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Qbd Charge to breakdown C/cm" 

R Adsorbed organic species cm " 

^adscijHiiOH X of adsorption for BHT physisorption on surface cm 'min ' 

^adsnio adsorption for chemisorption of moisture cm 'min ' 

Raiise of adsorption for BHT physisorption in higher 
OBHT 

layers cm'min"' 
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LIST OF SYMBOLS - continued 

Symbol Description Unit 

^descijHijOH X desorption for BHT physisorption on surface cm "min ' 

'^desHio Rate of desorption for chemisorption of moisture cm 'nain"' 

Rdesc Rate of desorption for BHT physisorption in higher 
OBHT 

layers cm'min' 

Rfor Rate of the forward reaction for BHT chemisorption cm 'min"' 

Rrev Rate of the reverse reaction for BHT chemisorption cm 'min ' 

RSF| Relative sensitivity factor of the i"' element none 

SBHT BHT physisorbed in the higher layers cm " 

Sbht Non-dimensional value of BHT physisorbed in 

higher layers none 

Sh^o Moisture adsorbed in higher layers cm ' 

Sh ,o Non-dimensional value of moisture physisorbed in 

higher layers none 

t Thickness of capacitor cm 

t Non-dimensional time none 

tbd Time to breakdown s 

thigh-k Thickness of high-k gate dielectric cm 

tox Thickness of gate oxide cm 

T Residence time min 
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LIST OF SYMBOLS - continued 

Symbol Description Unit 

U Superficial velocity cm/s 

U' Direct current applied to quadrupole V 

V Volume of reactor cm^ 

V Direct current applied to quadrupole V 

Vbd Voltage to breakdown V 

Vdd Drain voltage V 

Vfb Flat-band voltage V 

Vg Gate voltage V 

V,h Threshold voltage V 

G) Frequency of alternating current applied to quadrupole s"' 

X Vacant sites cm " 

Xo Total active sites available cm " 

X Non-dimensional value of X none 

X-OH Surface hydroxyl group cm " 

V Yield none 
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ABSTRACT 

As semiconductor devices get faster and more compact, the equivalent gate 

dielectric thickness is reduced aggressively. This makes them highly sensitive to 

contamination. Contamination from organics can degrade the performance of ultra-thin 

silicon oxide gate dielectric films used in current generation devices. The current 

understanding of how organic contaminants cause defects in gate oxides is limited. The 

objective of this research is to perform a fundamental investigation of the kinetics and 

mechanisms of the interactions of organic contaminants on silicon wafers during thermal 

oxidation for the growth of ultra-thin gate oxide. The role of moisture, a universal 

contaminant, in attracting organic impurities is also studied. 

The adsorption properties of butyl hydroxy toluene (BHT) and isopropyl alcohol 

(IPA), representing high and low-molecular weight polar organic compounds 

respectively, on wafer surfaces were characterized. A new experimental system that 

allowed pre-gate oxidation cleaning of silicon wafers, controlled exposure to organic 

contaminants and thermal oxidation was developed. A method based on catalytic 

oxidation of organics was also developed for detection of the kinetics of outgassing of 

organic contaminants during thermal oxidation. Gate oxide quality was determined by a 

combination of surface and electrical analytical techniques such as Auger depth profiling. 

Tunneling Atomic Force Microscopy and Gate Oxide Integrity. Processing conditions 

such as the type of pre-gate oxidation cleaning, the ambient used for ramp-up to the 

oxidation temperature, the ramp rates as well as the nature of the organic molecule were 
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found to be important factors affecting the quality of ultra-thin gate oxides. Theoretical 

models were proposed to determine the kinetic constants and activation energies 

governing the interactions of contaminants on wafer surfaces under various conditions. 

Air-borne molecular contamination can be expected to cause similar problems for 

high-k gate dielectrics expected to replace silicon oxide. The energetics and kinetics of 

the adsorption of trace-level moisture and organic contaminants on zirconium oxide, a 

promising high-k candidate, were investigated and compared with that on silicon oxide. 

Zirconium oxide was found to have a much greater attraction for moisture as well as 

polar organic impurities. This can be a concern for its adaptation as the gate dielectric. 
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CHAPTER 1 

INTRODUCTION 

1.1 BACKGROUND 

1.1.1 Current status and future of transistor technology 

The proliferation of the microelectronics industry over the last few decades can be 

largely attributed to the material and electrical properties of silicon and silicon oxide. 

Since the inception of the integrated circuit by Jack Kilby in 1959, the level of silicon 

integration has evolved from a single MOSFET (metal-oxide-semiconductor field effect 

transistor) to 42 million transistors on a chip in today's microprocessors, and soon will 

reach a billion transistors by 2007 for processors running at 20 GHz [1]. The 

fundamental limit to Moore's law. which predicts that the number of transistors on a chip 

doubles every 2 years, has not been found yet. In spite of regular predictions of the 

demise of the silicon era, transistors have continued to be made on silicon oxide. A 

leading microprocessor manufacturer recently announced that transistors would still be 

able to function with silicon oxide gate dielectrics as thin as just three monolayers or 0.8 

nm [2]. 

For the past few decades, the shrinking of the MOSFETs has been governed by 

the ideas of scaling the electrical and physical parameters [3]. The industry, however, is 

reaching a stage where novel materials and technologies are necessary to continue the 

growth of semiconductors based on silicon as the substrate. The Semiconductor Industry 
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Association's (SIA) International Technology Roadmap for Semiconductor (ITRS) 

describes in great detail how transistor requirements are expected to change over the next 

15 years. Table 1.1 shows a summary of high performance logic technology 

requirements proposed in the 2(XK) ITRS update [4]. 

Year 2001 2004 2008 2011 
Technology generation 130 nm 90 nm 60 nm 40 nm 
Gate length (nm) 90 65 45 32 
Vdd(V) 1.5 1.2 0.9 0.6 
Equivalent oxide thickness (nm) 1.5-1.9 1.2-1.5 0.8-1.2 0.6-0.8 
Sidewall spacer (nm) 52-104 44-88 28-56 20-40 
Active poly doping 3.1 X 10'" 3.9 X 10'" 5.4 X 10'" 7.3 X 10'" 
Silicide thickness (nm) 34 25 20 15 
Drain extension (nm) 25-43 20-35 16-26 11-19 
GOI defect density (cm ') 0.08 0.05 0.042 0.023 
Particle size (nm) 75 55 35 25 
Particles (cm ') 0.058 0.06 0.052 0.052 
Surface metals (atoms/cm') < 6.0 X 10" < 2.9 X 10'' <2.1 X 10^ < 1.8 X 10'' 
Organics C (atoms/cm') 6.0 X 10" 4.5 X 10" 2.8 X 10" 2.0 X 10'-' 

Table 1.1 High performance logic technology requirements as per the ITRS 2000 update. 

Scaling beyond 100 nm with satisfactory performance is not easy and several issues must 

be solved. Some of these are indicated in Table 1.2 [5]. To overcome these issues, 

virtually all parts of the transistors should be carefully modified and optimized [5, 6]. 

This includes modification of the physical structures, materials and processing 

conditions. Many solutions are being currently pursued to address the scaling issues. 

Some of these are highlighted in Table 1.3. 
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Issue Due to 

Short channel effect 
(SCE) 

Reduced channel length with less reduced junction depth and 
broadness 

Gate leakage current Direct tunneling of electrons through ultra-thin oxide 
Threshold voltage 
(V^) fluctuations 

Gate length fluctuation, dopant density fluctuations 

Gate poly depletion Solid solubility limit, increased vertical field, boron penetration 
Junction capacitance 
(Q) 

Higher doping and abrupt junction 

Mobility degradation Increased channel doping, increase vertical field, boron penetration 
Junction leakage Shallow junctions with silicide metalization 
S/D resistance Shallow junctions 
Gate sheet resistance Narrow gate length 

Table 1.2 Issues facing CMOS scaling beyond 100 nm. 

