16 2020.90 21.21 

PS 7.43E+17 5.11E+16 1354.24 14.54 

Note: 

"BG" stands for 

Background 

(•) Average Error Factor: 1.I4E+I6 Average % Difference: 1717.27 

(»*) Average Error Factor: 4.18E+I5 Average Ratio Factor: 18.17 
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Appendix G9 Comparison of carbon surface concentration calculated using the peak area 
and height obtained by ion beam analysis at 4.28 MeV with a sample tilt of 
0° for the bulk polymers analyzed in the present study. 

Polymer 
# 

Su 

Atoms/cm^ 

rface Carbon 

Peak 

Areal Density 
Relative Erroi 

BG 

using Peak A 
r 

Total 

rea 
Error 

Factor (*) 
PVDF (1) - - - - -

PVDF (2) 1.07E+17 0.0119 0.0171 0.0208 2.22E+15 
Teflon 6.95E+16 0.0147 0.0146 0.0207 1.44E+15 
PVC 1.12E+17 0.0116 0.0166 0.0202 2.25E+15 
WPP 2.83E+17 0.0073 0.0213 0.0226 6.40E+15 

HDPE 1.39E+17 0.0104 0.0158 0.0189 2.63E+15 

PS 5.86E+17 0.0051 0.0106 0.0118 6.91E+15 

Polymer 
# 

Sur 

Atoms/cm^ 

'ace Carbon / 

Peak 

o-eal Density 
Relative Erroi 

BG 

using Peak He 
• 

Total 

sight 

Error 
Factor (**) 

PVDF (1) - - - - -

PVDF (2) 9.05E+15 0.0408 0.1010 0.1089 9.86E+14 

Teflon 7.02E+15 0.0463 0.0851 0.0969 6.80E+14 

PVC 9.34E+15 0.0402 0.0937 0.1019 9.52E+14 
WPP 2.66E+16 0.0238 0.1280 0.1302 3.47E+15 

HDPE 1.15E+16 0.0362 0.1010 0.1073 1.23E+15 
PS 5.40E+16 0.0167 0.0639 0.0660 3.57E+15 

Sample 
# 

DifP 
Atom 

Area 

erence in Car 

s/cm^ 
Height 

)on Areal Dei 

% 
Difference 

isity 

Ratio 
Factor 

PVDF (1) - - - -

PVDF (2) I.07E+17 9.05E+I5 1080.12 11.80 
Teflon 6.95E+16 7.02E+15 890.34 9.90 
PVC 1.12E+17 9.34E+15 1094.50 11.94 
WPP 2.83E+17 2.66E+16 964.07 10.64 

HDPE 1.39E+17 1.15E+16 1113.23 12.13 

PS 5.86E+17 5.40E+16 983.57 10.84 

(•) Average Error Factor: 3.64E+15 

(••) Average Error Factor: 1.81 E+15 

Average % Difference: 

Average Ratio Factor: 

Note: 

"BG" stands for 

Background 

1020.97 

11.21 
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Appendix GIO Comparison of carbon surface concentration calculated using the peak area 
obtained by ion beam analysis at 4.315 MeV and 4.28 MeV with a sample 
tilt of 0° for the bulk polymers analyzed in the present study. 

Polymer 
# 

I 

Atoms/cm^ 

iulk Carbon 

Peak 

Sjreal Density 

Relative Erroi 
BG 

at4.315Me\ 

Total 

r. 

Error 
Factor (*) 

PVDF (1) l.llE+18 0.0037 0.0135 0.0140 1.55E+16 
PVDF (2) 8.30E+17 0.0043 0.0157 0.0163 1.35E+16 

Teflon 3.68E+17 0.0064 0.0128 0.0143 5.26E+15 
PVC 6.64E+17 0.0048 0.0131 0.0139 9.23E+15 
WPP 1.32E+18 0.0034 0.0142 0.0146 1.93E+16 

HOPE 4.68E+17 0.0057 0.0167 0.0177 8.28E+15 
PS 7.43E+17 0.0045 0.0111 0.0120 8.92E+15 

Polymer 
# 

S 

Atoms/cm^ 

urface Carboi 

Peak 

1 Area! Densi 
Relative Erroi 

BG 

ty at 4.28 Me' 
r 

Total 

V. 

Error 
Factor (**) 

PVDF (1) - - - - -

PVDF (2) 1.07E+17 0.0119 0.0171 0.0208 2.22E+15 
Teflon 6.95E+16 0.0147 0.0146 0.0207 I.44E+15 
PVC 1.12E+17 0.0116 0.0166 0.0202 2.25E+15 
WPP 2.83E+17 0.0073 0.0213 0.0226 6.40E+15 

HDPE 1.39E+17 0.0104 0.0158 0.0189 2.63 E+15 
PS 5.86E+17 0.0051 0.0106 0.0118 6.91E+15 

Note: 

"BG" stands for 

Background 

Sample 
# 

Diff 
Atom 

4.315 MeV. 

erence in Car 
s/cm^ 

4.28 MeV. 

3on Areal Dei 
% 

Difference 

isity 
Ratio 
Factor 

Note: 

"BG" stands for 

Background 

PVDF (1) l.llE+18 - - -

Note: 

"BG" stands for 

Background 

PVDF (2) 8.30E+17 1.07E+17 677.09 7.77 Note: 

"BG" stands for 

Background 

Teflon 3.68E+17 6.95E+16 429.45 5.29 
Note: 

"BG" stands for 

Background PVC 6.64E+17 1.12E+17 495.13 5.95 

Note: 

"BG" stands for 

Background 

WPP 1.32E+18 2.83E+17 365.80 4.66 

Note: 

"BG" stands for 

Background 

HDPE 4.68E+17 1.39E+17 235.90 3.36 

Note: 

"BG" stands for 

Background 

PS 7.43E+17 5.86E+17 26.90 1.27 

Note: 

"BG" stands for 

Background 

(•) Average Error Factor: I. I4E+16 Average % Difference: 371.71 

(•*) Average Error Factor 3.64E+15 Average Ratio Factor; 4.72 
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Appendix Gil Comparison of carbon surface concentration calculated using the peak 
height obtained by ion beam analysis at 4.315 MeV and 4.28 MeV with a 
sample tilt of 0° for the bulk polymers analyzed in the present study. 

Bulk Carbon Areal Density at 4.315 MeV. 
Polymer Relative Error Error 

# Atoms/cm^ Peak BG Total Factor (*) 
PVDF (1) 5.58E+16 0.0164 0.0933 0.0947 5.29E+15 
PVDF (2) 5.16E+16 0.0171 0.1043 0.1056 5.45E+15 

Teflon 1.88E+16 0.0282 0.0925 0.0967 1.82E+15 
PVC 4.43E+16 0.0184 0.0836 0.0856 3.79E+15 

WPP 6.29E+16 0.0155 0.1060 0.1071 6.73E+15 

HOPE 2.21E+16 0.0261 0.1240 0.1267 2.79E+15 

PS 5.11E+16 0.0171 0.0639 0.0661 3.38E+15 

Polymer 
# 

S 

Atoms/cm^ 

urface Carboi 

Peak 

1 Areal Densil 
Relative Erroi 

BG 

ty at 4.28 Me^ 

Total 

V .  

Error 
Factor (**) 

PVDF (1) - - - - -

PVDF (2) 9.05E+15 0.0408 0.1010 0.1089 9.86E+14 
Teflon 7.02E+15 0.0463 0.0851 0.0969 6.80E+14 
PVC 9.34E+15 0.0402 0.0937 0.1019 9.52E+14 
WPP 2.66E+16 0.0238 0.1280 0.1302 3.47E+15 

HDPE 1.15E+16 0.0362 0.1010 0.1073 1.23E+15 
PS 5.40E+16 0.0167 0.0639 0.0660 3.57E+15 

Sample 
# 

Diff 
Atom 

4.315 MeV. 

erence in Car 
s/cm^ 
4.28 MeV. 

)on Areal Dei 

% 
Difference 

isity 
Ratio 
Factor 

PVDF (1) 5.58E+16 - - -

PVDF (2) 5.16E+16 9.05E+15 469.82 5.70 
Teflon 1.88E+16 7.02E+15 168.21 2.68 
PVC 4.43E+16 9.34E+15 374.07 4.74 

WPP 6.29E+16 2.66E+16 136.09 2.36 
HDPE 2.21E+16 1.15E+16 92.15 1.92 

PS 5.11E+16 5.40E+16 -5.44 0.95 

Note: 

"BG" stands for 

Background 

(•) Average Error Factor: 4.18E+15 Average % Difference: 205.82 

(••) Average Error Factor: I.81E+I5 Average Ratio Factor: 3.06 
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Appendix G12 Comparison plot of the hydrogen spectra obtained by elastic recoil detection at 2.8 MeV with a sample tilt of 75° 
for second polyvinylidene fluoride as a function of number of initial ions in increments of 20,000 counts. 
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Appendix G13 Comparison plot of the hydrogen spectra obtained by elastic recoil detection at 2.8 MeV with a sample tilt of 75° 
for polytetrafluoroethylene (Teflon) as a function of number of initial ''He^^ ions in increments of 20,000 counts. 
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Appendix G14 Comparison plot of the hydrogen spectra obtained by elastic recoil detection at 2,8 MeV with a sample tilt of 75° 
for polyvinyl chloride as a function of number of initial ''He^^ ions in increments of 20,000 counts. 
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lot of the hydrogen spectra obtained by elastic recoil detection at 2.8 MeV with a sample tilt of 75° 
propylene as a function of number of initial ions in increments of 20,000 counts. 
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Appendix G16 Comparison plot of the hydrogen spectra obtained by elastic recoil detection at 2.8 MeV with a sample tilt of 75° 
for high density polyethylene as a function of number of initial ions in increments of 20,000 counts. 
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Appendix G17 Area of hydrogen peaks for different bulk polymers as a function of initial ''He^^ ion dose reported in periodic 
increments and cummulative amounts. 

Periodic Increments in Doses: 

Ion Cone. Polymer Peak Area in Sum of Counts 

Counts Ions/cm^ PVDF (1) PVDF (2) TEFLON PVC WPP HDPE PS 

20000 l.OOE+15 20571 23850 82 41058 84039 81660 11283 

20000 l.OOE+15 16761 19979 - 40927 79538 74767 11105 

20000 l.OOE+15 14803 17569 - 39202 74637 70397 10922 

20000 l.OOE+15 13570 16291 - 37570 69834 68835 10428 

20000 l.OOE+15 12233 15521 173 37104 66424 67395 10199 

Cummulative Doses: 

'He^' lo 

Counts 

n Cone. 

Ions/cm^ PVDF(l) 

Polym 

PVDF (2) 

er Peak Area 

TEFLON 

in Cummula 

PVC 

tive Sum of 

WPP 

Zounts 

HDPE PS 

20000 l.OOE+15 20571 23850 82 41058 84039 81660 11283 

40000 2.00E+15 37332 43829 - 81985 163577 156427 22388 

60000 3.00E+15 52135 61398 - 121187 238214 226824 33310 

80000 4.00E+15 65705 77689 - 158757 308048 295659 43738 

100000 5.00E+15 77938 93210 255 195861 374472 363054 53937 

Note: Teflon does not have any H and the values quoted here can be written ofT as due to background noise in the Ion Beam 

Analysis chamber. 



Appendix G18 Height of hydrogen peaks for different bulk polymers as a function of initial ion dose reported in periodic 
increments and cummulative amounts. 

Periodic Increments in Doses: 

^He^' lo 

Counts 

n Cone. 

Ions/Cm^ PVDF(l) PVDF (2) 

Polymer 

TEFLON 

*eak Height 

PVC 

n Counts 

WPP HDPE PS 

20000 l.OOE+15 187 208 6 346 671 632 387 

20000 l.OOE+15 151 185 - 330 617 591 351 

20000 l.OOE+15 147 169 - 318 579 536 334 

20000 l.OOE+15 138 159 - 308 547 518 315 

20000 l.OOE+15 122 151 11 303 521 502 304 

Cummulative Doses: 

^He^" lo 

Counts 

n Cone. 

Ions/Cm^ PVDF(l) 

Pob 

PVDF (2) 

I'mer Peak H 

TEFLON 

eight in Cum 

PVC 

mulative Co 

WPP 

Lints 

HDPE PS 

20000 l.OOE+15 187 208 6 346 671 632 387 

40000 2.00E+15 338 393 - 676 1288 1223 738 

60000 3.00E+15 485 562 - 994 1867 1759 1072 

80000 4.00E+15 623 721 - 1302 2414 2277 1387 
100000 5.00E+15 745 872 17 1605 2935 2779 1691 

Note; Teflon does not have any H and the values quoted here can be written off as due to background noise in the Ion Beam 

Analysis chamber. 



Appendix G19 Comparison of the rates of radiation damage for different bulk polymers analyzed in this study based on 
cummulative values for area and height of the hydrogen peak for a total ion dose of 5 x 10 ions/cml 

Rate of Radiation Damage 

Polymer Based on the Peak % Ratio 

Type Area Height Difference Factor 

PVDF L56E-11 1.49E-13 10361.48 104.61 

PVDFl 1.86E-11 1.74E-13 10589.22 106.89 

Teflon 5.10E-14 3.40E-15 1400.00 15.00 

PVC 3.92E-11 3.21E-13 12103.18 122.03 

PP 7.49E-11 5.87E-13 12658.84 127.59 

HDPE 7.26E-11 5.56E-13 12964.20 130.64 

PS 1.08E-11 3.38E-13 3089.65 31.90 

Note: 

Units of rate of radiation damage are 

1) Based on Peaic Area: Sum Counts-cmVlon 

2) Based on Peak Height; Counts-cmVlon 

Teflon damage can be ignored as rates are calculated on 

basis of H counts and Teflon doesnot have any H. 



Appendix G20 Calculation of hydrogen areal density per count for the bulk polymers based on stoichiometry as well as areal 
density of carbon measured at 4.315 MeV and 4.28 MeV with a sample tilt of 0°. 