Category Description 
Channel engineering Channel epitaxy, SCE and Cj improvement, reduced V,h fluctuation Channel engineering 

Strained-Si channel, enhanced mobility 
Channel engineering 

Halo implantation optimization, reduced SCE, junction leakage and 
Ci 

High-k gate dielectric AliOj, YiOj, Ta205, ZrOi, Hf02, La203, TiOi, SciOj, High-k gate dielectric 
LaA103, ZrTi04, (Zr, Hf, La, Ti)-Si04 

Gate oxide Oxynitride using NO, reduced boron penetration Gate oxide 
Oxide scaling evaluation and optimization 

Gate electrode Poly SiGe gate, reduced poly depletion, enhanced PMOS 
performance 

Gate electrode 

Poly/metal stack gate, reduced gate sheet resistance 

Gate electrode 

Metal (W/TiN) gate, dual metal gate: Ti for NMOS and Mo for 
PMOS 

Shallow junction Atomic layer doping. Si molecular layer epitaxy Shallow junction 
Low energy implantation, plasma doping, laser annealing 

Shallow junction 

SiGe extension, silicon cut-off junction using SiGe, spike annealing 
S/D engineering Elevated source/drain, reduced sheet resistance, better SCE S/D engineering 

Reduced junction leakage, band gap engineering, SiGe source/drain 
S/D engineering 

Source/drain extension overlap optimization 
Sub-50 nm CMOS with 
modified structure 

Self-aligned double gate Sub-50 nm CMOS with 
modified structure Vertical replacement gate 

Table 1.3 Promising CMOS technologies for scaling beyond 100 nm. 
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The selection of viable processes and technologies will certainly be decided by 

economic and performance issues. One striking feature to be recognized from the current 

status of the semiconductor industry is that tremendous challenges lie ahead in the quest 

for smaller and faster transistors. These challenges can be met by extracting the most out 

of current technology and by simultaneously exploring devices based on novel materials. 

1.1.2 Trends in gate dielectric scaling 

1 
gate 

gate dielectric 

source channel drain 

Figure 1.1 Structure of a MOSFET. 

The structure of a MOSFET is shown in Figure 1.1. The scaling of the MOSFET 

has been largely enabled due to the properties of the dielectric employed for isolating the 

transistor gate from the silicon channel for decades: silicon dioxide. The use of 

amorphous, thermally grown silicon oxide as a gate dielectric offers several key 

advantages in CMOS (complementary metal-oxide-semiconductor) processing that 

include a thermodynamically and electrically stable, high-quality Si-SiOi interface as 

well as superior electrical isolation properties. The scaling of the gate oxide is driven by 



performance, density and low power [7]. The drive current of a MOSFET is directly 

proportional to the gate oxide capacitance and, therefore, is inversely related to the 

thickness of the gate oxide. Reduction of the gate oxide thickness improves drive current 

and provides faster switching capability to charge external capacitance. This enhances 

circuit speeds and reduces the operating power and voltage. Table 1.1 indicates that 90 

nm devices will require gate oxide as thin as 12 A and only 8 A for the 40 nm generation 

devices. 

Silicon oxide at such low thickness has several limitations that challenge its 

continued use as the gate dielectric [8]. Leakage current density through the gate oxide 

increases dramatically below 30 A due to direct tunneling. This results in higher off 

currents loff and anomalous C-V (current-voltage) behavior that progressively destroy 

transistor operation characteristics and increase standby power consumption. The limits 

of the allowable leakage current for high performance CMOS demand that silicon oxide 

in its pure form at thickness less than 10-15 A will be unacceptable. In addition, the issue 

of boron penetration through the oxide is a serious concern. The large boron 

concentration between the heavily doped poly-silicon gate electrode, the undoped oxide 

and lightly doped silicon channel causes boron to diffuse rapidly through a sub-20 A 

oxide upon thermal annealing. This results in a higher boron concentration in the channel 

region, in turn causing a shift in threshold voltage and, therefore, altering the device 

properties in an unacceptable manner. Other pertinent problems arise from poly 

depletion effects, inversion charge contributions from the silicon channel and reliability 

of ultra-thin oxide layers. Theoretically, a minimum of 7 A of silicon oxide is required to 
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maintain bulk properties. That could well be as thin a silicon oxide layer that could be 

made to operate by tweaking other device parameters. 

The near-term remedy to the concerns regarding high leakage currents, boron 

penetration and reliability has been offered by oxynitrides and oxide/nitride stacks. The 

addition of nitrogen to silicon oxide greatly reduces boron diffusion and also improves 

device performance. The higher dielectric constant value than silicon oxide also leads to 

reduced leakage currents due to increased physical film thickness. Alternative materials 

with high dielectric constants (high-k) will eventually be required to replace silicon oxide 

as the gate dielectric. A high-k dielectric material can offer the same effective 

capacitance at much higher physical thickness. Capacitance is given by the relation. 

where C is the capacitance, ic is the dielectric constant, So is the permittivity of free 

space, A is the area of the capacitor and t is the thickness of the dielectric. 

The physical thickness of an alternative dielectric employed to achieve the same 

capacitance is 

tox  
th igh-k= Khigh-k  [1 .2 ]  

Kox 

The dielectric constant of silicon oxide is 3.9. Therefore, a material with a dielectric 

constant of 16 can offer the equivalent thickness of 10 A at physical thickness of about 41 
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A. Boron penetration effects and tunneling currents can be greatly mitigated at such 

greater physical thicicness, depending on the properties of the material used. 

There are a wide variety of materials that offer a higher dielectric constant. In 

spite of extensive research over the last few years, no clear winner has emerged yet for a 

candidate that can successfully replace silicon oxide. Any alternative dielectric material 

must meet a set of criteria to be successful as the gate dielectric. The first essential 

criterion is obviously a higher permittivity than silicon oxide, preferentially between 15-

60. The permittivity must be balanced, however, against the barrier height for the 

tunneling process. In order to obtain low leakage currents, it is desirable to find a gate 

dielectric that has a large conduction band offset AEc to silicon, preferably greater than 

1.5 eV. Table 1.4 includes a list of the important properties of some of the materials 

being considered for high-k gate dielectrics. 

Material Dielectric 
constant 

K 

Band gap 
Eg(eV) 

AEc to Si 
(eV) 

Crystal structure(s) 

SiOi 3.9 8.9 3.2 Amorphous 
SijN, 7 5.1 2.0 Amorphous 
AhOs 9 8.7 2.8 Amorphous 
Y2OJ 15 5.6 2.3 Cubic 

ImjO} 30 4.3 2.3 Hexagonal, cubic 
TCI2O5 26 4.5 1-1.5 Orthorhombic 
TiOi 80 3.5 1.2 Tetragonal 

HfO. 25 5.7 1.5 Monoclinic, tetragonal, cubic 
Zr02 25 7.8 1.4 Monoclinic, tetragonal, cubic 

Table 1.4 Relevant properties of high-k candidates. 



For all thin dielectrics, the most dominant factor in determining the overall 

electrical properties is the interface with silicon. Most of the high-k systems investigated 

thus far form an undesirable interfacial layer with silicon under equilibrium. Any such 

interfacial layer reduces the equivalent dielectric constant. The next requirement is to 

form a sufficiently high-quality interface with the silicon channel, as close as possible to 

that of silicon oxide. This is defined in terms of the mid-gap interface state density and 

electron mobilities. In addition, the dielectric film should preferably remain amorphous. 

Most of the gate dielectrics studied so far are either polycrystalline or single crystal films. 

They can be problematic because grain boundaries can serve as high-leakage paths. 

Process compatibility and the manufacturability of these films are other very important 

issues that need to be considered. Finally, the dielectric material should be electrically 

reliable for application in CMOS technology. Based on some preliminary projections, 

the oxides, silicates or aluminates of zirconium, hafnium, lanthanum, tantalum or yttrium 

appear to be the likely candidates that could replace silicon oxide. 

Given the uncertainty in the selection of the alternative gate dielectric, it becomes 

imperative to find ways of extending the use of silicon oxide as the gate dielectric. As 

explained earlier, the prime issue of concern is increased leakage current through the thin 

gate oxide. The leakage current is highly dependent on the quality of the ultra-thin 

silicon oxide layer. The presence of defects in the film can affect the barrier height of the 

oxide interface and decrease the intrinsic breakdown strength [9]. Dielectric breakdown 

is a measure of the electrical field that the dielectric can sustain before it starts leaking 

large amounts of current through, thus degrading its performance. Contamination of the 



silicon wafer prior to thermal oxidation in the form of particles, metals and organics can 

affect the oxidation process. If contamination stays in some form at the interface or 

within the oxide film, it can cause local thinning of the oxide. In the regions of lower 

oxide thickness, the effective electrical field is increased and the breakdown strength of 

the oxide film is then degraded. Contamination control, therefore, plays an important 

role in decreasing the degradation of device performance due to leakage current. 

Contamination from particles and metals has been known since long and has been studied 

in great details. However, references of organic contamination as a source of gate oxide 

deterioration have come up only recently, in the past decade. Since then, significant 

research has been carried out for the identification of the sources and the type of various 

organic molecules present in processing ambient. Research has also started to being 

performed towards recognizing the potential effects of organic contamination on the 

growth of gate oxide and its performance as the gate dielectric. In the next section, a 

comprehensive review of published research on organic contamination, especially in 

relation to gate oxide performance, is presented. 



42 

1.2 REVIEW OF ORGANIC CONTAMINATION STUDIES IN 

SEMICONDUCTOR PROCESSING 

1.2.1 Introduction 

The earliest reference on the effect of organic contamination on silicon wafers 

during thermal processing can be traced back to 1970. Researchers at Bell Labs reported 

that heating of silicon surfaces above 800 °C in ultrahigh vacuum led to formation of 

silicon carbide crystallites [10]. After calculation of the diffusion of carbon in silicon, 

they concluded that the source of carbon was external and it did not arise from any out-

diffusion from the substrate. The most likely source was assumed to be organics detected 

in the background gas of the vacuum environment. Twenty years later, another 

pioneering paper by IBM researchers reported that organics could in fact lead to 

degradation of MOS devices [11]. Silicon wafers are often treated with HF to passivate 

the surface with hydrogen. This removes the native oxide, not a well-defined surface, 

formed on the surface by previous cleans or exposure to air. The paper reported that a 

variety of organics such as valeric acid, ethanol, ethyl acetate etc. can adsorb in the range 

of 0.05 to 1.2 of a monolayer on HF cleaned wafer surfaces. Upon annealing beyond 700 

°C, the organics resulted in the formation of silicon carbide as evidenced by HREELS 

(High Resolution Electron Energy Loss Spectroscopy). Upon fabrication of MOS 

structures on those samples, they found that 0.29 monolayer of valeric acid that had been 

adsorbed on the hydrogen terminated surface before annealing resulted in reduction of 

breakdown field strength by a factor of 2-3. It also caused a substantial increase in the 

interface trap density indicating the presence of a significant number of defect sites at the 
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Si/Si02 interface. They concluded that upon thermal treatment, organic molecules with a 

high sticking probability, having high desorption temperatures and that can fragment 

easily during thermal processing can be expected to cause the most damage to the 

electrical quality of the film. 

Apart from affecting the dielectric breakdown behavior, there are various other 

ways in which organics can affect processing. These will be explained in details in 

section 1.2.3. A better perspective of the various effects can be had by first getting an 

idea about the sources that can contribute to organic contamination on wafer surfaces. 

The next section describes the origins of organic contamination in cleanroom 

environment. 

1.2.2 Sources of organic contamination 

Over the years, several sources of organic contamination have been identified. 

Organics find wide applications in the form of solvents, surfactants and etching 

chemicals. Some of the most common organic chemicals in use are acetone, isopropanol, 

and amines. If these chemical agents are not properly stripped off from the wafer surface 

after use, they can act as a contaminant. Many of these chemicals are volatile and can 

float in the cleanroom air. 

Contrary to common belief, process chemicals are not the only sources of 

organics. Organic molecules present in the cleanroom air also originate from outgassing 

of polymeric materials used in several forms all over the cleanroom. Polymeric materials 

are found almost everywhere in the production lines and cleanrooms, starting from the 
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bottles and containers for chemicals up to storage and transport containers for wafers and 

even foils that cover the boxes when they leave the cleanrooms. In the lines, tanks and 

distribution systems for gases and liquids, gloves, floor coverings, cleanroom air filters 

and their sealing materials, filters for the liquid media, including ion exchange resins for 

the liquid media, cleanroom paper and many more things are all made from polymers. In 

order to avoid direct contact with the cleanroom air, wafers are frequently stored in 

storage containers. These are usually made of polypropylene and/or polycarbonate. 

Organic compounds can vaporize from these boxes and adsorb on to the wafer surface. 

In fact, a major concern about contamination from boxes is related to the shipping of 

wafers from the vendors. A study was conducted by Budde et al. to detect the 

compounds outgassing from various polymers used for wafer storage or transport boxes, 

chip tray covers, wafer carriers etc. [12]. ABS (acrylonitrile-butadiene-styrene-

copolymer) was found to have the highest ouigassing rates; styrene and ethylbenzene 

being the major components of outgassing. The fluoropolymers such as PFA (perfluoro-

alkoxy-polymer), PVDF (polyvinylidenefluoride) and PTFE (polytetrafluoroethylene) 

had the lowest amount of outgassing at temperatures as high as 160 °C. The different 

types of polypropylene had significant outgassing rates, especially at temperatures of 

about 60 °C. Most of the outgassing components of polypropylene were ketones such as 

butanone, pentenone, octadienone, and some stabilizers such as butyl hydroxy toluene 

(BHT). 

In another study Saga and Hattori studied organics, outgassing from polymeric 

wafer boxes, which got adsorbed on wafer surfaces [13]. They found that the major 
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organic compounds adsorbing on the wafer surface are additives in plastic materials such 

as antioxidants, plasticizers, and cross-linking agents which outgass in small quantities, 

rather than the aliphatic hydrocarbons such as unpolymerized monomers and oligomers 

which outgass in large quantities. According to them, the adsorbing tendency of a 

molecule is decided by its vapor pressure, molecular weight, polarity and also by the 

nature of the surface, whether it is an oxide or a hydrogen-terminated surface. The major 

contaminants identified on wafer surface included BHT, dibutyl phthalate (DBP), 

diacetyl benzene and aliphatic hydrocarbons. 

Organic contamination from processing equipments was studied by Tanishima 

and Abe at Fujitsu Limited [14]. Equipments usually have fan filter units in the cassette 

I/O port to keep away particles. However, they do not remove organic vapors, and in fact 

introduce organic contaminants via outgassing. It was reported that organosilicones 

typically outgassed from silicon and polyurethane sealants. DOP (dioctyl phthaJate) 

originated from the filters. The filters, sealants, adhesives and gaskets also contribute 

heavy compounds such as phosphate esters, phthalate esters, adipate esters and N-

butylbenzenesulfonamide. They found that trimethylsilanol, cyclosiloxanes and DOP 

lead to hazing of SiN and bursts in exposed resist films. In another related study, it was 

observed that high vapor pressure substances such as toluene and xylene existed in large 

amounts in the cleanroom but adsorbed in small quantities onto the wafer substrate [15, 

16]. On the other hand, low vapor pressure compounds in spite of occurring in small 

quantities were observed in fair amounts on wafers. Some of the compounds detected 

included DBP, DOP, hexanedioic acid and cyclo-dimethylsiloxane. High purity water 
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system materials such as molded and extruded PVDF pipes have also been investigated 

[17]. Polydimethyl siloxane, a common lubricant and, dodecyl sulfate, a surfactant were 

found to be the major contaminants. 

There are several other non-obvious sources of organic contamination in 

cleanrooms. Amines such as mehtylpropanolamine, morpholine have been identified to 

be originating from humidity control systems of cleanrooms [18]. They are used to 

prevent steam line corrosion and can enter the room along with air. It is also important to 

note that the standard cleanroom air filters are not effective in reducing organic 

contamination. Although they can trap particulate matter, organic molecules can diffuse 

through the filters very easily. In fact, the incoming cleanroom air has been detected as a 

major carrier of DOP. DOP is a plasticizer used in polymeric materials and is used in 

sealants, epoxies etc. The HEPA (high efficiency particulate air) and the ULPA (ultra 

low penetration air) filters are also major contributors of various organophosphates. The 

organophosphates originate from polyurethane materials (potting compounds) used to 

seal the edges of the pleated filter media to the filter housing. 