Polymer Bulk Polymer Reported Elemental 

Sample Thickness (*) Stoichiometric Ratio (**) 

# (Hm.) Formula H/C 

PVDF(l) 508 H2C2F2 1.0000 

PVDF (2) 508 H2C2F2 1.0000 

Teflon 508 C2F4 0.0000 

PVC 508 H3C2CI 1.5000 

WPP 508 C3H6 2.0000 

HOPE 508 C2H4 2.0000 

Polymer 

Sample 

# 

( 

Measured at 4.3 

Area Method 

I!arbon Areal Der 

15 MeV. and 0° 

Height Method 

isity (Atoms/cm^ 

Measured at 4.^ 

Area Method 

) 

18 MeV. and 0° 

Height Method 

PVDF(l) l.llE+18 5.58E+16 - -

PVDF (2) 8.30E+17 5.16E+16 1.07E+17 9.05E+15 

Teflon 3.68E+17 1.88E+16 6.95E+16 7.02E+15 

PVC 6.64E+17 4.43E+16 1.12E+17 9.34E+15 

WPP 1.32E+18 6.29E+16 2.83E+17 2.66E+16 

HOPE 4.68E+17 2.21E+16 1.39E+17 1.15E+16 

(*) Approximately equivalent to thickness of Si wafer 

(**) Based on stoichiometry 

vo 
-J 



Appendix G20 (cont.) 

Polymer 

Sample 

# 

Hydrogen Areal 

Measured at 4.3 

Area Method 

Density (AtomsA 

15 MeV. and 0° 

Height Method 

:m^) - Calculated 

Measured at 4.1 

Area Method 

using H/C Ratio 

58 MeV. and 0° 

Height Method 

PVDF(l) l.llE+18 5.58E+16 - -

PVDF (2) 8.30E+17 5.16E+16 1.07E+17 9.05E+15 

Teflon O.OOE+00 O.OOE+00 O.OOE+00 O.OOE+00 

PVC 9.96E+17 6.65E+16 1.68E+17 1.40E+16 

WPP 2.64E+18 1.26E+17 5.66E+17 5.32E+16 

HOPE 9.36E+17 4.42E+16 2.78E+17 2.30E+16 

Note: MeV. are the energies of initial ''He*'^ ions used in IBA analysis. 

Sample tilt with respect to incident beam is given as an 

angle in 

Areal Density/count are obtained by dividing the above calculated 

hydrogen areal density by either area or height of H peak from the 

spectra obtained by bombarding the sample wdth known number 

of •'He^^ ions. 



Appendix G20 (cont.) 

Polymer 

Sample 

# 

Hydro 

20K 

gen Areal Dens 

Based on H 

40K 

ity/Count Using 

'eak Area Calci 

60K 

5 Spectra Collec 

jlated as a Func 

80K 

ted at 4.315 Me 

tion of#ofInit: 

lOOK 

V. and 0° Samp 

al •'He^^ Ions 

Average 

le Tilt 

Std. Dev. 

PVDF (1) 5.40E+13 2.97E+13 2.13E+13 1.69E+13 1.42E+13 2.72E+13 1.44E+13 

PVDF (2) 3.48E+13 1.89E+13 1.35E+13 1.07E+13 8.90E+12 1.74E+13 9.35E+12 

Teflon O.OOE+00 - - - O.OOE+00 O.OOE+00 O.OOE+00 

PVC 2.43E+13 1.21E+13 8.22E+12 6.27E+12 5.09E+12 1.12E+13 6.96E+12 

WPP 3.14E+13 1.61E+13 l.llE+13 8.57E+12 7.05E+12 1.49E+13 8.84E+12 

HOPE 1.15E+13 5.98E+12 4.13E+12 3.17E+12 2.58E+12 5.46E+12 3.21E+12 

Polymer 

Sample 

# 

Hydn 

20K 

3gen Areal Den 

Based on H 

40K 

sity/Count Usin 

'eak Area Calci 

60K 

g Spectra Colle 

ilated as a Func 

80K 

cted at 4.28 Me 

tion of#ofInit 

lOOK 

V. and 0° Sampl 

al ''He^^ Ions 

Average 

eTilt 

Std. Dev. 

PVDF(l) - - - - - - -

PVDF (2) 4.49E+12 2.44E+12 1.74E+12 1.38E+12 1.15E+12 2.24E+12 1.21E+12 

Teflon O.OOE+00 - - - O.OOE+00 O.OOE+00 O.OOE+00 

PVC 4.09E+12 2.05E+12 1.39E+12 1.06E+12 8.58E+11 1.89E+12 1.17E+12 

WPP 6.73E+12 3.46E+12 2.38E+12 1.84E+12 1.51E+12 3.18E+12 1.89E+12 

HDPE 3.40E+12 1.78E+12 1.23E+12 9.40E+11 7.66E+11 1.62E+12 9.55E+11 



Appendix G20 (cont.) 

Polymer 

Sample 

# 

Hydro 

20K 

gen Areal Dens 

Based on H P 

40K 

ity/Count Using 

eak Height Calc 

60K 

Spectra Collec 

ulated as a Fun 

80K 

ted at 4.315 Me 

ction of # of Ini 

lOOK 

V. and 0° Samp 

ial ''He^^ Ions 

Average 

le Tilt 

Std. Dev. 

PVDF(l) 2.98E+14 1.65E+14 1.15E+14 8.96E+13 7.49E+13 1.49E+14 8.09E+13 

PVDF (2) 2.48E+14 1.31E+14 9.18E+13 7.16E+13 5.92E+13 1.20E+14 6.84E+13 

Teflon O.OOE+00 - - - O.OOE+00 O.OOE+00 O.OOE+00 

PVC 1.92E+14 9.83E+13 6.69E+13 5.10E+13 4.14E+13 8.99E+13 5.46E+13 

WPP 1.87E+14 9.77E+13 6.74E+13 5.21E+13 4.29E+13 8.95E+13 5.24E+13 

HOPE 6.99E+13 3.61E+13 2.51E+13 1.94E+13 1.59E+13 3.33E+13 1.96E+13 

Polymer 

Sample 

# 

Hydn 

20K 

3gen Areal Den 

Based on H P 

40K 

sity/Count Usin 

eak Height Calc 

60K 

g Spectra Colle 

;ulated as a Fun 

80K 

cted at 4.28 Me 

ction of# of Ini 

lOOK 

V. and 0° Sampl 

ial ''He^'^ Ions 

Average 

eTilt 

Std. Dev. 

PVDF(l) - - - - - - -

PVDF (2) 4.35E+13 2.30E+13 1.61E+13 1.26E+13 1.04E+13 2.11E+13 1.20E+13 

Teflon O.OOE+00 - - - O.OOE+00 O.OOE+00 O.OOE+00 

PVC 4.05E+13 2.07E+13 1.41E+13 1.08E+13 8.73E+12 1.90E+13 1.15E+13 

WPP 7.93E+13 4.13E+13 2.85E+13 2.20E+13 1.81E+13 3.78E+13 2.22E+13 

HOPE 3.64E+13 1.88E+13 1.31E+13 l.OlE+13 8.28E+12 1.73E+13 1.02E+13 



Appendix G20 (cont.) 

Polymer 

Sample 

# 

Hydro 

Percent Diffe 

20K 

gen Areal Dens 

rence Between 

40K 

ity/Count Using 

Area and Heigh 

60K 

Spectra Collec 

t Methods Calc 

80K 

ted at 4.315 Me 

ulated as a Func 

lOOK 

V. and 0° Samp 

tion of # of Init 

Average 

le Tilt 

ial ''He^^ Ions 

Std. Dev. 

PVDF (1) -81.92 -81.99 -81.49 -81.14 -80.99 -81.50 0.4023 

PVDF (2) -85.97 -85.58 -85.28 -85.07 -84.95 -85.37 0.3681 

Teflon 0.00 - - - 0.00 0.00 0.0000 

PVC -87.37 -87.64 -87.71 -87.71 -87.72 -87.63 0.1324 

WPP -83.24 -83.48 -83.55 -83.55 -83.55 -83.48 0.1196 

HOPE -83.61 -83.44 -83.58 -83.69 -83.79 -83.62 0.1158 

Polymer 

Sample 

# 

Hydn 

Percent Diffe 

20K 

Dgen Areal Den 

rence Between 

40K 

sity/Count Usin 

Area and Heigh 

60K 

g Spectra Colle 

t Methods Calc 

80K 

cted at 4.28 Me 

ulated as a Func 

lOOK 

V. and 0° Sampl 

tion of # of Init 

Average 

eTilt 

ial ""He^^ Ions 

Std. Dev. 

PVDF(l) - - - - - - -

PVDF (2) -89.69 -89.40 -89.18 -89.03 -88.94 -89.25 0.2705 

Teflon 0.00 - - - 0.00 0.00 0.0000 

PVC -89.89 -90.11 -90.16 -90.17 -90.17 -90.10 0.1060 

WPP -91.51 -91.62 -91.66 -91.66 -91.66 -91.62 0.0606 

HDPE -90.65 -90.55 -90.63 -90.69 -90.75 -90.65 0.0661 



Appendix G20 (cont.) 

Polymer 

Sample 

# 

Hydro 

Ratio Fac 

20K 

gen Areal Dens 

or Between Are 

40K 

ity/Count Using 

a and Height N 

60K 

Spectra Collec 

ethods Calcula 

80K 

ted at 4.315 Me 

ed as a Functio 

lOOK 

V. and 0° Samp 

1 of # of Initial 

Average 

le Tilt 

^He^' Ions 

Std. Dev. 

PVDF(l) 0.1808 0.1801 0.1851 0.1886 0.1901 0.1850 0.0040 

PVDF (2) 0.1403 0.1442 0.1472 0.1493 0.1505 0.1463 0.0037 

Teflon 0.0000 - - - 0.0000 0.0000 0.0000 

PVC 0.1263 0.1236 0.1229 0.1229 0.1228 0.1237 0.0013 

WPP 0.1676 0.1652 0.1645 0.1645 0.1645 0.1652 0.0012 

HDPE 0.1639 0.1656 0.1642 0.1631 0.1621 0.1638 0.0012 

Polymer 

Sample 

# 

Hydn 

Ratio Fac 

20K 

3gen Areal Den 

or Between Arc 

40K 

sity/Count Usin 

:a and Height ^ 

60K 

g Spectra Colle 

ethods Calcula 

80K 

cted at 4.28 Me' 

ed as a Functio 

lOOK 

v. and 0° SampI 

1 of # of Initial 

Average 

e Tilt 

''He^'^ Ions 

Std. Dev. 

PVDF (1) - - - - - - -

PVDF (2) 0.1031 0.1060 0.1082 0.1097 0.1106 0.1075 0.0027 

Teflon 0.0000 - - - 0.0000 0.0000 0.0000 

PVC 0.1011 0.0989 0.0984 0.0983 0.0983 0.0990 0.0011 

WPP 0.0849 0.0838 0.0834 0.0834 0.0834 0.0838 0.0006 

HDPE 0.0935 0.0945 0.0937 0.0931 0.0925 0.0935 0.0007 
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Appendix G21 Illustration of the RBS spectra gathered for a polystyrene sample aligned normal to the "'He^* beam for a total of 
50,000 initial "'He^^ ion counts with a energy of 4.315 MeV and 4.28 MeV. 
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Appendix G22 Plot of energy calibration with respect to channel number for the polystyrene samples based on RBS spectra 
gathered at initial ion energy of 4.28 MeV and 4.315 MeV with a sample tilt of 0°. 
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Appendix G23 Comparison of carbon concentration obtained by ion beam analysis at 4.315 MeV and 4.28 MeV with a sample 
tilt of 0° for the polystyrene sample analyzed on 3/14/1996 using the peak area and height. 

Hydrogen Initial Carbon Areal Density 

Peak 'He'^ Ion Relative Error Error 

Parameter Energy Atoms/cm^ Peak BG Total Factor 

Area 4.315 MeV. 7.43 E+17 0.0045 0.0111 0.0120 8.92E+15 Area 
4.28 MeV. 5.86E+17 0.0051 0.0106 0.0118 6.91E+15 

Height 4.315 MeV. 5.11E+16 0.0171 0.0639 0.0661 3.38E+15 Height 
4.28 MeV. 5.40E+16 0.0167 0.0639 0.0660 3.57E+15 

Initial 

"He^^ Ion 

Energy 

Difl 

Atom 

Area 

Isrence in Carl 

s/cm^ 

Height 

3on Areal Den 

% 

Difference 

sity 

Ratio 

Factor 

4.315 MeV. 7.43E+17 5.11E+16 1354.01 14.54 
4.28 MeV. 5.86E+17 5.40E+16 985.19 10.85 

Average % Difference: 1169.60 Average Ratio Factor: 12.70 

Hydrogen 

Peak 

Parameter 

Difl 

Atom 

4.315 MeV. 

'erence in Car 

s/cm^ 

4.28 MeV. 

)on Area! Den 

% 
Difference 

sity 

Ratio 

Factor 

Area 7.43E+17 5.86E+17 26.79 1.27 

Height 5.11E+I6 5.40E+I6 -5.37 0.95 

Average % Difference; 10.71 Average Ratio Factor: 1.11 
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Appendix G24 Comparison plot of the hydrogen spectra obtained by elastic recoil detection at 2.8 MeV with a sample tilt of 75° 
for polystyrene sample as a function of number of initial ''He^^ ions in increments of 20,000 counts. 

VO 
00 
to 



Appendix G25 Summary of the Elastic Recoil Detection (ERD) of hydrogen concentration in the polystyrene film on Si( 100) as a 
function of''He^* ion dose based on spectra generated on 12/1/1995. 

Dosage ^He^^ Ion Cone. Hydrogen Peak 

Levels Counts Ions/cm^ Area Height 

Periodic 30000 1.50E+15 15662 494 

Increments 30000 L50E+15 15552 471 

30000 L50E+15 14958 454 

Cumulative 30000 1.50E+15 15662 494 
60000 3.00E+15 31214 965 

90000 4.50E+15 46172 1419 

Dosage 

Levels 

^He^' lo 

Counts 

n Cone. 

Ions/cm^ 

Hydrogen 1 

Channels 

'eak Width 

keV. 

Hydrogen Pea 

Counts/Channel 

c Aspect Ratio 

Counts/keV. 

Periodic 

Increments 

30000 1.50E+15 34.34 273.29 14.39 1.81 Periodic 

Increments 30000 1.50E+15 30.72 253.56 15.33 1.86 

Periodic 

Increments 

30000 1.50E+15 33.74 270.02 13.46 1.68 
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Appendix G26 Summary of the Elastic Recoil Detection (ERD) of hydrogen concentration in the polystyrene film on Si( 100) as a 
function of ion dose based on spectra generated on 3/14/96. 

Dosage 

Levels 

^He^' lo 

Counts 

n Cone. 

Ions/cm" 

Hydrog 

Area 

en Peak 

Height 

Periodic 

Increments 

20000 l.OOE+15 11283 387 Periodic 

Increments 20000 l.OOE+15 11105 351 

Periodic 

Increments 

20000 l.OOE+15 10922 334 

Periodic 

Increments 

20000 l.OOE+15 10428 315 

Periodic 

Increments 

20000 l.OOE+15 10199 304 

Cumulative 20000 l.OOE+15 11283 387 Cumulative 

40000 2.00E+15 22388 738 

Cumulative 

60000 3.00E+15 33310 1072 

Cumulative 

80000 4.00E+15 43738 1387 

Cumulative 

100000 5.00E+15 53937 1691 

Dosage 

Levels 

^He^" lo 

Counts 

n Cone. 

Ions/cm^ 

Hydrogen 

Channels 

>eak Width 

keV. 

Hydrogen Pea 

Counts/Channel 

c Aspect Ratio 

Counts/keV. 

Periodic 

Increments 

20000 l.OOE+15 34.67 275.09 11.16 1.41 Periodic 

Increments 20000 l.OOE+15 33.21 267.13 10.57 1.31 

Periodic 

Increments 

20000 l.OOE+15 34.18 272.42 9.77 1.23 

Periodic 

Increments 

20000 l.OOE+15 34.18 272.42 9.22 1.16 

Periodic 

Increments 

20000 l.OOE+15 30.76 253.77 9.88 1.20 
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Appendix G27 Comparison of the rates of radiation damage for polystyrene films on Si(lOO) wafers based on the cumulative 
values for area and height of the hydrogen peak for a total ''He^^ ion dose of 4.5 x 10'"' ions/cm^ and 5.0 x 10'*' 
ions/cm^ for analysis done on 12/1/1995 and 3/14/1996 respectively. 

Polystyrene 

Sample 

Date 

Based on 

Area 

Rate of Radi. 

the Peak 

Height 

ation Damage 

% 

Difference 

Ratio 

Factor 

12/1/95 1.03E-11 3.15E-13 3153.84 32.54 

3/14/96 1.08E-11 3.38E-13 3089.65 31.90 

Note; 

Units of rate of radiation damage are 

1) Based on Peak Area: Sum Counts-cm^/lon 

2) Based on Peak Height; Counts-cmVlon 
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Appendix G28 Calculation of hydrogen areal density per count for polystyrene samples based on stoichiometry as well as areal 
density of carbon measured at 4.28 MeV and 4.315 MeV initial "'He^^ ion energy and sample tilt of 0°. 

Polymer Name: Polystyrene 

Chemical Formula: CgHg 

H/C Ratio: 1.0000 

Based on RBS Spectra Collected on March 14th, 1996: 

Element 

of 
Interest 

El 

Measured at 4.1 

Area Method 

emental Areal D( 

>8 MeV. and 0° 

Height Method 

;nsity (Atoms/cn: 

Measured at 4.3 

Area Method 

15 MeV. and 0° 

Height Method 
Carbon 5.86E+17 5.11E+16 7.43E+17 5.40E+16 

Hydrogen 5.86E+17 5.11E+16 7.43E+17 5.40E+16 

Note: Hydrogen is calculated from carbon areal density utilizing H/C ratio. 

MeV. are the energies of initial '*He^* ions used in IBA analysis. 

Sample tilt w.r.t. incident "'He^* beam is given as an angle in °. 

Based on RBS Spectra Collected on December 1st, 1995: 

RBS Analysis 
Description 

Areal Density 

Calculation 

Hydrogen 
30K 

Vreal Density Per 
60K 

Count as a Func 
90K 

tion of # of Initia 
Average 

1 ''He^^ Ions 
Std. Dev, 

4.28 MeV. and 
0° Tilt 

Area Method 3.74E+13 1.88E+13 1.27E+13 2.30E+13 1.05E+13 4.28 MeV. and 
0° Tilt Height Method 1.03E+14 5.30E+13 3.60E+13 6.41E+13 2.86E+13 

4.315 MeV. and 
0° Tilt 

Area Method 4.74E+13 2.38E+13 1.61E+13 2.91E+13 1.33E+13 4.315 MeV. and 
0° Tilt Height Method 1.09E+14 5.60E+13 3.81E+13 6.78E+13 3.03E+13 



Appendix G28 (cont.) 

Based on RBS Spectra Collected on March 14th, 1996: 

RBS Analysis 

Description 

Areal Density 

Calculation 

Hydrogen An 

20K 

;al Density Per 

40K 

Count as a Fun( 

60K 

jtion of # of Ini 

80K 

ial •'He^^ Ions 

lOOK 

4.28 MeV. and 
0° Tilt 

Area Method 5.19E+13 2.62E+13 1.76E+13 1.34E+13 1.09E+13 4.28 MeV. and 
0° Tilt Height Method 1.32E+14 6.92E+13 4.77E+13 3.68E+13 3.02E+13 

4.315 MeV. and 
0° Tilt 

Area Method 6.59E+13 3.32E+13 2.23E+13 1.70E+13 1.38E+13 4.315 MeV. and 
0° Tilt Height Method 1.40E+14 7.32E+13 5.04E+13 3.89E+13 3.19E+13 

RBS Analysis 

Description 

Areal Density 

Calculation 

H Areal Dens 

Average 

ity Per Count 

Std. Dev. 
4.28 MeV. and 

0° Tilt 
Area Method 2.40E+13 1.49E+13 4.28 MeV. and 

0° Tilt Height Method 6.32E+13 3.69E+13 

4.315 MeV. and 
0° Tilt 

Area Method 3.04E+13 1.89E+13 4.315 MeV. and 
0° Tilt Height Method 6.68E+13 3.90E+13 

Comparison of Calculations Based on Data from December 1st, 1995 and March Nth, 1996: 

RBS Analysis 

Description 

Areal Density 

Calculation 

Hydrog 

12/1/95 

en Areal Densi 

3/14/96 

y Per Count foi 

% Difference 
• 60K Initial ''H 

Average 

Ions 

Std. Dev, 

4.28 MeV. and 
0° Tilt 

Area Method 1.88E+13 1.76E+13 6.71 1.82E+13 5.91E+11 4.28 MeV. and 
0° Tilt Height Method 5.30E+13 4.77E+13 11.09 5.03E+13 2.64E+12 

4.315 MeV. and 
0° Tilt 

Area Method 2.38E+13 2.23E+13 6.71 2.31E+13 7.49E+11 4.315 MeV. and 
0° Tilt Height Method 5.60E+13 5.04E+13 11.09 5.32E+13 2.79E+12 



Appendix G28 (cont.) 

Based on RBS Spectra Collected on December 1st, 1995: 

RBS Analysis 
Description 

Comparison 
Parameter 

Hydrogen / 
30K 

^real Density Per 
60K 

Count as a Func 
90K 

ion of # of Initia 
Average 

I ''He^^ Ions 

Std. Dev, 
4.28 MeV. and 

0° Tilt 
% Difference -63.83 -64.55 -64.76 -64.38 0.3970 4.28 MeV. and 

0° Tilt Ratio Factor 0.3617 0.3545 0.3524 0.3562 0.0040 

4.315 MeV. and 
0° Tilt 

% Difference -56.60 -57.46 -57.71 -57.26 0.4763 4.315 MeV. and 
0° Tilt Ratio Factor 0.4340 0.4254 0.4229 0.4274 0.0048 

Based on RBS Spectra Collected on March Nth, 1996: 

RBS Analysis 
Description 

Comparison 
Parameter 

Hydrogen / 
20K 

^real Density Per 
40K 

Count as a Func 
60K 

tion of # of Initia 
80K 

I "He^"^ Ions 
lOOK 

4.28 MeV. and 
0° Tilt 

% Difference -60.67 -62.20 -63.09 -63.63 -64.05 4.28 MeV. and 
0° Tilt Ratio Factor 0.3933 0.3780 0.3691 0.3637 0.3595 

4.315 MeV. and 
0° Tilt 

% Difference -52.81 -54.64 -55.72 -56.37 -56.86 4.315 MeV. and 
0° Tilt Ratio Factor 0.4719 0.4536 0.4428 0.4363 0.4314 

RBS Analysis 
Description 

Areal Density 
Calculation 

H Areal Dens 
Average 

ity Per Count 
Std. Dev. 

4.28 MeV. and 
0° Tilt 

% Difference -62.73 1.2022 4.28 MeV. and 
0° Tilt Ratio Factor 0.3727 0.0120 

4.315 MeV. and 
0° Tilt 

% Difference -55.28 1.4424 4.315 MeV. and 
0° Tilt Ratio Factor 0.4472 0.0144 

Where, % Difference = ((Area Method - Height Melhod)/Height Method) x 100 
Ratio Factor = (Area Method/Height Method) 



Appendix G29 Calculation of H areal density per count on a sample surface as a function of percent fraction of H on sample with 
respect to 3000 A thick polystyrene standaid based on the number of counts in the H peak area for the standard. 

Sample H H Areal Density H Areal Density/Count on Sample Surface 

Fraction for the Standard Calculatec based on # of Counts in the H Peak Area of the Standard 
Percentage Atoms/cm^ 5000 10000 15000 15662 20000 

0.1 5.86E+17 1.17E+13 5.86E+12 3.91E+12 3.74E+12 2.93E+12 

10 5.86E+17 1.17E+15 5.86E+14 3.91E+14 3.74E+14 2.93E+14 

20 5.86E+17 2.34E+15 1.17E+15 7.81E+14 7.48E+14 5.86E+14 

30 5.86E+17 3.52E+15 1.76E+15 1.17E+15 1.12E+15 8.79E+14 

40 5.86E+17 4.69E+15 2.34E+15 1.56E+15 1.50E+15 1.17E+15 

50 5.86E+17 5.86E+15 2.93E+15 1.95E+15 1.87E+15 1.47E+15 
60 5.86E+17 7.03E+15 3.52E+15 2.34E+15 2.24E+15 1.76E+15 

70 5.86E+17 8.20E+15 4.10E+15 2.73E+15 2.62E+15 2.05E+15 

80 5.86E+17 9.38E+15 4.69E+15 3.13E+15 2.99E+15 2.34E+15 

90 5.86E+17 1.05E+16 5.27E+15 3.52E+15 3.37E+15 2.64E+15 

100 5.86E+17 1.17E+16 5.86E+15 3.91E+15 3.74E+15 2.93E+15 

Note: Calculation of H fraction percentage is explained in chapter 4. 
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Appendix G30 Comparison plot of the RBS spectra gathered at 2 MeV initial ion energy with a sample tilt of 0° for the 
Dow Corning samples. 
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Appendix G31 Plot of energy calibration with respect to channel number for the Dow Coming samples based on RBS spectra 
gathered at initial ion energy of 2 MeV with a sample tilt of 0°. 
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Appendix G32 Comparison of oxygen concentration in the Dow Coming samples 
calculated using area and height of the peak obtained by ion beam analysis 
with 2 MeV ions at a sample tilt angle of 0°. 

Polymer 
# Atoms/cm^ 

Oxygen Arei 

Peak 

il Density usii 
Relative Erroi 

BG 

ig Peak Area 

Total 
Error 

Factor (*) 

#1174 1.35E+18 0.0139 0.0054 0.0150 2.02E+16 

#1175 1.37E+18 0.0097 0.0042 0.0105 1.44E+16 
#1176 1.12E+18 0.0097 0.0040 0.0105 1.18E+16 

#1177 1.07E+18 0.0129 0.0061 0.0142 1.52E+16 
#1178 1.22E+18 0.0153 0.0057 0.0164 2.01E+16 

#1179 1.15E+18 0.0130 0.0056 0.0142 1.63E+16 

Polymer 

# Atoms/cm^ 

Oxygen Area 

Peak 

Density usin 

Relative Erroi 

BG 

g Peak Heigh 

Total 

Error 

Factor (**) 

#1174 5.47E+16 0.0657 0.0315 0.0728 3.98E+15 

#1175 5.53E+16 0.0481 0.0224 0.0531 2.94E+15 

#1176 5.09E+16 0.0462 0.0221 0.0512 2.60E+15 

#1177 5.05E+16 0.0640 0.0324 0.0717 3.62E+15 

#1178 5.34E+16 0.0657 0.0328 0.0734 3.92E+15 
#1179 5.29E+16 0.0657 0.0327 0.0734 3.88E+15 

Note: 

"BG" stands for 

Background 

Sample 
# 

Diff 
Atom 

Area 

srence in Oxy 
s/cm^ 

Height 

gen Areal De 

% 
Difference 

ttsity 
Ratio 
Factor 

#1174 1.35E+18 5.47E+16 2364.90 24.65 

#1175 1.37E+18 5.53E+16 2380.79 24.81 
#1176 1.12E+18 5.09E+16 2100.80 22.01 
#1177 1.07E+18 5.05E+16 2023.77 21.24 
#1178 1.22E+18 5.34E+16 2193.17 22.93 
#1179 1.15E+18 5.29E+16 2076.02 21.76 

(•) Average Error Factor: I.63E+I6 Average % Difference: 2189.91 

(••) Average Error Factor: 3.49E+I5 Average Ratio Factor: 22.90 
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Appendix G33 Comparison plot of the hydrogen spectra obtained by elastic recoil detection at 2,8 MeV with a sample tilt of 75° 
for Dow Coming Sample #1174 as a function of number of initial ''He^^ ions in increments of 30,000 counts. 
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Appendix G34 Comparison plot of tlie hydrogen spectra obtained by elastic recoil detection at 2.8 MeV with a sample tilt of 75° 
for Dow Coming Sample #1175 as a function of number of initial ions in increments of 30,000 counts. 

vo VO 4  ̂



200 
Initial Energy (E^j): 2.8 MeV. 

Number of Counts per Set: 30,000 
Sample Tilt: 75° 

- 1st Set 

- 2nd Set 

• 3rd Set 

150-o 
U 

100-

50-

600 800 700 900 1000 1200 1100 

Scattered Energy (E^), keV. 