1.2.3 Effects of organic contamination 

There are several ways in which organic contaminants can affect the 

processing and performance of semiconductor devices [12, 19]: 

• Organics adsorbed on wafer surfaces affect wetting, etching and particle removal 

• Due to incomplete wetting, cleaning with SCI, SC2, Piranha, HF is less effective and 

contaminants are not removed properly 
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• Uneven etch rates cause roughness 

• Organics can form particles or films 

• Incomplete etching of metals or polysilicon can cause shorts 

• Organic deposits can cause high resistivity or opens for contacts 

• Halocarbons can cause contact corrosion 

• Adhesion between layers is affected, sometimes adversely 

• Hazing of wafers 

• Organics can fog optics of particle counters, lasers, steppers 

• Streaking during application of spin on glass, photoresist, polyimide 

• Unintentional counter-doping 

• Prevention of silicon wafer bonding 

• High temperature processing can cause silicon carbide formation 

• Malfunction of epitaxial growth 

• Increase in effective oxide thickness, which is critical for ultra-thin gate oxides 

• Deterioration of gate oxide breakdown voltage and of Gate Oxide Integrity (GOI) 

A lot of attention has been given recently to deterioration of gate oxide quality 

due to organics. This is natural considering the impact the gate dielectric has on device 

performance. In 1991, researchers from IBM intentionally contaminated HF-last wafers 

with organic compounds and subjected them to annealing [11]. They noticed formation 

of silicon carbide when annealing was extended up to 700 °C. The MOS structures 

fabricated on similar samples subjected to thermal oxidation at 900 °C. with thermal 

ramp-up in oxygen, resulted in a reduction of the breakdown field strength by a factor of 
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2-3, change in interface trap density by a factor of 100 and change in flat band voltage by 

-1 V. The C-V curves also suggested the presence of a considerable amount of positive 

fixed charge in the bulk of the oxide, which they assigned to the incorporation of carbon 

in the oxide. 

A study conducted by Ohmi et al. evaluated pre-oxides grown in chemical 

solutions as passivation layers for the gate oxide [20]. They reported that the passivation 

film of chemical oxide formed by SPM-suIfuric peroxide mixtures (H2SO4/H2O2/H2O), 

O3/H2O and hot H2O2 treatment led to oxides with breakdown fields in the range of 12-13 

MV/cm. On the other hand, the breakdown fields of oxides having the chemical oxides 

formed in APM-ammonia peroxide mixtures (NH4OH/H2O2/H2O) and HPM- hydrogen 

chloride peroxide mixtures (HCI/H2O2/H2O) were distributed in the lower region of 8-11 

MV/cm. The cleaning solutions used in the first set are widely used for removal of 

organic contamination from wafers due to their strong oxidation abilities. The second set 

of cleaning solutions find applications in particle and metal removal and are not that 

effective in oxidation of organics. Using FT-IR (Fourier Transform Infra Red 

spectroscopy), they observed that wafers with APM and HPM cleaning had a greater 

amount of organic contamination left on the surface as compared to the other cleaning 

solutions. The higher organic contamination left before thermal oxidation consequently 

led to deterioration of device quality due to lower breakdown fields. 

Another comprehensive investigation was done at Toshiba Microelectronics 

Corporation to observe the effect of organic contamination in actual cleanroom 

environment on gate oxide quality [21]. They observed that gate oxides exposed to 
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cleanroom atmosphere for 24 hours on a clean bench equipped with an ULPA filter 

before poly deposition resulted in a distinct reduction in breakdown field strength. On 

employing an active charcoal filter for trapping organics, the breakdown field showed 

tremendous improvements. Similarly, storing of wafers in polypropylene boxes for one 

week before deposition of the polysilicon layer resulted in a reduction of the breakdown 

field. The reduction was more severe on the first wafer and on the capacitors fabricated 

on the wafer periphery, suggesting that outgassing of organics from the polymeric boxes 

was the main cause of deterioration. 

A study by Texas Instruments reported that higher purity HF led to improvements 

in GOI [22]. This was due to the lower carbon content found in the higher purity HF. 

Studies have also reported effects of the type of substrate and oxide thickness on 

breakdown fields and reliability characteristics. In one case [23], it was observed that for 

the same amount of organic contamination Czochralski (Cz) wafers showed an increased 

rate of failure over epitaxially (epi) grown 100 silicon wafers. This was attributed to the 

higher amounts of micro-defects known to be present in Cz grown substrates. The same 

study also reported that 10 nm oxides grown thermally in a steam ambient at 750 °C on 

Cz substrates had a larger number of oxide defects and latent defects per unit area than 5 

nm oxides. Another study was done by ion implanting carbon in silicon and growing an 

oxynitride gate dielectric [24]. The primary effect observed for small doses of carbon 

was suppression of oxide growth, while higher doses of carbon showed the generation of 

interface states and positively charged centers in the bulk oxide. This is in agreement 

with the observations reported by IBM about interface states and creation of positive 
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charges [11], On the other hand, thicker oxides (4.5 nm) had a more severe reliability 

degradation than thinner oxides (2.5 nm) as characterized by charge to breakdown (Qbd) 

and time to dielectric breakdown (TDDB). 

Minimizing exposure to organics before gate oxidation is not enough. In fact, 

a more severe effect of organic contamination is observed in the poly deposition process 

that occurs after gate oxidation. Typically, wafers are left open to the cleanroom 

atmosphere between gate oxidation and poly deposition. This leaves the wafers prone to 

a significant exposure to organics. Moreover, poly deposition occurs in an inert ambient 

and at temperatures of about 650 °C. Such a high temperature inert ambient prevents 

efficient oxidation (bum-off) of organics adsorbed on the surface that can have 

detrimental effects on the gate oxide quality. A study carried out at Hitachi Limited 

investigated effects of air exposure to wafers at various stages between pre-oxidation 

wafer-cleaning and poly deposition in order to find out the processes most sensitive to 

organic contamination [25]. The exposure between gate oxidation and poly silicon CVD 

turned out to be the most critical among the different exposure conditions as evidenced 

by GOI defect density evaluations. Carbon depth profiling by SIMS (Secondary 

Ionization Mass Spectrometry) revealed a high amount of carbon contamination at the 

interface between the poly silicon electrode and the gate oxide. No significant amount of 

carbon contamination was observed at the interface between the gate oxides and the 

silicon substrate. 

It is important to note that gate oxidation in the above study was performed at 850 

°C by wet oxidation. The type of ramp-up ambient used was not mentioned. This is very 
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critical as the type of ramp-up ambient can have a significant impact on the fate of 

organics. A study conducted by Sony Corporation showed that using oxygen in the 

ambient during thermal ramp-up from the idling furnace temperature (typically 600-700 

°C) to the oxidation temperature (800-1000 °C) resulted in excellent breakdown 

characteristics and lower carbon incorporation in 5.7 nm oxides [26]. This is attributed to 

the bum-off of organics induced by oxygen while loading wafers in the furnace and 

ramping up to the oxidation temperature. 

The deleterious effect of organic contamination before poly deposition was 

further highlighted by researchers at IMEC [27]. Vacuum clustering of tools is often 

employed in order to prevent contamination of wafers by air between processing steps. 

Though expensive, the method has proved very efficient in improving device 

performances. The study found that extending the holding time in vacuum storage 

between cleaning and gate oxidation from minimum to 62 hours resulted in a significant 

effect on Qbj yield. The effect was more severe for prolonged exposure before poly 

deposition as evidenced by the Qbd yield. On the contrary, organic molecules adsorbed 

on the wafer surface during extended cleanroom storage in a polypropylene wafer box, 

even at the oxide-poly interface, hardly influenced the capacitor characteristics. 