Appendix G35 Comparison plot of the hydrogen spectra obtained by elastic recoil detection at 2.8 MeV with a sample tilt of 75° 
for Dow Coming Sample #1176 as a function of number of initial ions in increments of 30,000 counts. 
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Appendix G36 Comparison plot of the hydrogen spectra obtained by elastic recoil detection at 2.8 MeV with a sample tilt of 75° 
for Dow Coming Sample #1177 as a function of number of initial ions in increments of 30,000 counts. 
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Appendix G37 Comparison plot of the hydrogen spectra obtained by elastic recoil detection at 2.8 MeV with a sample tilt of 75° 
for Dow Coming Sample #1178 as a function of number of initial ''He^^ ions in increments of 30,000 counts. 
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Appendix G38 Comparison plot of the hydrogen spectra obtained by elastic recoil detection at 2.8 MeV with a sample tilt of 75° 
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Appendix G39 Area and height of hydrogen peak for different Dow Coming samples measured by elastic recoil detection at 2.8 
MeV with a sample tilt of 75° and reported as a function of He^^ ion doses for periodic increments and 
cummulative amounts. 

Dosage ""He^^ Ion Cone. Hydrogen Peak Area in Sum of Counts 

Levels Counts Ions/cm^ #1174 #1175 #1176 #1177 #1178 #1179 Average Std. Dev. 

Periodic 30000 1.50E+15 4371 3826 5680 5244 4837 4532 4748.33 600.20 

Increments 30000 1.50E+15 3002 3029 3099 3583 3247 3550 3251.67 235.95 

30000 1.50E+15 2362 2497 2691 2691 2532 2783 2592.67 142.36 

Cumulative 30000 1.50E+15 4371 3826 5680 5244 4837 4432 4731.67 607.32 

60000 3.00E+15 7373 6855 8779 8827 8084 8582 8083.33 741.51 
90000 4.50E+15 9735 9352 11470 11518 10616 10865 10592.67 813.99 

Dosage 

Levels 

^He^' lo 

Counts 

n Cone. 

Ions/cm^ #1174 #1175 

Hyc 

#1176 

rogen Pej 

#1177 

ik Height 

#1178 

in Counts 

#1179 Average Std. Dev. 

Periodic 

Increments 

30000 1.50E+15 150 136 160 188 165 165 160.67 15.85 Periodic 

Increments 30000 1.50E+15 109 107 121 99 109 108 108.83 6.44 

Periodic 

Increments 

30000 1.50E+15 89 90 100 84 88 92 90.50 4.89 

Cumulative 30000 1.50E+15 150 136 160 188 165 165 160.67 15.85 Cumulative 

60000 3.00E+15 259 243 281 287 274 273 269.50 14.63 

Cumulative 

90000 4.50E+15 348 333 381 371 362 365 360.00 15.62 

VO VO VO 



Appendix G40 Hydrogen peak width and height/width aspect ratio for the Dow Coming samples analyzed in this study by 
elastic recoil detection at 2.8 MeV with a sample tilt of 75° and reported as a function of ''He^^ ion doses for 
periodic increments. 

Hydrogen 

Peak 

^He'" lo 

Counts 

n Cone. 

Ions/cm^ #1174 #1175 #1176 

Dow Cc 

#1177 

tming San 

#1178 

iple 

#1179 Average Std. Dev. 

Width 

in 

Channels 

30000 1.50E+15 31.30 30.12 30.73 33.13 29.52 31.93 31.12 1.19 Width 

in 

Channels 

30000 1.50E+15 28.92 29.52 33.13 35.54 30.12 30.72 31.33 2.31 

Width 

in 

Channels 30000 1.50E+15 27.71 27.71 31.33 29.52 31.93 31.32 29.92 1.73 

Width 

in 
keV. 

30000 1.50E+15 265.91 275.30 274.94 281.79 258.58 278.57 272.51 7.90 Width 

in 
keV. 

30000 1.50E+15 253.23 272.12 287.65 294.73 261.83 272.07 273.61 14.15 

Width 

in 
keV. 30000 1.50E+15 246.79 262.52 278.12 262.41 271.62 275.29 266.13 10.48 

Aspect 

Ratio 

'He^" lo 

Counts 

n Cone. 

Ions/cm^ #1174 #1175 #1176 

Dow C( 

#1177 

)ming San 

#1178 

nple 

#1179 Average Std. Dev. 

Counts 

Per 

Channel 

30000 1.50E+15 4.79 4.52 5.21 5.67 5.59 5.17 5.16 0.41 Counts 

Per 

Channel 

30000 1.50E+15 3.77 3.62 3.65 3.29 3.62 3.52 3.58 0.15 

Counts 

Per 

Channel 30000 1.50E+15 3.21 3.25 3.19 2.79 2.76 2.94 3.02 0.20 

Counts 

Per 
keV. 

30000 1.50E+15 0.56 0.49 0.58 0.67 0.64 0.59 0.59 0.06 Counts 

Per 
keV. 

30000 1.50E+15 0.43 0.39 0.42 0.34 0.42 0.40 0.40 0.03 
Counts 

Per 
keV. 30000 1.50E+15 0.36 0.34 0.36 0.32 0.32 0.33 0.34 0.02 
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Appendix G4l Comparison of the rates of radiation damage for Dow Coming samples 
based on the cumulative values for area and height of the hydrogen peak 

for a total ion dose of 4.5 x 10" ions/cm^. 

Dow Rate of Radiation Damage 

Coming Based on the Peak % Ratio 

Sample Area Height DLBference Factor 

#1174 2.16E-12 7.73E-14 2697.41 27.97 

#1175 2.08E-12 7.40E-14 2708.41 28.08 

#1176 2.55E-12 8.47E-14 2910.50 30.10 

#1177 2.56E-12 8.24E-14 3004.58 31.05 

# 1178 2.36E-12 8.04E-14 2832.60 29.33 
#1179 2.41E-12 8.11E-14 2876.71 29.77 

Note: 

Units of rate of radiation damage are 

1) Based on Peak Area: Sum Counts-cm^/Ion 

2) Based on Peak Height: Counts-cm^Aon 



Appendix G42 Calculation of hydrogen areal density per count for Dow Coming samples based on stoichiometry as well as areal 
density of oxygen measured at 2 MeV initial ion energy and sample tilt of 0°. 

Polymer 

Sample 

# 

Reported 

DC Film 

Thickness (|im.) 

Reported 

DC Film 

Formula 

Bas 

H/0 

Elemental Ratio 

ed on Stoichiom( 

H/Si 

;try 

0/Si 

DC #1174 0.38 Ho,44SiO| 78 0.2472 0.4400 1.7800 

DC #1175 0.38 Ho,43SiOi 78 0.2416 0.4300 1.7800 

DC #1176 0.38 Ho,6oSiOi 70 0.3529 0.6000 1.7000 

DC #1177 0.38 Ho.64SiOi 68 0.3810 0.6400 1.6800 

DC #1178 0.38 Ho.54SiO| 73 0.3121 0.5400 1.7300 

DC #1179 0.38 Ho.52SiOn4 0.2989 0.5200 1.7400 

Polymer Oxygen (Atoms/cm^) H (Atoms/cm^) 

Sample Measured at 2 MeV. and 0° Calculated using H/0 Ratio 

# Area Method Height Method Area Method Height Method 

DC #1174 1.35E+18 5.47E+16 3.34E+17 1.35E+16 

DC #1175 1.37E+18 5.53E+16 3.31E+17 1.34E+16 

DC #1176 1.12E+18 5.09E+16 3.95E+17 1.80E+16 

DC #1177 1.07E+18 5.05E+16 4.08E+17 1.92E+16 

DC #1178 1.22E+18 5.34E+16 3.81E+17 1.67E+16 

DC #1179 1.15E+18 5.29E+16 3.44E+17 1.58E+16 

N) 



Appendix G42 (cont.) 

Polymer 

Sample 

# 

Based on H 

30 K 

Hydrogen 

^eak Area Calci 

60 K 

Areal Density 

ilated as a Func 

90 K 

Per Count 

tion of # of Init: 

Average 

al •'He^'^ Ions 

Std. Dev. 

DC #1174 7.63E+13 4.53E+13 3.43E+13 5.20E+13 1.78E+13 

DC #1175 8.65E+13 4.83E+13 3.54E+13 5.67E+13 2.17E+13 

DC #1176 6.96E+13 4.50E+13 3.45E+13 4.97E+13 1.47E+13 

DC #1177 7.77E+13 4.62E+13 3.54E+13 5.31E+13 1.80E+13 

DC #1178 7.87E+13 4.71E+13 3.59E+13 5.39E+13 1.81E+13 

DC #1179 7.75E+13 4.00E+13 3.16E+13 4.97E+13 2.00E+13 

Polymer 

Sample 

# 

Based on H P 

30 K 

Hydrogen 

eak Height Calc 

60 K 

Areal Density 

,ulated as a Fun 

90 K 

Per Count 

ction of # of Ini 

Average 

ial •'He^'^ Ions 

Std. Dev. 

DC #1174 9.01E+13 5.22E+13 3.89E+13 6.04E+13 2.17E+13 

DC #1175 9.82E+13 5.50E+13 4.01E+13 6.44E+13 2.46E+13 

DC #1176 1.12E+14 6.39E+13 4.72E+13 7.45E+13 2.76E+13 

DC #1177 1.02E+14 6.70E+13 5.01E+13 7.32E+13 2.18E+13 

DC #1178 l.OlE+14 6.08E+13 4.60E+13 6.93E+13 2.32E+13 

DC #1179 9.58E+13 5.79E+13 4.33E+13 6.57E+13 2.21E+13 



Appendix G42 (cont.) 

Polymer 

Sample 

# 

Percent 

30 K 

Hydroger 

Difference Calcu 

60 K 

1 Areal Density F 

ated as a Functio 

90 K 

'er Count 

n of# of Initial 

Average 

^e^^ Ions 

Std. Dev. 

DC #1174 -15.31 -13.30 -11.78 -13.46 1.4453 

DC #1175 -11.94 -12.18 -11.79 -11.97 0.1620 

DC #1176 -38.02 -29.57 -26.91 -31.50 4.7355 

DC #1177 -24.04 -31.11 -29.36 -28.17 3.0065 

DC #1178 -22.07 -22.56 -22.09 -22.24 0.2282 

DC #1179 -19.07 -30.85 -26.97 -25.63 4.9016 

Polymer 

Sample 

# 

Ratio 

30 K 

Hydrogei 

Factor Calculate 

60 K 

1 Areal Density F 

d as a Function o 

90 K 

*er Count 

f # of Initial ''He^ 

Average 

Ions 

Std. Dev. 

DC #1174 0.8469 0.8670 0.8822 0.8654 0.0145 

DC #1175 0.8806 0.8782 0.8821 0.8803 0.0016 

DC #1176 0.6198 0.7043 0.7309 0.6850 0.0474 

DC #1177 0.7596 0.6889 0.7064 0.7183 0.0301 

DC #1178 0.7793 0.7744 0.7791 0.7776 0.0023 

DC #1179 0.8093 0.6915 0.7303 0.7437 0.0490 

Percent Difference = ((Area Method - Height Method)/Height Method) x 100 

Ratio Factor = Area Method/Height Method 



Appendix G42 (cont.) 

Technique used for Hydrogen Areal Density/Count as a Function of # of Initial ''He^'^ Ions 

Measurement of Based on 0 Areal Density Measured at 2 MeV. and 0° Sample Tilt 

Hydrogen Peak 30 K ^He Counts 60 K ^He Counts 90 K ^He Counts 

Counts Average Std. Dev. Average Std. Dev. Average Std. Dev. 

Area Method 7.77E+13 4.93E+12 4.53E+13 2.60E+12 3.45E+13 1.40E+12 

Height Method 1.00E+I4 6.77E+12 5.95E+I3 5.07E+I2 4.43E+I3 3.94E+12 

Note; MeV. are the energies of initial ""He^* ions used in IBA. 

° are degrees for the angle between the normal to the sample and the incident ""He^^ beam. 

Areal Density/count are obtained by dividing hydrogen areal density by either area or height of 

H peak from the spectra obtained by bombarding the sample with known number of''He^* ions. 



Appendix G43 Calculation of hydrogen areal density per count for Dow Coming samples based on the RUMP simulated film 
areal density and measured height of the hydrogen peak. 

Dow Coming 

Sample 

# 

Stiochiometric 

H Cone. 

Atomic % 

Simulated Film 

Area! Density 

Atoms/Cm^ 

Reported Film 

Thickness 

|im. 

Calculated Film 

Atomic Density 

Atoms/Cm^ 

Height of 

HPeak 

Counts 

Normalized 

Height of 

HPeak 

#1174 13.67 1.80E+18 0.38 4.74E+22 150.00 0.1604 

#1175 13.40 1.80E+18 0.38 4.74E+22 136.00 0.1455 

#1176 18.18 1.80E+18 0.38 4.74E+22 160.00 0.1711 

#1177 19.28 1.80E+18 0.38 4.74E+22 188.00 0.2011 

#1178 16.51 1.80E+18 0.38 4.74E+22 165.00 0.1765 

#1179 15.95 1.80E+18 0.38 4.74E+22 165.00 0.1765 

Dow Coming 

Sample 

# 

Hydrogen 

Cone, in Film 

Atoms/Cm^ 

Hydrogen 

Peak Width 

Ewidih (keV.) 

Average 

Peak Width 

Eav. Width (keV.) 

Hydrogen 

Areal Density 

Atoms/Cm^ 

Hydrogen 

Peak Area 

Counts 

Hydrogen 

Atoms/Cm^ 

Per Count 

#1174 7.60E+21 265.09 272.12 2.81E+17 4371 6.44E+13 

#1175 6.89E+21 275.14 272.12 2.65E+17 3826 6.92E+13 

#1176 8.11E+21 275.07 272.12 3.11E+17 5680 5.48E+13 

#1177 9.52E+21 279.59 272.12 3.72E+17 5244 7.09E+13 

#1178 8.36E+21 258.21 272.12 3.01E+17 4837 6.23E+13 

#1179 8.36E+21 279.62 272.12 3.26E+17 4532 7.20E+13 

Hydrogen Atoms/Cm ^ Per Count 
Average: 6.56E+13 

Std. Dev.: 5.93E+12 
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Appendix G44 Comparison plot of the RBS spectra gathered at 2 MeV initial ion energy with a sample tilt of 0° for the 
Olin Ciba Geigy samples. 
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Appendix G45 Comparison plot of the RBS spectra gathered at 2 MeV Initial ion energy with a sample tilt of 75° for the 
Olin Ciba Geigy samples. 
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Appendix G46 Comparison plot of carbon NRA spectra gathered at 4.315 MeV initial ion energy with a sample tilt of 75° 
for the Olin Ciba Geigy samples. 
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Appendix G47 Comparison plot of oxygen NRA spectra gathered at 3.05 MeV initial ""He^^ ion energy with a sample tilt of 75° 
for the Olin Ciba Geigy samples. 
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Appendix G48 Plot of energy calibration with respect to channel number for the Olin Ciba Geigy (OCG) samples based on RBS 
spectra gathered at initial "'He^^ ion energy of 2.0 MeV, 3.05 MeV and 4.315 MeV with a sample tilt of 0°. 
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Appendix G49 Comparison of carbon concentration in the Olin Ciba Geigy samples 
calculated using area and height of the peak obtained by ion beam analysis 
with 2 MeV ''He^^ ions at a sample tilt angle of 0°. 

Carbon Areal Density using Peak Area 

OCG Relative Error Error 
Sample Atoms/cm^ Peak BG Total Factor (*) 
0.5KA 6.39E+17 0.0237 0.0076 0.0249 1.59E+16 

I K A  6.88E+17 0.0257 0.0085 0.0271 1.87E+16 
2 K A  7.02E+17 0.0131 0.0040 0.0137 9.62E+15 

3 K A  7.93E+17 0.0098 0.0032 0.0103 8.17E+15 

OCG 
Sample Atoms/cm^ 

Carbon Area] 

Peak 

Density usin 

Relative Erroi 
BG 

g Peak Height 

r 
Total 

Error 
Factor (**) 

0.5KA 2.19E+16 0.0756 0.0313 0.0818 1.79E+15 
I K A  3.18E+16 0.0839 0.0306 0.0893 2.84E+15 
2 K A  4.37E+16 0.0565 0.0217 0.0605 2.64E+15 
3 K A  4.77E+16 0.0417 0.0174 0.0452 2.16E+15 

Note: 

"BG" stands for 

Background 

OCG 
Sample 

Diff 
Atom 

Area 

erence in Car 
s/cm^ 

Height 

)on Areal Dei 

% 
Difference 

isity 

Ratio 
Factor 

Note: 

"BG" stands for 

Background 

0.5KA 6.39E+17 2.19E+16 2815.46 29.15 Note: 

"BG" stands for 

Background 

I K A  6.88E+17 3.18E+16 2064.49 21.64 

Note: 

"BG" stands for 

Background 2K A 7.02E+17 4.37E+16 1507.36 16.07 

Note: 

"BG" stands for 

Background 

3 K A  7.93E+17 4.77E+16 1562.66 16.63 

Note: 

"BG" stands for 

Background 

(•) Average Error Factor: L31E+I6 Average % Difference: 1987.49 

(••) Average Error Factor: 2.36E+I5 Average Ratio Factor: 20.87 
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Appendix G50 Comparison of carbon concentration in the Olin Ciba Geigy samples 
calculated using area and height of the peak obtained by ion be^ analysis 
with 2 MeV '*He^^ ions at a sample tilt angle of 75°. 

Carbon Areal Density using Peak Area 

OCG Relative Error Error 
Sample Atoms/cm^ Peak BG Total Factor (*) 
0.5KA 1.44E+17 0.0131 0.0045 0.0138 1.99E+15 

IK A 3.65E+17 0.0140 0.0037 0.0145 5.30E+15 

2K A 5.76E+17 0.0131 0.0046 0.0139 8.01E+15 

3K A 7.19E+17 0.0134 0.0041 0.0140 l.OlE+16 

OCG 
Sample Atoms/cm^ 

Carbon Areal 

Peak 

Density usin] 
Relative Erroi 

BG 

g Peak Height 

Total 
Error 

Factor (**) 
0.5KA 1.24E+16 0.0556 0.0220 0.0599 7.41E+14 
IK A 1.47E+16 0.0513 0.0212 0.0555 8.17E+14 

2K A 3.03 E+16 0.0617 0.0212 0.0652 1.98E+15 
3K A 3.95E+16 0.0557 0.0214 0.0597 2.36E+15 

Note: 

"BG" stands for 

Background 

OCG 
Sample 

Diff 
Atom 

Area 

erence in Car 
s/cm^ 

Height 

)on Areal Dei 

% 
Difference 

isity 
Ratio 
Factor 

Note: 

"BG" stands for 

Background 

0.5KA 1.44E+17 1.24E+16 1064.65 11.65 Note: 

"BG" stands for 

Background 

IK A 2.65E+17 1.47E+16 1703.86 18.04 

Note: 

"BG" stands for 

Background 2K A 5.76E+17 3.03E+16 1799.64 19.00 

Note: 

"BG" stands for 

Background 

3K A 7.19E+17 3.95E+16 1718.41 18.18 

Note: 

"BG" stands for 

Background 

(•) Average Error Factor: 6.34E+I5 Average % Difference: 1571.64 

(*•) Average Error Factor: I.47E+I5 Average Ratio Factor: 16.72 
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Appendix G51 Comparison of carbon concentration in the Olin Ciba Geigy samples 
calculated using peak area obtained by ion beam analysis with 2 MeV '*He^^ 
ions at a sample tilt angles of 0° and 75°. 

Carbon Areal Density at 0° 

OCG Relative Error Error 
Sample Atoms/cm^ Peak BG Total Factor (*) 

0.5K A 6.39E+17 0.0237 0.0076 0.0249 1.59E+16 

IK A 6.88E+17 0.0257 0.0085 0.0271 1.87E+16 

2K A 7.02E+17 0.0131 0.0040 0.0137 9.62E+15 

3K A 7.93E+17 0.0098 0.0032 0.0103 8.17E+15 

OCG 
Sample Atoms/cm" 

Carbon 

Peak 

Areal Densit 
Relative Erroi 

BG 

y at 75° 
r 

Total 
Error 

Factor (**) 
0.5K A 1.44E+17 0.0131 0.0045 0.0138 1.99E+15 

IK A 3.65E+17 0.0140 0.0037 0.0145 5.30E+15 

2 K A  5.76E+17 0.0131 0.0046 0.0139 8.01E+15 

3K A 7.19E+17 0.0134 0.0041 0.0140 l.OlE+16 

Note: 

"BG" stands for 

Background 

OCG 
Sample 

DifT 
Atom 

0° 

erence in Car 
s/cm^ 

75° 

)on Areal Dei 

% 
Difference 

isily 

Ratio 
Factor 

Note: 

"BG" stands for 

Background 

0.5K A 6.39E+17 1.44E+17 343.72 4.44 Note: 

"BG" stands for 

Background 

IK A 6.88E+17 3.65E+17 88.33 1.88 
Note: 

"BG" stands for 

Background 2K A 7.02E+17 5.76E+17 21.89 1.22 

Note: 

"BG" stands for 

Background 

3K A 7.93E+17 7.19E+17 10.34 1.10 

Note: 

"BG" stands for 

Background 

(*) Average Error Factor: I.3IE+I6 Average % Difference: 116.07 

(**) Average Error Factor: 6.34E+I5 Average Ratio Factor; 2.16 
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Appendix G52 Comparison of carbon concentration in the Olin Ciba Geigy samples 
calculated using peak height obtained by ion beam analysis with 2 MeV 

ions at a sample tilt angles of 0° and 75°. 

Carbon Areal Density at 0° 

OCG Relative Error Error 
Sample Atoms/cm^ Peak BG Total Factor (*) 
0.5K A 2.19E+16 0.0756 0.0313 0.0818 1.79E+15 

IK A 3.18E+16 0.0839 0.0306 0.0893 2.84E+15 

2 K A  4.37E+16 0.0565 0.0217 0.0605 2.64E+15 

3K A 4.77E+16 0.0417 0.0174 0.0452 2.16E+15 

OCG 
Sample Atoms/cm^ 

Carbon 

Peak 

Areal Densit 
Relative Erroi 

BG 

Y at 75° 

r 
Total 

Error 
Factor (**) 

0.5K A 1.24E+16 0.0556 0.0220 0.0599 7.41E+14 
IK A 1.47E+16 0.0513 0.0212 0.0555 8.17E+14 

2K A 3.03E+16 0.0617 0.0212 0.0652 1.98E+15 

3K A 3.95E+16 0.0557 0.0214 0.0597 2.36E+15 

Note: 

"BG" stands for 

Background 

OCG 
Sample 

Diff 
Atom 

0° 

erence in Car 
s/cm^ 

75° 

Don Areal Dei 
% 

Difference 

isity 

Ratio 
Factor 

Note: 

"BG" stands for 

Background 

0.5K A 2.19E+16 1.24E+16 77.26 1.77 Note: 

"BG" stands for 

Background 

IK A 3.18E+16 1.47E+16 116.09 2.16 
Note: 

"BG" stands for 

Background 2K A 4.37E+16 3.03E+16 44.05 1.44 

Note: 

"BG" stands for 

Background 

3K A 4.77E+16 3.95E+16 20.68 1.21 

Note: 

"BG" stands for 

Background 

(») Average Error Factor; 2.36E+I5 Average % Difference: 64.52 

(**) Average Error Factor: I.47E+15 Average Ratio Factor: 1.65 
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Appendix G53 Comparison of carbon concentration in the Olin Ciba Geigy samples 
calculated using area and height of the peak obtained by ion be^ analysis 
with 4.315 MeV ions at a sample tilt angle of 75°. 

Carbon Areal Density using Peak Areas 

OCG Relative Error Error 
Sample Atoms/cm^ Peak BG Total Factor (*) 
0.5KA 8.17E+17 0.0081 0.0122 0.0146 1.19E+16 

IK A 9.76E+17 0.0056 0.0104 0.0118 1.15E+16 

2K A 1.29E+18 0.0030 0.0076 0.0082 1.06E+16 

3K A 2.62E+18 0.0029 0.0069 0.0074 1.94E+16 

Carbon Areal Density using Peak Heights 
OCG Relative Error Error 

Sample Atoms/cm^ Peak BG Total Factor (**) 
0.5KA 6.51E+16 0.0277 0.0655 0.0711 4.63E+15 

IK A 8.03E+16 0.0239 0.0643 0.0686 5.51E+15 

2K A 8.56E+16 0.0159 0.0632 0.0652 5.58E+15 
3K A 1.42E+17 0.0157 0.0636 0.0655 9.29E+15 

OCG 
Sample 

DifE 
Atom 

Area 

erence in Car 
s/cm" 

Height 

jon Areal Dei 
% 

Difference 

isity 
Ratio 
Factor 

0.5KA 8.17E+17 6.51E+16 1153.88 12.54 
IK A 9.76E+17 8.03 E+16 1115.96 12.16 
2K A 1.29E+18 8.56E+16 1409.00 15.09 

3 K A  2.62E+18 1.42E+17 1749.25 18.49 

Note: 

"BG" stands for 

Background 

(•) Average Error Factor: L34E+16 Average % Difference: 1357.02 

(••) Average Error Factor; 6.25E+I5 Average Ratio Factor; 14.57 
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Appendix G54 Comparison of carbon concentration in the Olin Ciba Geigy samples 
calculated using peak area obtained by ion beam analysis with 4.315 MeV 
and 2.0 MeV '*He^^ ions at a sample tilt angle of 75°. 

Carbon Areal Density at 4.315 MeV. 
OCG Relative Error Error 

Sample Atoms/cm^ Peak BG Total Factor (*) 
0.5K A 8.17E+17 0.0081 0.0122 0.0146 1.19E+16 

IK A 9.76E+17 0.0056 0.0104 0.0118 1.15E+16 

2K A 1.29E+18 0.0030 0.0076 0.0082 1.06E+16 

3K A 2.62E+18 0.0029 0.0069 0.0074 1.94E+16 

OCG 
Sample Atoms/cm^ 

Carbon A 

Peak 

jeal Density 
Relative Erroi 

BG 

it 2 MeV. 

Total 
Error 

Factor (**) 

0.5K A 1.44E+17 0.0131 0.0045 0.0138 1.99E+15 

IK A 3.65E+17 0.0140 0.0037 0.0145 5.30E+15 

2 K A  5.76E+17 0.0131 0.0046 0.0139 8.01E+15 
3K A 7.19E+17 0.0134 0.0041 0.0140 l.OlE+16 

Note: 

"BG" stands for 

Background 

OCG 
Sample 

Diff 
Atom 

4.315 MeV. 

erence in Car 

s/cm^ 
2 MeV. 

)on Areal Dei 

% 
Difference 

isity 
Ratio 
Factor 

Note: 

"BG" stands for 

Background 

0.5K A 8.17E+17 1.44E+17 466.86 5.67 Note: 

"BG" stands for 

Background 

IK A 9.76E+17 3.65E+17 167.13 2.67 
Note: 

"BG" stands for 

Background 2K A 1.29E+18 5.76E+17 124.17 2.24 

Note: 

"BG" stands for 

Background 

3K A 2.62E+18 7.19E+17 264.88 3.65 

Note: 

"BG" stands for 

Background 

(•) Average Error Factor; I.34E+16 Average % Difference: 255.76 

(**) Average Error Factor: 6.34E+15 Average Ratio Factor: 3.56 
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Appendix G55 Comparison of carbon concentration in the Olin Ciba Geigy samples 
calculated using peak height obtained by ion beam analysis with 4.315 
MeV and 2.0 MeV ions at a sample tilt angle of 75°. 

Carbon Areal Density at 4.315 MeV. 
OCG Relative Error Error 

Sample Atoms/cm^ Peak BG Total Factor (*) 
0.5K A 6.51E+16 0.0277 0.0655 0.0711 4.63E+15 
IK A 8.03E+16 0.0239 0.0643 0.0686 5.51E+15 
2K A 8.56E+16 0.0159 0.0632 0.0652 5.58E+15 
3K A 1.42E+17 0.0157 0.0636 0.0655 9.29E+15 

OCG 
Sample Atoms/cm^ 

Carbon A 

Peak 

jeal Density 
Relative Erroi 

BG 

at 2 MeV. 
r 

Total 
Error 

Factor (**) 
0.5K A 1.24E+16 0.0556 0.0220 0.0599 7.41E+14 
IK A 1.47E+16 0.0513 0.0212 0.0555 8.17E+14 
2K A 3.03E+16 0.0617 0.0212 0.0652 1.98E+15 
3K A 3.95E+16 0.0557 0.0214 0.0597 2.36E+15 

Note: 

"BG" stands for 

Background 

OCG 
Sample 

Diff 
Atom 

4.315 MeV. 

erence in Car 
s/cm" 

2 MeV. 

)on Areal Dei 
% 

Difference 

isity 
Ratio 
Factor 

Note: 

"BG" stands for 

Background 

0.5K A 6.51E+16 1.24E+16 426.52 5.27 Note: 

"BG" stands for 

Background 

IK A 8.03E+16 1.47E+16 445.60 5.46 
Note: 

"BG" stands for 

Background 2KA 8.56E+16 3.03E+16 182.21 2.82 

Note: 

"BG" stands for 

Background 

3K A 1.42E+17 3.95E+16 258.80 3.59 

Note: 

"BG" stands for 

Background 

(•) Average Error Factor: 6.25E+I5 Average % Difference: 328.28 

(*•) Average Error Factor 1.47E+I5 Average Ratio Factor: 4.28 
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Appendix G56 Comparison of carbon concentration in the Olin Ciba Geigy samples 
calculated using peak area obtained by ion beam analysis with 4.315 MeV 
and 2.0 MeV ions at a sample tilt angle of 75° and 0° respectively. 