Therefore, control of the ambient when clustering various steps is crucial in determining 

the final device quality. Keeping the wafers in vacuum under cluster tools does not 

guarantee better devices unless care is taken to minimize processing times. 
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Table 1.5 gives a summary of the typical organic compounds found in cleanrooms 

from sources other than solvents and reagents used as process chemicals, their probable 

sources and the effect they have on device processing. 

Compound type Probable source Potential effect 

Dibutyl phthalate, 
dioctyl phthalate, 
butyl hydroxy toluene 

Polymeric materials, paints, 
filters, floor tiles 

Degradation of gate oxide 
and epitaxial films 

Amines, amides Cleaning solutions, CMP 
waste streams, humidity 
controllers, epoxies 

DUV lithography, increased 
line-widths 

Organophosphates HEPA/ULPA filters Counter doping, voltage 
shifts 

Silicones Sealants, caulks Hydrophobicity, particle 
formation 

Cresols Photoresists Corrosion, hydrophobicity 
Hydrocarbons Polymers, tubes Negative effect on wet and 

dry processes 

Table 1.5 Typical organics from sources other than chemicals used for processing, their 

sources and effects. 

1.2.4 Interactions of organic contaminants on silicon surfaces 

As described in earlier sections, ample investigation has been done on the 

identification of the sources and the types of organic contaminants in cleanroom ambient 

and in characterizing their effects in semiconductor processing. However, studies 

providing information on the nature of interactions between contaminants and wafer 

surface and how they affect processing are few. Most of the work studying the 

interactions of organics with the bare silicon surface was driven by the increased 
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technological importance of chemical vapor deposition (CVD) methods for growth of 

SiC films rather than contamination issues. Nishijima et al. studied the chemisorption of 

methanol on Si (lll)-(7x7) [28]. The methoxy species formed by dissociative 

chemisorption was stable up to 700 °K beyond which it decomposed to atomic oxygen 

and carbon. While the work listed above provided important insight to the elementary 

chemical processes at the Si (111) surface, the primary surface used in semiconductor 

manufacturing is Si (100). The nature of the interactions between the organic molecules 

and the Si surfaces can be expected to be the same but the two orientations have different 

bond densities and, hence, can be expected to have varying capacities for adsorption of 

organics. The study of the adsorption and decomposition of acetylene on Si (100)-(2xl) 

in ultrahigh vacuum by Auger electron spectroscopy (AES) was undertaken by Yates and 

Weinberg [29, 30]. Acetylene was found to chemisorb onto Si (100) via a mobile 

precursor. Acetylene was also found to bond as a di-a species to dimer sites in which the 

Si-Si dimer bond has been cleaved. Most importantly, chemisorbed acetylene was found 

to undergo two thermal reactions, a secondary pathway (<5%) involving acetylene 

desorption, and a primary pathway (>95%) involving the dissociation of acetylene to 

produce chemisorbed carbon and Hi gas. Since then, numerous other unsaturated 

compounds such as ethylene, propylene, cyclopentene, pyrrolidine, maleic anhydride 

have been demonstrated to chemisorb on Si (IOO)-(2xl) structures with dangling bonds 

[31-35]. Most of the work was inspired towards growth of silicon carbide films or 

controlled growth of organic films on silicon for applications in optoelectronics, sensors 

and microelectronics. Bitzer et al. studied the adsorption of benzoic acid and aniline on 
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Si (100) [36]. Si-O-C and Si-N-C linkages were formed onto the silicon substrate 

indicating chemisorption. In order to understand solvent effects in etching, Bitzer also 

investigated adsorption of alcohols on hydroxylated silicon (100)-2xl. Like methanol, 

the alcohols were found to dissociatively adsorb on the surface, forming alkoxy species. 

Apart from these studies, there also have been some investigations on the typical 

contamination trends found on wafer surfaces in cleanrooms. One common trend 

observed is that heavy compounds with low vapor pressures, in spite of occurring in low 

levels in cleanrooms, have a higher tendency to adsorb on silicon substrates [15]. Polar 

compounds are also found to significantly contaminate wafers with native or chemical 

oxide. For example, the typical contaminants outgassing from polymeric wafer boxes 

and carriers that are found to adsorb on silicon oxide include BHT, DBP, butyl acetate, 

N-butyl benzene sulfonamide and ethylene glycol. All of these have polar functional 

groups such as C=0, S=0, COOH, NHi (13, 52]. One study done on the contaminants on 

wafers in a fab found phthalates, adipates, phoshphates and other hydrocarbons 

outgassing from plasticizers and additives to be the major adsorbed organics [37], Higher 

amounts of organic contaminants were detected on hydrophilic wafers as compared to 

hydrophobic wafers. It was also observed that some organic contaminants adsorbed 

much rapidly compared to others as exposure time increased. This trend, coined as the 

'fruit-basket' phenomenon, has been systematically modeled by Okuyama et al. [38]. 

They have classified organic contaminants into three groups: one whose concentration 

rapidly increases but then decreases with time, another whose concentration increases 

rapidly and stays constant, and a third group whose concentration gradually increases and 
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keep on increasing. Traditionally, it has been discussed from various viewpoints such as 

the condition of the silicon wafer surface, the heat of adsorption and vaporization, the 

boiling point of the contaminant, the polarity of the surface, the sticking probability and 

the sticking coefficient. By accounting for adsorption as well as desorption rates, a 

multicomponent model was developed to explain the decrease in the contamination levels 

of certain organics with time and the increase of others. In spite of several simplifying 

assumptions, such as no chemisorption and no multilayer formation, the model does a 

commendable job on modeling the behavior of multiple impurities as it is based on the 

fundamentals of adsorption and desorption kinetics. 

Some studies have also been performed to detect the thermal desorption trends of 

common contaminants. Kagi et al. found that moisture enhanced adsorption of the polar 

compound DOP on silicon oxide and caused an increase in its desorption temperature 

from 300 °C to 500 °C [39]. They attributed it to stronger forces of attraction between the 

strongly polar compounds. A TDS-APIMS (thermal desorption spectroscopy with-

atmospheric pressure ionization mass spectrometer) investigation of airborne 

contaminants by Jimbo et al. indicated that alkyl-containing adsorbates on the gate oxide 

are not completely removed during the polysilicon CVD at 650 °C [25]. As discussed 

earlier, the study conducted by Kasi and Liehr found that not all the adsorbed organics 

get desorbed during thermal processing, and some carbon gets incorporated in the form of 

silicon carbide in the substrate. 



1.2.5 Conclusions 

It is apparent from the literature review that the present understanding of organic 

contamination in processing environments is very limited. There is a lack of information 

available on the kinetics of interaction of organics with the wafer surface. Although it is 

known that organics are detrimental to gate oxide performance, the kinetics and 

mechanisms of defect formation due to organics have not been investigated. There is a 

need to understand the effect of processing conditions on behavior of organics in high 

temperature processes. Some of these include the type of pre-oxidation cleaning, the 

amount of organic contamination on wafer surfaces and the conditions of thermal 

oxidation such as the ramp-up ambient, ramp rates, purge-gas flow rates. Such a study 

can not only give an idea about the sensitivity of various factors to the extent of possible 

deterioration due to organics but also enable design of efficient processes and reactors. 

Model compounds can be used to represent the common contaminants found in 

cleanrooms. The kinetics and mechanisms of interaction of the model compound with 

silicon surface can then be extrapolated to its representative class of compounds. This 

information can be valuable in predicting the impact of several organic contaminants 

known to adsorb on wafer surfaces. 
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1.3 RESEARCH OBJECTIVES 

The primary objective of this research is to develop a fundamental understanding 

of the factors that cause degradation of gate dielectrics due to organic contamination. In 

case of silicon oxide as the gate dielectric, one of the most severe impact of organics 

occurs during thermal oxidation for growth of the ultra-thin gate oxide. However, the 

effect of the different variables involved in pre-oxidation wafer cleaning and thermal 

oxidation on the extent of degradation of gate oxide performance is largely unknown. 