Carbon Areal Density at 4.315 MeV./75' 3 

OCG Relative Error Error 
Sample Atoms/cm^ Peak BG Total Factor (*) 
0.5K A 8.17E+17 0.0081 0.0122 0.0146 1.19E+16 
IK A 9.76E+17 0.0056 0.0104 0.0118 1.15E+16 
2K A 1.29E+18 0.0030 0.0076 0.0082 1.06E+16 
3K A 2.62E+18 0.0029 0.0069 0.0074 1.94E+16 

OCG 
Sample Atoms/cm^ 

Carbon Art 

Peak 

3al Density at 
Relative Erroi 

BG 

2 MeV./0° 
r 

Total 
Error 

Factor (**) 
0.5K A 6.39E+17 0.0237 0.0076 0.0249 1.59E+16 
IK A 6.88E+17 0.0257 0.0085 0.0271 1.87E+16 
2K A 7.02E+17 0.0131 0.0040 0.0137 9.62E+15 
3K A 7.93 E+17 0.0098 0.0032 0.0103 8.17E+15 

Note: 

"BG" stands for 

Background 

OCG 
Sample 

Diff 
Atom 

4.315/75° 

erence in Car 
s/cm^ 

2/0° 

3on Areal Dei 
% 

Difference 

isity 
Ratio 
Factor 

Note: 

"BG" stands for 

Background 

0.5K A 8.17E+17 6.39E+17 27.75 1.28 Note: 

"BG" stands for 

Background 

IK A 9.76E+17 6.88E+17 41.84 1.42 
Note: 

"BG" stands for 

Background 2K A 1.29E+18 7.02E+17 83.92 1.84 

Note: 

"BG" stands for 

Background 

3K A 2.62E+18 7.93E+17 230.69 3.31 

Note: 

"BG" stands for 

Background 

(•) Average Error Factor; I.34E+I6 Average % Difference; 96.05 

(•») Average Error Factor. 1.3IE+16 Average Ratio Factor; 1.96 
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Appendix G57 Comparison of carbon concentration in the Olin Ciba Geigy samples 
calculated using peak height obtained by ion beam analysis with 4.315 
MeV and 2.0 MeV "^He ions at a sample tilt angle of 75° and CF 
respectively. 

Carbon Areal Density at 4.315 MeV./75' 3 

OCG Relative Error Error 
Sample Atoms/cm^ Peak BG Total Factor (*) 
0.5K A 6.51E+16 0.0277 0.0655 0.0711 4.63E+15 
IK A 8.03E+16 0.0239 0.0643 0.0686 5.51E+15 
2KA 8.56E+16 0.0159 0.0632 0.0652 5.58E+15 
3K A 1.42E+17 0.0157 0.0636 0.0655 9.29E+15 

OCG 
Sample Atoms/cm^ 

Carbon Ar( 

Peak 

sal Density at 
Relative Erroi 

BG 

2 MeV./0° 
r 

Total 
Error 

Factor (**) 
0.5KA 2.19E+16 0.0756 0.0313 0.0818 1.79E+15 
IK A 3.18E+16 0.0839 0.0306 0.0893 2.84E+15 
2K A 4.37E+16 0.0565 0.0217 0.0605 2.64E+15 
3K A 4.77E+16 0.0417 0.0174 0.0452 2.16E+15 

Note: 

"BG" stands for 

Background 

OCG 
Sample 

Diff 
Atom 

4.315/75° 

erence in Car 
s/cm^ 

2/0° 

)on Areal Dei 
% 

Difference 

isity 
Ratio 
Factor 

Note: 

"BG" stands for 

Background 

0.5K A 6.51E+16 2.19E+16 197.04 2.97 Note: 

"BG" stands for 

Background 

IK A 8.03E+16 3.18E+16 152.49 2.52 
Note: 

"BG" stands for 

Background 2K A 8.56E+16 4.37E+16 95.91 1.96 

Note: 

"BG" stands for 

Background 

3K A 1.42E+17 4.77E+16 197.32 2.97 

Note: 

"BG" stands for 

Background 

(•) Average Error Factor: 6.25E+/5 Average % Difference: 160.69 

(••) Average Error Factor: 2.36E+15 Average Ratio Factor: 2.61 
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Appendix G58 Comparison of oxygen concentration in the Olin Ciba Geigy samples 
calculated using area and height of the peak obtained by ion be^ analysis 
with 3.05 MeV ions at a sample tilt angle of 75°. 

Oxygen Areal Density using Peak Area 
OCG Relative Error Error 

Sample Atoms/cm^ Peak BG Total Factor (*) 
0.5KA 3.16E+16 0.0159 0.0086 0.0181 5.72E+14 
IK A 3.62E+16 0.0159 0.0080 0.0178 6.43E+14 
2K A 3.94E+16 0.0171 0.0082 0.0189 7.45E+14 
3K A 3.98E+16 0.0188 0.0095 0.0211 8.39E+14 

OCG 
Sample Atoms/cm^ 

Oxygen Area 

Peak 

Density usin 
Relative Erroi 

BG 

g Peak Heigh 

Total 
Error 

Factor (**) 
0.5K A 3.64E+15 0.0503 0.0481 0.0696 2.53E+14 
IK A 3.76E+15 0.0518 0.0481 0.0707 2.66E+14 
2K A 3.97E+15 0.0538 0.0479 0.0720 2.86E+14 
3K A 4.01E+15 0.0529 0.0485 0.0717 2.88E+14 

Difference in Oxygen Areal Density 
OCG Atoms/cm^ % Ratio 

Sample Area Height Difference Factor 
0.5K A 3.16E+16 3.64E+15 769.28 8.69 
IK A 3.62E+16 3.76E+15 860.21 9.60 
2K A 3.94E+16 3.97E+15 893.30 9.93 
3K A 3.98E+16 4.01E+15 891.55 9.92 

Note: 

"BG" stands for 

Background 

(*) Average Error Factor; 7.00E+J4 Average % Difference: 853.58 

(•*) Average Error Factor: 2.73E+14 Average Ratio Factor: 9.54 



Appendix G59 Calculation of normalized carbon, oxygen and hydrogen areal densities for Olin Ciba Geigy (OCG) samples 
obtained using either peak area or height measured by ion beam techniques using 50,000 counts of 2 MeV, 3.05 
MeV and 4.315 MeV initial ""He^^ ions with sample tilt of 0° or 75°. 

Polymer 
Sample 

# 

Reported 
OCG Film 

Thickness (A) 

Reported 
OCG Film 

Formula 
Ba5 

H/C 

Elemental Ratio 
ed on Stoichiom( 

H/0 
;try 

C/O 

OCG 0.5K 0.5K C35H24N2O5 0.6857 4.8000 7.0000 

OCG IK IK C35H24N2O5 0.6857 4.8000 7.0000 

OCG 2K 2K C35H24N20j 0.6857 4.8000 7.0000 

OCG 3K 3K C35H24N2O5 0.6857 4.8000 7.0000 

Polymer 
Sample 

# 
Measured at ^ 

Area Method 

( 
MeV. and 0° 
Height Method 

Darbon Areal Der 
Measured at 2 

Area Method 

isity (Atoms/cm^ 
MeV. and 75° 
Height Method 

) 

Measured at 4.3 
Area Method 

5 MeV. and 75° 
Height Method 

OCG 0.5K 6.39E+I7 2.19E+I6 1.44E+17 1.24E+16 8.17E+17 6.51E+16 
OCG IK 6.88E+17 3.18E+16 2.65E+17 1.47E+16 9.76E+17 8.03E+16 
OCG 2K 7.02E+17 4.37E+16 5.76E+17 3.03E+16 1.29E+18 8.56E+16 
OCG 3K 7.93E+17 4.77E+16 7.19E+17 3.95E+16 2.62E+18 1.42E+17 

Polymer 
Sample 

# 

Nor 
Measured at 

Area Method 

malized Carbon 
MeV. and 0° 

Height Method 

\real Density w.r 
Measured at 2 

Area Method 

.t. Areal Density 
MeV. and 75° 
Height Method 

for OCG IK Sar 
Measured at 4.3 

Area Method 

nple 
5 MeV. and 75° 

Height Method 
OCG 0.5K 0.93 0.69 0.54 0.84 0.84 0.81 
OCG IK 1.00 1.00 1.00 1.00 1.00 1.00 
OCG 2K 1.02 1.37 2.17 2.06 1.32 1.07 
OCG 3K 1.15 1.50 2.71 2.69 2.68 1.77 



Appendix G59 (cont.) 

Polymer 
Sample 

# 
Measured at ^ 

Area Method 

Hydrogen Areal 
MeV. and 0° 
Height Method 

Density (AtomsA 
Measured at 2 

Area Method 

:m^) - Calculated 
MeV. and 75° 
Height Method 

using H/C Ratio 
Measured at 4.3 

Area Method 
5 MeV. and 75° 
Height Method 

OCG 0.5K 4.38E+17 1.50E+16 9.87E+16 8.50E+15 5.60E+17 4.46E+16 
OCG IK 4.72E+17 2.18E+16 1.82E+17 l.OlE+16 6.69E+17 5.51E+16 
OCG 2K 4.81E+17 3.00E+16 3.95E+17 2.08E+16 8.85E+17 5.87E+16 
OCG 3K 5.44E+17 3.27E+16 4.93E+17 2.71E+16 1.80E+18 9.74E+16 

Polymer 
Sample 

# 

Normalized Hyd 
Measured at ^ 

Area Method 

rogen Areal Den 
MeV. and 0° 
Height Method 

sity w.r.t. Areal I 
Measured at 2 

Area Method 

Density for OCG 
MeV. and 75° 
Height Method 

IK Sample - Bas 
Measured at 4.3 

Area Method 

ed on H/C Ratio 
5 MeV. and 75° 
Height Method 

OCG 0.5K 0.93 0.69 0.54 0.84 0.84 0.81 
OCG IK 1.00 1.00 1.00 1.00 1.00 1.00 
OCG 2K 1.02 1.37 2.17 2.06 1.32 1.07 
OCG 3K 1.15 1.50 2.71 2.69 2.68 1.77 



Appendix G59 (cont.) 

Polymer 
Sample 

# 

Oxygen (i^ 
Measured at 3.0 
Area Method 

itoms/cm^) 
5 MeV. and 75° 
Height Method 

Normalized 0 
w.r.t. OCG 

Area Method 

Areal Density 
IK Sample 
Height Method 

OCG 0.5K 3.16E+16 3.64E+15 0.87 0.97 

OCG IK 3.62E+16 3.76E+15 1.00 1.00 
OCG 2K 3.94E+16 3.97E+15 1.09 1.06 

OCG 3K 3.98E+16 4.01E+15 1.10 1.07 

Polymer 
Sample 

# 

Hydrogen ( 
Calculated us 

Area Method 

Atoms/cm^) 
ng H/0 Ratio 
Height Method 

Normalized H 
w.r.t. OCG 

Area Method 

Areal Density 
IK Sample 
Height Method 

OCG 0.5K 1.52E+17 1.75E+16 0.87 0.97 
OCG IK 1.74E+17 1.80E+16 1.00 1.00 
OCG 2K 1.89E+17 1.91E+16 1.09 1.06 
OCG 3K 1.91E+17 1.92E+16 1.10 1.07 

Note: MeV. are the energies of initial ^He^^ ions used in IBA analysis. 
Sample tilt with respect to incident ''He^"^ beam is given as an 
angle in 
Areal Density/count are obtained by dividing the above calculated 
hydrogen areal density by either area or height of H peak from the 
spectra obtained by bombarding the sample with known number 
of ^He^^ ions. 
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Appendix G60 Comparison plot of the hydrogen spectra obtained by elastic recoil detection at 2.8 MeV with a sample tilt of 75° 
for 0.5K A Olin Ciba Geigy sample as a function of number of initial ions in increments of 30,000 counts. 
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Appendix G61 Comparison plot of the hydrogen spectra obtained by elastic recoil detection at 2.8 MeV with a sample tilt of 75° 
for IK A Olin Ciba Geigy sample as a function of number of initial "He^^ ions in increments of 30,000 counts. 
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Appendix G62 Comparison plot of the hydrogen spectra obtained by elastic recoil detection at 2.8 MeV with a sample tilt of 75° 
for 2K A Olin Ciba Geigy sample as a function of number of initial ions in increments of 30,000 counts. 
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Appendix G63 Comparison plot of the hydrogen spectra obtained by elastic recoil detection at 2.8 MeV with a sample tilt of 75° 
for 3K A Olin Ciba Geigy sample as a function of number of initial ''He^^ ions in increments of 30,000 counts. 



Appendix G64 Area and iieight of liydrogen peak for different Olin Ciba Geigy samples measured by elastic recoil detection at 
2.8 MeV with a sample tilt of 75° and reported as a function of "'He^^ ion doses for periodic increments and 
cummulative amounts. 

Dosage ^He^" Ion Cone. H Peak Area in Sum of Counts 

Levels Counts Ions/Cm^ 0.5K A IK A 2K A 3KA Average Std, Dev. 

Periodic 30000 1.50E+15 2036 3790 8402 11950 6544.50 3891.77 
Increments 30000 1.50E+15 193 3715 8310 11855 6018.25 4431.66 

30000 1.50E+15 38 3645 8387 11798 5967.00 4483.35 
310000 1.55E+16 20 3565 7799 11404 5697.00 4294.24 

Cumulative 30000 1.50E+15 2036 3790 8402 11950 6544.50 3891.77 
60000 3.00E+15 2229 7505 16712 23805 12562.75 8306.20 

90000 4.50E+I5 2267 11150 25099 35603 18529.75 12782.69 
400000 2.00E+16 2287 14715 32898 47007 24226.75 17073.05 

Dosage Ion Cone. H Peak Height in Counts 

Levels Counts Ions/Cm^ 0.5K A IK A 2K A 3K A Average Std. Dev. 
Periodic 30000 1.50E+15 138 241 385 447 302.75 120.96 

Increments 30000 1.50E+15 15 231 360 428 258.50 157.39 
30000 1.50E+15 4 227 355 418 251.00 158.34 
310000 I.55E+16 3 225 338 403 242.25 152.11 

Cumulative 30000 1.50E+15 138 241 385 447 302.75 120.96 
60000 3.00E+15 153 472 745 875 561.25 276.96 
90000 4.50E+15 157 699 1100 1293 812.25 434.77 
400000 2.00E+16 160 924 1438 1696 1054.50 586.46 



Appendix G65 Hydrogen peak width and height/width aspect ratio for the Olin Ciba Geigy samples analyzed in this study by 
elastic recoil detection at 2.8 MeV with a sample tilt of 75° and reported as a function of ion doses for 
periodic increments. 

Hydrogen ""He^^ Ion Cone. OCG Sample 

Peak Counts Ions/Cm^ 0.5K A IK A 2K A 3K A Average Std. Dev. 
Width 30000 1.50E+15 14.55 15.66 21.08 28.32 19.90 5.45 

in 30000 1.50E+15 8.03 15.06 21.69 27.11 17.97 7.15 

Channels 30000 1.50E+15 5.6 15.66 22.29 28.92 18.12 8.61 
310000 1.55E+16 3.25 14.46 22.3 28.92 17.23 9.56 

Width 30000 1.50E+15 183.69 200.77 202.84 277.06 216.09 35.98 
in 30000 1.50E+15 149.24 197.64 206.16 270.71 205.94 43.24 

keV. 30000 1.50E+15 136.40 200.77 209.43 280.20 206.70 50.96 
310000 1.55E+16 123.99 194.50 209.48 280.20 202.04 55.48 

Aspect "•He^^ Ion Cone. OCG Sample 
Ratio Counts Ions/Cm^ 0.5K A IK A 2K A 3K A Average Std. Dev. 

Counts 30000 1.50E+15 9.48 15.39 18.26 15.78 14.73 3.22 
Per 30000 1.50E+15 1.87 15.34 16.60 15.79 12.40 6.10 

Channel 30000 1.50E+15 0.71 14.50 15.93 14.45 11.40 6.20 
310000 1.55E+16 0.92 15.56 15.16 13.93 11.39 6.07 

Counts 30000 1.50E+15 0.75 1.20 1.90 1.61 1.37 0.43 
Per 30000 1.50E+15 0.10 1.17 1.75 1.58 1.15 0.64 

keV. 30000 1.50E+15 0.03 1.13 1.70 1.49 1.09 0.64 
310000 1.55E+16 0.02 1.16 1.61 1.44 1.06 0.62 
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Appendix G66 Comparison of the rates of radiation damage for Olin Ciba Geigy samples 
based on the cumulative values for area and height of the hydrogen peak 
for a total "'He^* ion dose of 2.0 x 10'^ ions/cm^. 

Rate of Radiation Damage 
OCG Based on the Peak % Ratio 

Sample Area Height Difference Factor 
0.5K A 1.14E-13 8.00E-15 1329.38 14.29 
IK A 7.36E-13 4.62E-14 1492.53 15.93 
2K A 1.64E-12 7.19E-14 2187.76 22.88 
3K A 2.35E-12 8.48E-14 2671.64 27.72 

Note: 

Units of rate of radiation damage are 

1) Based on Peak Area: Sum Counts-cm^/Ion 

2) Based on Peak Height: Counts-cm^/Ion 



Appendix G67 Calculation of hydrogen areal density per count for Olin Ciba Geigy (OCG) samples based on stoichiometry 
well as areal density of carbon and oxygen measured at 2 MeV, 3.05 MeV and 4.315 MeV initial i 
energy and sample tilt of 0° or 75°. 

Polymer 
Sample 

# 

Reported 
OCG Film 

Thickness (A) 

Reported 
OCG Film 

Formula 
Bai 

H/C 

Elemental Ratio 
ed on Stoichiom< 

H/0 
;try 

C/0 
OCG 0.5K 0.5K C35H24N2O5 0.6857 4.8000 7.0000 

OCG IK IK C35H24N2O5 0.6857 4.8000 7.0000 

OCG 2K 2K C35H24N2O5 0.6857 4.8000 7.0000 

0CG3K 3K C35H24N2O5 0.6857 4.8000 7.0000 

Polymer 
Sample 

# 
Measured at ^ 

Area Method 

( 
MeV. and 0° 
Height Method 

iilarbon Areal Der 
Measured at 2 

Area Method 

isity (Atoms/cm^ 
MeV. and 75° 
Height Method 

) 
Measured at 4.3 

Area Method 
5 MeV. and 75° 
Height Method 

OCG 0.5K 6.39E+17 2.19E+16 1.44E+17 1.24E+16 8.17E+17 6.51E+16 
OCG IK 6.88E+17 3.18E+16 2.65E+17 1.47E+16 9.76E+17 8.03E+16 
OCG 2K 7.02E+17 4.37E+16 5.76E+17 3.03E+16 1.29E+18 8.56E+16 
OCG 3K 7.93E+17 4.77E+16 7.19E+17 3.95E+16 2.62E+18 1.42E+17 

Polymer 
Sample 

# 
Measured at 1 

Area Method 

Hydrogen Areal 
MeV. and 0° 
Height Method 

Density (AtomsA 
Measured at 2 

Area Method 

:m^) - Calculated 
MeV. and 75° 
Height Method 

using H/C Ratio 
Measured at 4.3 

Area Method 
5 MeV. and 75° 
Height Method 

OCG 0.5K 4.38E+17 1.50E+16 9.87E+16 8.50E+15 5.60E+17 4.46E+16 
OCG IK 4.72E+17 2.18E+16 1.82E+17 l.OlE+16 6.69E+17 5.51E+16 
OCG 2K 4.81E+17 3.00E+16 3.95E+17 2.08E+16 8.85E+17 5.87E+16 
OCG 3K 5.44E+17 3.27E+16 4.93E+17 2.71E+16 1.80E+18 9.74E+16 



Appendix G67 (cont.) 

Polymer 
Sample 

# 

Oxygen ( A  
Measured at 3.0 
Area Method 

itoms/cm^) 
5 MeV. and 75° 
Height Method 

Hydrogen ( 
Calculated us 

Area Method 

Atoms/cm^) 
ng H/0 Ratio 
Height Method 

OCG 0.5K 3.16E+16 3.64E+15 1.52E+17 1.75E+16 

OCG IK 3.62E+16 3.76E+15 1.74EH-17 1.80E+16 

OCG 2K 3.94E+16 3.97E+15 1.89E+17 1.91E+16 

OCG 3K 3.98E+16 4.01E+15 1.91E+17 1.92E+16 

Note; MeV. are the energies of initial ''He^* ions used in IBA analysis. 

Sample tilt with respect to incident ''He^^ beam is given as an 

angle in 

Areal Density/count are obtained by dividing the above calculated 

hydrogen areal density by either area or height of H peak from the 

spectra obtained by bombarding the sample with known number 

of He'* ions. 



Appendix G67 (cont.) 

Polymer 
Sample 

# 

Hydrogen / 
Base 

30K 

i.real Density/C< 
d on H Peak Ar 

60K 

sunt Using Spec 
ea Calculated as 

90K 

:tra Collected at 
a Function of 

400K. 

2 Mev. and 0° 
• of Initial ''He^^ 

Average 

Sample Tilt 
Ions 

Std. Dev. 
OCG 0.5K 2.15E+14 1.97E+14 1.93E+14 1.92E+14 1.99E+14 9.44E+12 

OCG IK 1.24E+14 6.29E+13 4.23E+13 3.21E+13 6.54E+13 3.59E+13 

OCG 2K 5.73E+13 2.88E+13 1.92E+13 1.46E+13 3.00E+13 1.66E+13 

OCG 3K 4.55E+13 2.28E+13 1.53E+13 1.16E+13 2.38E+13 1.32E+13 

Polymer 
Sample 

# 

Hydrogen A 
Base 

30K 

real Density/Co 
d on H Peak Ar 

60K 

unt Using Spec 
ea Calculated as 

90K 

tra Collected at 
a Function of / 

400K 

2 Mev. and 75° 
' of Initial ''He^^ 

Average 

Sample Tilt 
Ions 

Std. Dev. 
OCG 0.5K 4.85E+13 4.43E+13 4.36E+13 4.32E+13 4.49E+13 2.13E+I2 
OCG IK 4.79E+13 2.42E+13 1.63E+13 1.23E+13 2.52E+13 1.38E+13 
OCG 2K 4.70E+13 2.36E+13 1.57E+13 1.20E+13 2.46E+I3 1.36E+13 
OCG 3K 4.13E+13 2.07E+13 1.38E+13 1.05E+13 2.16E+13 1.19E+13 

Polymer 
Sample 

# 

Hydrogen Are 
Base 

30K 

al Density/Cour 
d on H Peak Ar 

60K 

It Using Spectre 
ea Calculated as 

90K 

Collected at 4. 
a Function of 

mK. 

315 Mev. and 7 
^ of Initial W 

Average 

5° Sample Tilt 
Ions 

Std. Dev. 
OCG 0.5K 2.75E+14 2.5IE+14 2.47E+I4 2.45E+I4 2.55E+I4 I.21E+13 
OCG IK 1.77E+14 8.92E+I3 6.00E+13 4.55E+I3 9.28E+I3 5.09E+13 
OCG 2K I.05E+I4 5.29E+I3 3.52E+13 2.69E+I3 5.5IE+I3 3.05E+13 
OCG 3K I.50E+I4 7.55E+13 5.05E+I3 3.82E+13 7.86E+I3 4.35E+I3 



Appendix G67 (cont.) 

Polymer 
Sample 

# 

Hydrogen Are 
Base 

30K 

:al Density/Cou 
d on H Peak Ar 

60 K 

nt Using Spectr 
ea Calculated as 

90 K 

a Collected at 3 
a Function of ^ 

400 K 

.05 Mev. and 7f 
• of Initial ""He^^ 

Average 

>° Sample Tilt 
Ions 

Std. Dev. 
OCG 0.5K 7.45E+13 6.80E+13 6.69E+13 6.63E+13 6.89E+13 3.27E+12 
OCG IK 4.58E+13 2.32E+13 1.56E+13 1.18E+13 2.41E+13 1.32E+13 
OCG 2K 2.25E+13 1.13E+13 7.53E+12 5.75E+12 1.18E+13 6.51E+12 
OCG 3K 1.60E+13 8.03E+12 5.37E+12 4.06E+12 8.36E+12 4.63E+12 

Polymer 
Sample 

# 

Hydrogen A  
Basec 

30 K 

ireal Density/C( 
on H Peak Hei 

60K 

aunt Using Spec 
g h t  C a l c u l a t e d  z  

90K 

:tra Collected at 
IS a Function of 

400K 

2 Mev. and 0° 
# of Initial ""He' 

Average 

Sample Tilt 
^ Ions 

Std. Dev. 
OCG 0.5K 1.09E+14 9.82E+13 9.57E+13 9.39E+13 9.91E+13 5.80E+12 
OCG IK 9.05E+13 4.62E+13 3.12E+13 2.36E+13 4.79E+13 2.59E+13 
OCG 2K 7.78E+13 4.02E+13 2.72E+13 2.08E+13 4.I5E+13 2.21E+13 
OCG 3K 7.32E+13 3.74E+13 2.53E+13 1.93E+13 3.88E+13 2.09E+13 

Polymer 
Sample 

# 

Hydrogen A 
Basec 

30K 

real Density/Co 
on H Peak Hei 

60K 

unt Using Spec 
'ht Calculated i 

90K 

tra Collected at 
IS a Function of 

400K 

2 Mev. and 75° 
# of Initial ^He 

Average 

Sample Tilt 
^ Ions 

Std. Dev. 
OCG 0.5K 6.16E+13 5.56E+13 5.42E+13 5.31E+13 5.61E+13 3.29E+12 
OCG IK 4.18E+13 2.14E+13 1.44E+13 1.09E+13 2.21E+13 1.20E+13 
OCG 2K 5.40E+13 2.79E+13 1.89E+13 1.44E+13 2.88E+13 1.53E+13 
OCG 3K 6.06E+13 3.10E+13 2.09E+13 1.60E+13 3.21E+13 1.73E+13 



Appendix G67 (cont.) 

Polymer 
Sample 

# 

Hydrogen Are 
Basec 

30K 

al Density/Cour 
on H Peak Hei 

60K 

It Using Spectra 
>ht Calculated £ 

90K 

Collected at 4. 
IS a Function of 

400K 

315 Mev. and 7 
# of Initial '*He' 

Average 

5° Sample Tilt 
^ Ions 

Std. Dev. 
OCG 0.5K 3.23E+14 2.92E+14 2.84E+14 2.79E+14 2.95E+14 1.73E+13 

OCG IK 2.28E+14 1.17E+14 7.88E+13 5.96E+13 1.21E+14 6.54E+13 

OCG 2K 1.52E+14 7.88E+13 5.34E+13 4.08E+13 8.14E+13 4.33E+13 

OCG 3K 2.18E+14 l.llE+14 7.53E+13 5.74E+13 1.15E+14 6.22E+13 

Polymer 
Sample 

# 

Hydrogen Ar( 
Basec 

30K 

;al Density/Cou 
on H Peak Hei 

60K 

nt Using Spectr 
ght Calculated £ 

90K 

a Collected at 3 
IS a Function of 

400K 

.05 Mev. and It 
# of Initial ''He' 

Average 

5° Sample Tilt 
^ Ions 

Std. Dev. 
OCG 0.5K 1.27E+14 1.14E+14 l.llE+14 1.09E+14 1.15E+14 6.75E+12 
OCG IK 7.49E+13 3.82E+13 2.58E+13 1.95E+13 3.96E+13 2.14E+13 
OCG 2K 4.95E+13 2.56E+13 1.73E+13 1.33E+13 2.64E+13 1.40E+13 
OCG 3K 4.31E+13 2.20E+13 1.49E+13 1.13E+13 2.28E+13 1.23E+13 

Polymer 
Sample 

# 

Hydrogen / 
Pe 

30K 

ireal Density/C( 
rcent Difference 

60K 

Dunt Using Spec 
Calculated as a 

90K 

:tra Collected at 
Function of # c 

400K 

2 Mev. and 0° 
)f Initial W I< 

Average 

Sample Tilt 
3ns 

Std. Dev. 
OCG 0.5K 97.77 100.28 102.07 104.13 101.06 2.3398 
OCG IK 37.57 36.07 35.63 35.85 36.28 0.7620 
OCG 2K -26.39 -28.39 -29.60 -29.78 -28.54 1.3513 
OCG 3K -37.81 -38.89 -39.62 -40.02 -39.09 0.8388 



Appendix G67 (cont.) 