The focus of this dissertation is to perform a thorough investigation of the key processing 

parameters that influence the adsorption of organic molecules on wafer surfaces and the 

subsequent behavior of organics during thermal oxidation. 

Two compounds: isopropanol (IPA) and butyl hydroxy toluene (BHT), have been 

selected as model compounds representing a wide range of organic molecules found 

typically in cleanrooms. IPA is an extensively used drying agent and solvent while BHT 

is one of the prime compounds outgassing from polymeric materials used for wafer 

storage boxes, carriers, bottles etc. IPA is chosen to represent the class of lightweight, 

volatile organics and BHT for the heavier compounds. Both of them are polar molecules 

due to the presence of hydroxyl groups. 

In Chapter 3, the adsorption-desorption characteristics of BHT on silicon oxide 

surfaces are presented. A kinetic model has been developed to determine the kinetic 

constants and the activation energy of the associated adsorption-desorption processes. 

Moisture is a ubiquitous impurity that readily adsorbs of silicon surfaces. The role of 

moisture in attracting polar impurities towards oxide surfaces by hydrogen bonding is 



explored. It is shown that the risk of chemisorption of polar organics is increased at high 

temperatures due to the presence of moisture. A multicomponent multilayer model has 

been developed to simulate the kinetics of their interactions. 

The effect of processing conditions on adsorption of organics and its fate during 

thermal oxidation is discussed in Chapter 4. The type of pre-oxidation cleaning is shown 

to play a significant role in adsorption of the model organic compounds. The conditions 

of oxidation such as the ambient used during thermal ramp-up and even the rate of 

temperature ramp are found to influence the kinetics and mechanisms of behavior of 

organics during thermal oxidation. A novel method has been developed to study the 

outgassing of organic compounds during high temperature processes. It allows quick 

detection and characterization of total organics adsorbed, desorbed and retained on wafer 

surfaces. A prototype quartz reactor that allows the controlled exposure of organics and 

moisture as well as thermal oxidation on high surface area silicon wafer coupons has 

been designed to facilitate study of kinetics and mechanism. The extent of dielectric 

degradation has been characterized by Auger Depth Profiling for carbon incorporation 

and Gate Oxide Integrity (GOI) analysis for electrical performance. Based on 

experimental evidence, the mechanism of potential carbon incorporation due to various 

organics on different substrates has been developed. A theoretical model that can 

determine the rate and extent of carbon incorporation during thermal oxidation has also 

been proposed. The model emphasizes the fact that it is the competition between the 

rates of desorption, readsorption. dissociation, oxidation and chemisorption that 

determine the fate of the adsorbed organics in thermal processes. The model can be 
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extremely useful for determining the extent of carbon incorporation due to organics under 

various processing conditions. 

Zirconium oxide is one of the promising high-k candidates being considered for 

replacing silicon oxide as the gate dielectric. Most of the current research efforts are 

directed towards developing the deposition processes for a high quality film and studying 

the electrical properties as a gate dielectric. Based on the contamination concerns related 

to silicon oxide functionality as a gate dielectric, an effort to understand the behavior of 

zirconium oxide towards common cleanroom contaminants has been taken at a very early 

stage through this dissertation. Moisture contamination is already being expected to be a 

serious problem for zirconium oxide because it can diffuse and lead to formation of 

silicon oxide at the interface with silicon during subsequent thermal processing. Silicon 

oxide formation has to be avoided in order to maintain the high effective dielectric 

constant of the deposited zirconium oxide film. Similarly, organic contamination is 

expected to occur during storage before polysilicon deposition. It would be interesting to 

know how organics adsorb and/ or react with zirconium oxide at temperatures where 

polysilicon deposition is done. This is important since chemisorption of organics on 

zirconium oxide can have implications on the dielectric quality like silicon oxide. 

In Chapter 5, the interaction of moisture and isopropanol with zirconium oxide 

thin films is discussed. A thorough comparison of their adsorption, desorption and 

reaction properties on zirconium oxide and silicon oxide has been undertaken. This study 

is expected to provide critical information that can aid in the better selection of 

processing sequences for the alternate gate dielectric. 
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CHAPTER 2 

EXPERIMENTAL DESIGN AND ANALYTICAL INSTRUMENTATION 

2.1 INTRODUCTION 

The objectives of this study were twofold: to determine the outgassing 

characteristics of organic and moisture contamination from wafer surfaces and to analyze 

the quality of thin gate oxides by a combination of surface and electrical characterization. 

Outgassing experiments provided critical information such as the amount of impurities 

adsorbing on various types of wafer surfaces under different contamination environments 

and the kinetics of impurity interactions at wafer surfaces. More importantly they 

enabled the deduction of mechanisms by which organics can lead to formation of defects 

within gate dielectrics. Outgassing of organics was detemined by a set of mass 

spectrometers covering a wide range of detection. Ultra-thin gate oxides were 

characterized for presence of defects formed within the oxides due to organics by a 

surface analytical method such as Scanning Auger Microscopy along with sputtering. 

2.2 EXPERIMENTAL DESIGN AND SETUP 

The prime objective in most of the experiments was to obtain the characteristics 

of ad.sorption and desorption of impurities on well-defined surfaces. This was 

accomplished by monitoring the gas-phase impurity concentration at the outlet of the 
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device under test (DUT) as a function of time, and in some cases even as a function of 

temperature, during the desorption step in a defined exposure sequence. The schematic 

for the experimental setup for adsorption/desorption studies is shown in Figure 2.1. 
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Figure 2.1 Experimental setup. 
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Essentially, there are three sections in the entire unit: a calibration and gas-mixing 

zone, a test-section, and an analytical instrumentation cum data acquisition bank. 

2.2.1 Gas-mixing zone 

The gas-mixing zone serves three important roles in the setup: 

1. Distribution of challenge (impurity of interest) and purge gas to the test-section in 

a well-defined, rapid and controlled manner. 

2. Accurate preparation of calibration gas mixtures for the analytical instruments. 

3. Introduction of various challenge gases including moisture and select organics. 

Accurate determination of impurity outgassing at trace levels requires a careful design of 

the gas distribution system. To accomplish this, the system was designed with the 

following features: 

• Use of 7 Ra (arithmetic average roughness) EPSS (electro polished stainless steel) 

tubing 

• TIG (tungsten inert gas) welded microfit® tees and elbows 

• Cajon VCR® fittings with stainless steel gaskets 

• All metal MFCs (mass flow controllers)- MKS models 1459C and M201 

• Minimum or zero dead volumes 

• Minimum purge volume when changing from challenge gas to purge gas 

EPSS is the material of choice for Ultra High Purity (UHP) gas delivery systems due to 

its low particle shedding characteristics and low surface roughness. It is also readily 

welded and is compatible with ultrahigh purity face-seal fittings and microfit fittings. 
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Diaphragm-type all metal MFCs utilize a thin metallic sheet that flexes to seat the valve. 

These mass flow controllers are superior to all others in terms of particle shedding, 

ambient impurity intrusion and dead volume outgassing. Elastomer sealed MFCs are 

known to shed a lot of particles. They may even adsorb impurities such as moisture and 

outgass them eventually and, hence, are not suitable for high purity applications. 

Most critical to the direct injection system is its design. Places where stagnant 

gas can collect (dead volume) have to be avoided since the trapped gas would diffuse 

slowly into the main stream and affect impurity measurement. Dead volumes can be 

eliminated by arranging mass flow controllers such that a positive flow is maintained 

through all the legs of the system tubing. However, this requires a number of mass flow 

controllers for venting the gas in dead zones. All the systems have been designed to 

eliminate or minimize dead zones wherever possible. Furthermore, the tubing legs are 

arranged such that a sharp step can be achieved at the reactor inlet when changing from 

the challenge gas to the zero-grade nitrogen purge gas. 

The direct injection system also allows preparation of known gases with different 

concentrations for calibration of the analytical instruments. For species such as 

isopropanol, propene, carbon dioxide, carbon monoxide and oxygen, certified gas 

mixtures in nitrogen carrier gas are used. In addition to serving as the challenge 

impurities they are also used for calibration of the analytical instruments. The 

concentrations of these gases can be varied in a wide range by diluting them with UHP 

grade house-nitrogen. Mixtures of water in nitrogen are prepared via permeation 

devices. These units, manufactured by G-Cal, allow a well-defined amount of moisture 



64 

to 'leak' into a gaseous stream. This controlled leak is based on the known permeation 

rate of moisture through polymers at a given temperature. Since the mass flux from the 

permeation tube is consistent and known for a given temperature, by setting a known 

nitrogen flowrate over the device, the gas-phase concentration of impurity can be 

determined. 

2.2.2 Test-section 

The test-section is composed of a well-defined component under study. A 

number of surfaces in various reactor configurations have been studied and the various 

detailed setups of the test-section are described later in individual chapters. However, the 

general aim is to maximize the ratio of the surface under study to the surface area of 

downstream tubing in order to obtain a signal that is indicative of the outgassing of the 

relevant surface. The temperature of the surface can be maintained between 25 and 1000 

"C by use of clamshell furnaces (Lindberg models 58114-P and 54S) equipped with a PID 

(proportional-integral-derivative) temperature controller and monitored with a type-J 

thermocouple. The usual experimental sequence consists of: 

1. Pre-purge/Bake - a high temperature baking of the surface under zero-grade 

nitrogen purge in order to improve the removal of surface impurities through 

desorption. 

2. Isothennal Adsorption - the surface is exposed to an impurity-laden gas of 

known concentration (challenge step) until impurity equilibrium is reached 

between the two pha.ses. 
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3. Desorption - the surface is immediately exposed to zero-grade nitrogen 

(purge step) after challenge and the concentration of impurity at the outlet of 

the DUT is monitored until the system baseline is approached. Desorption is 

typically carried out under isothermal conditions. For some experiments 

involving thin gate oxidation, desorption is performed in a thermal ramp in 

order to monitor outgassing of organics as a function of time as well as 

temperature. 

4. Bake-out - the DUT is sequentially baked at high temperatures under zero-

grade nitrogen purge to accelerate the removal of surface impurity that may 

not desorb at lower temperatures and to close the mass balance. 

The gas-phase impurity concentration data is collected using the analytical 

instrumentation listed below. The data is then linked to theoretical models that allow the 

determination of the fundamental outgassing parameters for that surface and impurity. 

2.2.3 Data acquisition bank 

The third section in the experimental setup consists of a set of analytical 

instruments used for monitoring response of the test units. By selective use of the 

analytical tools, impurity concentrations from percent levels down to ppt (part per 

trillion) levels can be .monitored. High concentration data (parts per million-ppm levels 

and above) are measured by use of an Electron Impact Mass Spectrometer manufactured 

by Balzers. A VG Trace^ Atmospheric Pressure Ionization Mass Sjjectrometer (APIMS) 

is used to measure concentrations ranging from 100 ppb (parts per billion) to single digit 
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ppt. Dedicated analyzers such as the Meeco moisture analyzer and a reducing gas 

analyzer are used to accurately track specific impurities in the 50 ppb to 1 ppm 

concentration range. Brief descriptions of assembly and principles of operation of the 

analytical instruments are given in the next section. 

2.3 ANALYTICAL INSTRUMENTS AND EQUIPMENTS 

2.3.1 Electron Impact Mass Spectrometer 

Mass spectrometry, one of the most generally acceptable analytical tools, provides 

qualitative and quantitative information about the atomic and molecular composition of 

inorganic and organic materials. The mass spectrometer produces charged particles that 

consist of the parent ion and ionic fragments of the original molecule. Charged ions are 

then directed through a mass separator or a mass analyzer and detected. The mass 

spectrum is a record of the relative numbers of different kinds of ions and is characteristic 

of every compound, including isomers [40]. There are. therefore, three main stages of a 

mass spectrometer: ionization, mass separation and detection. 

Sample Data handling system 

Inlet 
system source 

Ion Mass 
analyzer 

Ion collection 
system 

Figure 2.2 Components of a mass spectrometer. 
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Figure 2.2 is a simplified schematic of the essential components of a typical mass 

spectrometer. The main advantages of mass spectroscopy as an analytical technique are 

its increased sensitivity over most other analytical techniques and its specificity in 

identifying unicnowns or confirming the presence of suspected compounds. The 

enhanced sensitivity results from the action of the analyzer as a mass/charge filter to 

reduce background interference and from the sensitive electron multipliers used for 

detection. The excellent specificity results from the characteristic fragmentation patterns, 

which can give information about molecular weight and molecular structure. 

The mass spectrometer used in this study for ppm-level detections was a Balzers 

QMS 421 series, consisting of a QMS 421C control unit and a QMA 400 quadrupole 

analyzer. A brief summary of this instrument is provided in the next few sections. 

2.3.1.1 Ionization source 

Several modes of ionization such as electron impact, field ionization, chemical 

ionization, field desorption, ion bombardment, laser desorption etc. are used in mass 

spectrometry. In the electron impact mass spectrometer, the inlet gas is leaked through a 

capillary from the dosing valve. The gas molecules are bombarded by electrons emitted 

from a hot filament and drawn across the source-housing chamber to the anode. The low 

energy electrons bombarding the gas molecules strip one or more electrons thus forming 

positive ions. Figure 2.2 (a) shows an electron impact ionization source. 
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Figure 2.2 (a) Electron impact ionization source. 

The ionization density of each species is directly proportional to its partial pressure. 

Although the ionization potential of different atoms or molecules is not the same, the 

ionization cross-section for most gases peak somewhere in the 50-150 electron volts 

range. The ionization source is usually operated at 70 electron volts. 

2.3.1.2 Quadrupole mass analyzer 

RF quadrupole has proven to be one of the most reliable, accurate and certainly 

the most popular methods for mass separation. The quadrupole mass filter was first 

proposed by W. Paul [41 ]. The popularity of RF quadrupole is partly due to its excellent 

resolution and wide mass range. The mass filter, as shown in Figure 2.2 (b), consists of 

four cylindrical molybdenum rod electrodes arranged to provide the closest mathematical 

approximation to a hyperbolic electrical field. Ions entering from one end travel with 

constant velocity parallel to the poles (z direction, the axis of symmetry maintaining zero 

potential), and acquire complex oscillations in the x and y direction. This is 

accomplished by applying both a direct current voltage (U') and a radio frequency 

voltage (± V cos Q)t) to the poles. 
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Figure 2.2 (b) Quadrupole mass analyzer. 

Ions of only a single mass to charge ratio will have stable oscillations and traverse 

the entire length of the filter under a given set of conditions (U', V. (o). All other ions 

will have unstable oscillations and will strike the poles and be lost. By sweeping the RF 

and dc potentials linearly in time the instrument can be made to scan a mass range. The 

QMA 400 has a mass range up to m/e 511. 

2.3.1.3 Mass detector 

The instrument uses a SEM (secondary electron multiplier) detector. The ions 

leaving the quadrupole mass filter are further accelerated to some kilo electron volts and 

then strike a conversion dynode made of Cu-Be thereby creating secondary electrons. 

The secondary electrons are further amplified as they collide a series of dynodes (17 

stages for this instrument) as shown in Figure 2.2 (c). 
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Figure 2.2 (c) Secondary electron multiplier detector. 

The SEM supplies an output current impulse for each incoming particle. These current 

impulses are converted to correct mean values using electrometer amplifiers. In order to 

eliminate background interferences due to soft x-rays, other photons or excited neutral 

particles and also to avoid ions of false mass that pass through the analyzer, the ions 

leaving the quadrupole are deflected 90" and therefore the SEM is located off-axis. 

2.3.1.4 Capillary inlet system 

In order to measure gas streams continuously at atmospheric pressure, the inlet 

system employs a two-stage pressure reduction system. The first stage consists of a fused 

silica capillary of 0.152 mm internal diameter and an 18 L/sec turbo molecular drag 

pump backed by a diaphragm pump. This section is laminar in operation up to the mbar 

region. From there, .some of the gas is bled off to the mass spectrometer inlet through an 

adjustable leak valve. The mass spectrometer is maintained at a pressure of 10'^ mbar by 
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a 180 L/s turbo molecular drag pump backed by a diaphragm pump. The gas driving 

force is the pressure gradient between the capillary inlet and the analyzer. In order to 

minimize memory effects due to adsorption of impurities on the 1.25 meters long 

capillary walls, the entire capillary housed in a stainless steel line is kept heated at 100 

°C. 