Polymer 
Sample 

# 

Hydrogen A 
Pe 

30K 

real Density/Co 
rcent Difference 

60 K 

unt Using Spec 
Calculated as 

90 K 

tra Collected at 
Function of # c 

400 K 

2 Mev. and 75° 
)f Initial W I( 

Average 

Sample Tilt 
)ns 

Std. Dev. 
OCG 0.5K -21.29 -20.29 -19.58 -18.76 -19.98 0.9312 
OCG IK 14.63 13.38 13.01 13.20 13.55 0.6349 
OCG 2K -12.89 -15.26 -16.69 -16.91 -15.44 1.5991 
OCG 3K -31.91 -33.09 -33.89 -34.33 -33.31 0.9184 

Polymer 
Sample 

# 

Hydrogen Are 
Pe 

30 K 

al Density/Cour 
rcent Difference 

60K 

It Using Spectra 
Calculated as a 

90K 

Collected at 4. 
Function of # c 

400K 

315 Mev. and 7 
)f Initial ""He^^ l 

Average 

5° Sample Tilt 
3ns 

Std. Dev. 
OCG 0.5K -14.94 -13.86 -13.09 -12.20 -13.52 1.0064 
OCG IK -22.71 -23.56 -23.80 -23.68 -23.44 0.4281 
OCG 2K -30.95 -32.82 -33.95 -34.13 -32.96 1.2677 
OCG 3K -30.98 -32.18 -32.99 -33.43 -32.40 0.9310 

Polymer 
Sample 

# 

Hydrogen An 
Pe 

30K 

;al Density/Cou 
rcent Difference 

60K 

nt Using Spectr 
Calculated as a 

90K 

a Collected at 3 
Function of # c 

400K 

.05 Mev. and 
)f Initial W I< 

Average 

5° Sample Tilt 
3ns 

Std. Dev. 
OCG 0.5K -41.16 -40.41 -39.88 -39.26 -40.18 0.6961 
OCG IK -38.78 -39.45 -39.64 -39.54 -39.35 0.3391 
OCG 2K -54.52 -55.76 -56.50 -56.62 -55.85 0.8348 
OCG 3K -62.87 -63.52 -63.95 -64.19 -63.63 0.5008 



Appendix G67 (com.) 

Polymer 
Sample 

# 

Hydrogen / 

30K 

ireal Density/C( 
Ratio Factor Ca 

60K 

Dunt Using Spec 
ilculated as a Fi 

90K 

:tra Collected at 
nction of# of I: 

400K 

2 Mev. and 0° 
litial •'He^'^ Ions 

Average 

Sample Tilt 

Std. Dev. 

OCG 0.5K 1.9777 2.0028 2.0207 2.0413 2.0106 0.0234 

OCG IK 1.3757 1.3607 1.3563 1.3585 1.3628 0.0076 

OCG 2K 0.7361 0.7161 0.7040 0.7022 0.7146 0.0135 

OCG 3K 0.6219 0.6111 0.6038 0.5998 0.6091 0.0084 

Polymer 
Sample 

# 

Hydrogen A 

30K 

real Density/Co 
Ratio Factor Ca 

60K 

unt Using Spec 
Iculated as a Fu 

90K 

tra Collected at 
inction of # of Ii 

400K 

2 Mev. and 75° 
litial ""He^^ Ions 

Average 

Sample Tilt 

Std. Dev. 
OCG 0.5K 0.7871 0.7971 0.8042 0.8124 0.8002 0.0093 
OCG IK 1.1463 1.1338 1.1301 1.1320 1.1355 0.0063 
OCG 2K 0.8711 0.8474 0.8331 0.8309 0.8456 0.0160 
OCG 3K 0.6809 0.6691 0.6611 0.6567 0.6669 0.0092 

Polymer 
Sample 

# 

Hydrogen Are 

30K 

al Density/Cour 
Ratio Factor Ca 

60K 

it Using Spectra 
ilculated as a Fu 

90K 

Collected at 4. 
inction of # of Ii 

400K 

315 Mev. and 7 
litial ''He^^ Ions 

Average 

5° Sample Tilt 

Std. Dev. 
OCG 0.5K 0.8506 0.8614 0.8691 0.8780 0.8648 0.0101 
OCG IK 0.7729 0.7644 0.7620 0.7632 0.7656 0.0043 
OCG 2K 0.6905 0.6718 0.6605 0.6587 0.6704 0.0127 
OCG 3K 0.6902 0.6782 0.6701 0.6657 0.6760 0.0093 



Appendix G67 (cont.) 

Polymer 
Sample 

# 

Hydrogen An 

30K 

;al Density/Cou 
Ratio Factor Ca 

60 K 

nt Using Spectr 
Iculated as a Fu 

90 K 

a Collected at 3 
notion of # of Ii 

400 K 

.05 Mev. and It 
litial ''He^^ Ions 

Average 

)° Sample Tilt 

Std. Dev. 
OCG 0.5K 0.5884 0.5959 0.6012 0.6074 0.5982 0.0070 
OCG IK 0.6122 0.6055 0.6036 0.6046 0.6065 0.0034 
OCG 2K 0.4548 0.4424 0.4350 0.4338 0.4415 0.0083 
OCG 3K 0.3713 0.3648 0.3605 0.3581 0.3637 0.0050 

Percent Difference = ((Area Method - Height Method)/Height Method)* 100 

Ratio Factor = Area Method/Height Method 



Appendix G67 (cont.) 

RBS 
Analysis 

Description 
30K 'He 

Average 

Hydr 
Counts 
Std. Dev. 

ogen Areal E 
60K 'He 

Average 

)ensity/Coun 
Counts 
Std. Dev. 

t Based on P 
90K 'He 

Average 

eak Area M( 
Counts 
Std. Dev. 

Jthod 
400K 'He 
Average 

Counts 
Std. Dev. 

2 MeV. & 0° l.llE+14 6.75E+13 7.78E+13 7.03E+13 6.75E+13 7.33E+13 6.25E+13 7.50E+13 

2 MeV. & 75° 4.62E+13 2.89E+12 2.82E+13 9.38E+12 2.24E+13 1.23E+13 1.95E+13 1.37E+13 

4.315 MeV. & 75° 1.77E+14 6.22E+13 1.17E+14 7.85E+13 9.82E+13 8.64E+13 8.89E+13 9.04E+13 

3.05 MeV. & 75° 3.97E+13 2.29E+13 2.76E+13 2.40E+13 2.38E+13 2.52E+13 2.20E+13 2.58E+13 

RBS 
Analysis 

Description 
30K 'He 

Average 

Hydrc 
Counts 
Std. Dev. 

>gen Areal D 
60K 'He 

Average 

ensity/CounI 
Counts 
Std. Dev. 

Based on Pc 
90K 'He 

Average 

5ak Height V 
Counts 
Std. Dev. 

ethod 
400K 'He 
Average 

Counts 
Std. Dev. 

2 MeV. & 0° 8.76E+13 1.38E+13 5.55E+13 2.48E+13 4.48E+13 2.94E+13 3.94E+13 3.15E+13 
2 MeV. & 75° 5.45E+13 7.88E+12 3.39E+13 1.30E+13 2.71E+13 1.58E+13 2.36E+13 1.71E+13 

4.315 MeV. & 75° 2.31E+14 6.10E+13 1.50E+14 8.33E+13 1.23E+14 9.37E+13 1.09E+14 9.83E+13 
3.05 MeV. & 75° 7.35E+13 3.29E+13 5.00E+13 3.76E+13 4.23E+13 4.00E+13 3.83E+13 4.10E+13 



Appendix G68 Calculation of H areal density per count on a sample surface as a function of percent fraction of H on sample with 
respect to 1000 A thick OCG standard based on the number of counts in the H peak area for the standard. 

Sample H H Areal Density H Areal Density/Count on Sample Surface 
Fraction for the Standard Calculated based on # of Counts in the H Peak Area of the Standard 

Percentage Atoms/cm^ 2000 3790 4000 6000 
0.1 1.82E+17 9.10E+12 4.80E+12 4.55E+12 3.03E+12 
10 1.82E+17 9.10E+14 4.80E+14 4.55E+14 3.03E+14 
20 1.82E+17 1.82E+15 9.60E+14 9.10E+14 6.07E+14 
30 1.82E+17 2.73E+15 1.44E+15 1.37E+15 9.10E+14 
40 1.82E+17 3.64E+15 1.92E+15 1.82E+15 1.21E+15 
50 1.82E+17 4.55E+15 2.40E+15 2.28E+15 1.52E+15 
60 1.82E+17 5.46E+15 2.88E+15 2.73E+15 1.82E+15 
70 1.82E+17 6.37E+15 3.36E+15 3.19E+15 2.12E+15 
80 1.82E+17 7.28E+15 3.84E+15 3.64E+15 2.43E+15 
90 1.82E+17 8.19E+15 4.32E+15 4.10E+15 2.73E+15 
100 1.82E+17 9.10E+15 4.80E+15 4.55E+15 3.03E+15 

Note: Calculation of H fraction percentage is explained in chapter 4. 



Appendix G69 Hydrogen peak area and height of polystyrene, Dow Coming and Olin Ciba Geigy films on Si(l(X)) as a function 
of''He ion dose for periodic increment and cummulative doses. 

Dosage 

Levels 

'He'^ lo 

Counts 

n Cone. 

Ions/cm^ PS 

H Peak A 

DC #1178 

rea in Sum of 

OCG IK A 
Counts 

Average Std. Dev. 
Periodic 

Increments 
30000 1.50E+15 15662 4612 3609 7961.00 5460.80 Periodic 

Increments 30000 1.50E+15 15552 3425 3461 7479.33 5708.26 
Periodic 

Increments 
30000 1.50E+15 14958 2754 3438 7050.00 5598.77 

Cumulative 30000 1.50E+15 15662 4612 3609 7961.00 5460.80 Cumulative 

60000 3.00E+15 31214 8037 7070 15440.33 11160.65 

Cumulative 

90000 4.50E+15 46172 10791 10508 22490.33 16745.87 

Dosage 
Levels 

'He'^ lo 
Counts 

n Cone. 
Ions/cm^ PS 

HPeal 
DC #1178 

I Height in Co 
OCG IK A 

unts 
Average Std. Dev. 

Periodic 
Increments 

30000 1.50E+15 494 157 223 291.33 145.82 Periodic 
Increments 30000 1.50E+15 471 118 220 269.67 148.33 

Periodic 
Increments 

30000 1.50E+15 454 97 220 257.00 148.07 
Cumulative 30000 1.50E+15 494 157 223 291.33 145.82 Cumulative 

60000 3.00E+15 965 275 443 561.00 293.79 
Cumulative 

90000 4.50E+15 1419 372 663 818.00 441.26 

Note: PS stands for Polystyrene DC stands for Dow Coming 

OCG stands for Olin Ciba Geigy 



Appendix G70 Hydrogen peak width and height/width aspect ratio of polystyrene, Dow Corning and Olin Ciba Geigy 
Si(l(X)) as a function of''He^^ ion dose for periodic increments. 

Hydrogen 

Peak 

'He'" lo 
Counts 

n Cone. 
Ions/cm^ PS 

Polyni( 

DC #1178 

jr Film on Si( 

OCG IK A 
00) 

Average Std. Dev. 

Width 
in 

Channels 

30000 1.50E+15 34.34 28.91 16.27 26.51 7.57 Width 
in 

Channels 

30000 1.50E+15 30.72 30.12 15.66 25.50 6.96 
Width 

in 
Channels 30000 1.50E+15 33.74 30.12 13.85 25.90 8.65 

Width 
in 

keV. 

30000 1.50E+15 273.29 255.28 203.96 244.18 29.37 Width 
in 

keV. 
30000 1.50E+15 253.56 261.83 200.77 238.72 27.04 

Width 
in 

keV. 30000 1.50E+15 270.02 261.83 191.32 241.05 35.33 

Dosage 
Levels 

^He^" lo 
Counts 

n Cone. 
Ions/cm^ PS 

Polymi 
DC #1178 

2r Film on Si( 
OCG IK A 

00) 
Average Std. Dev. 

Counts 
Per 

Channel 

30000 1.50E+15 14.39 5.43 13.71 11.17 4.07 Counts 
Per 

Channel 
30000 1.50E+15 15.33 3.92 14.05 11.10 5.11 

Counts 
Per 

Channel 30000 1.50E+15 13.46 3.22 15.88 10.85 5.49 
Counts 

Per 
keV. 

30000 1.50E+15 1.81 0.62 1.09 1.17 0.49 Counts 
Per 
keV. 

30000 1.50E+15 1.86 0.45 1.10 1.13 0.58 
Counts 

Per 
keV. 30000 1.50E+15 1.68 0.37 1.15 1.07 0.54 

Note: PS stands for Polystyrene DC stands for Dow Coming 

OCG stands for Olin Ciba Geigy 



Appendix G71 Comparison of the rates of radiation damage for polystyrene, Dow Coming and Olin Ciba Geigy films ( 
SiriOO) based on the cummulative values for area and height of the hydrogen peak for a total dose of 4.5 
10 ions/cm^. 

Polymer Rate of Radiation Damage 

Films on Based on the Peak % Ratio 
Si(lOO) Area Height Difference Factor 

PS 1.03E-11 3.15E-13 3153.84 32.54 
DC #1178 2.40E-12 8.27E-14 2800.81 29.01 

OCG IK A 2.34E-12 1.47E-13 1484.92 15.85 

Note: 

Units of rate of radiation deimage are 

1) Based on Peak Area: Sum Counts-cmVlon 

2) Based on Peak Height: Counts-cmVlon 

PS stands for Polystyrene 

DC stands for Dow Coming 

OCG stands for Olin Ciba Geigy 
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