2.3.1.5 Calibration and detection limits 

The instrument response is given by the ion current in Amperes. The ion current for most 
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Figure 2.3 Calibration curve for BHT on the EIMS. 
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species in inert carrier gases is linear in the low ppb and ppm range. Calibration for the 

desired species is performed using certified gas mixtures containing the impurity of 

interest. The gas-mixing zone explained in the experimental setup is used to prepare 

various concentrations of the impurity and a calibration curve of ion current versus 

concentration is obtained. Figure 2.3 shows a typical calibration curve. Detection limits 

(in an inert gas system) are determined by the detection limit of the mass spectrometer, 

inlet system, electrometer noise, temperature stability and gas supply stability. The 

performance specifications on the system are; 

Species Detection limit 

H: 500 ppb 

H2O 600 ppb (in argon, nitrogen or other inert gas) 

NT and CO 200 ppb (in argon) 

n
 

0
 

30 ppb 

Ar 30 ppb (in nitrogen, helium or neon) 

O2 30 ppb 

Table 2.1 Impurity detection limits of the Balzers EIMS. 
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2.3.2 Atmospheric Pressure Ionization Mass Spectrometer 

Concentration measurements in the sub-ppb and ppt range require extremely high 

sensitivities that cannot be achieved with conventional mass spectrometry. Atmospheric 

pressure ionization mass spectrometry, a modified mass spectrometric technique has 

sensitivity as much as 10^ times higher than conventional mass spectrometers and has 

faster response times than dedicated impurity analyzers. The high sensitivity of APIMS 

leads to a minimum dectectability of 0.5 - 1.5 ppt [42]. Like other mass spectrometers, it 

can monitor multiple impurities simultaneously. The history and introduction to the API 

technique along with some examples of its present applications can be found in Proctor 

and Todd [43] and Mitsui et al. [44]. 

As with most sophisticated instruments, the better detection limits come at an 

expense of increased and complicated maintenance and operations. It is an expensive 

instrument. The cost of the mass spectrometer and the accompanying external gas 

processor runs in the range of a half a million dollars. The external gas processor is 

necessary to provide precisely controlled sample gas and calibration gas. The system 

requires constant purging with zero-gas nitrogen to maintain the cleanest environment 

and. hence, achieve optimal performance. The nature of ion-molecule reactions in the 

ionization source under the operating conditions leads to cluster formation. This results 

in overlapping mass spectra that can be very difficult to interpret. This may complicate 

identification of unknown compounds as most of the reference spectra available are for 

conventional mass spectrometers operating under vacuum. Proper tuning of the 

quadrupoles, a very involved process, can minimize overlapping spectra. Additionally. 
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the technique allows detection of only those trace level impurities that have an ionization 

potential lower than the carrier gas. Hence, with the nitrogen carrier gas used in this 

study, the concentrations of argon, hydrogen, and helium could not be determined using 

APIMS. 

APIMS users have had success at modifying the instrument to alleviate some of 

the instruments' shortcomings. Mitsui et al. have had success at measuring trace levels of 

hydrogen in nitrogen and in measuring trace levels of reactive gases such as silane in 

nitrogen or helium [44]. A leading APIMS manufacturer now offers a unit that can detect 

hydrogen in nitrogen [45]. 

The APIMS used in this study is a VG Trace^. It comprises of a mass 

spectrometer manufactured by Vacuum Generators (VG) and a gas processor 

manufactured by L'Air Liquide. 

2.3.2.1 APIMS principle of operation 

The APIMS uses ionization of incoming gas at atmospheric pressure instead of 

under vacuum as in conventional mass spectrometers. In conventional mass 

spectrometry, under the reduced pressure operating conditions, the probability of an 

electron striking impurity molecules existing in ppb concentrations is almost zero. This 

reduces the limit of detection with EIMS. APIMS circumvents this phenomenon by 

ionizing the sample gas using a corona discharge ionization source at near atmospheric 

pressure. This results in the formation of a large number of primary ions, predominantly 

from the carrier gas, due to electron impact. Hence, for a N2 carrier gas. primary 
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ionization yields N"^ and The high probability of collisions at high pressure and, 

hence, a short mean free path result in an extensive series of ion/molecule reactions 

resulting in secondary ions of higher mass: 

+ 2N2 • + N/ (2.1) 

Only a relatively few impurity molecules are ionized in the primary ionization 

step. Nearly 100% of the trace impurity molecules get ionized due to a "charge transfer 

phenomenon". Due to the high ratio of ionized carrier gas molecules to impurity 

molecules, there is a high possibility of collision between a nitrogen ion and an impurity 

molecule. A sample reaction is shown below: 

+ O2 • Nt + (2.2) 

©Primary ionization ^ \ Secondary ionization 

N^ + e-^:^ N/ + 2e- N^^ + I N^ + I* 

1 + e" > 1+ + 2 e" 

Figure 2.4 Dual mechanism of ionization in the API source. 
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This secondary ionization mechanism is also known as 'soft' ionization. The sequence is 

shown schematically in Figure 2.4. This phenomenon is the key to the extraordinary 

sensitivity and low detection limits of an APIMS. However, the 'soft' ionization 

mechanism is thermodynamically favorable only when the impurity molecule has an 

ionization potential lower than that of the carrier gas. A table of ionization potentials is 

listed in Table 2.2. 

Gaseous species Ionization potential (eV) 
He 24.6 
Ar 15.8 
N. 15.6 
H2 15.4 

CO 14.0 
C02 13.8 
CH4 12.6 
H20 12.6 
62 12.1 

C2H6 11.5 
QHs 11.1 

Table 2.2 Ionization potentials of relevant gaseous .species. 

This also leads to some interference when a large amount of one impurity with a 

favorable ionization potential is present. The impurity may consume an unusually high 

number of the primary ions and. hence, may lower the amount of soft ionization of the 

other species present. This reduces the detection limit of the other trace impurities in the 

carrier gas. The presence of a large amount of some impurities, such as moisture, can 

al.so lead to cluster formation. The impurities cluster with nitrogen ions to form species 
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with unusual mass to charge (m/e) ratios that may interfere with the detection of 

impurities. For instance, 

N3^ + H2O ^ N2 + NH20^ (2.3) 

The cluster ion NH20"^ interferes in the detection of as both ions have m/e ratios of 

32. The APIMS tuning settings, however, such as the source, focusing and accelerating 

voltages, can be optimized to limit this interference effect. 

The ions are then leaked into the vacuum system through orifices into a 

quadrupole chamber through a series of pressure reduction and focusing stages. The 

quadrupole separates the ions according to their m/e ratios and directs the ions to a 

channeltron detector with a pulse counter. A more detailed explanation of these 

processes is given in the next section. 

2.3.2.2 Trace^ triple quadrupole APIMS 

Figure 2.5 shows the various key components of the VG Trace^ APIMS used in 

this study. Sample gas at atmospheric pressure is introduced through a stainless steel 

source housing directly over the tip of a tungsten needle maintained at between 3.2 and 5 

kV. The high voltage placed on the needle generates a corona discharge that ionizes the 

sample gas. The source can be heated up to 160 "C. It is usually maintained at 110 °C to 

prevent condensation of moisture and is baked overnight when sampled with high 

concentration impurities for long times. Ions formed in the corona are drawn into the 

first pumping stage at 0.5 torr through a 200 |im orifice. Fl. 
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Figure 2.5 Schematic diagram of VG Trace* APIMS. 

F1 is a focusing orifice whose voltage determines the fragmentation energy of the 

ions entering the sf)ectrometer. The sudden expansion through F1 also helps in the de-

clustering of ions. Protruding into the first pump stage, which is generated by a high 

capacity rotary pump, is a cone shaped orifice with a hole at its apex, F2. By applying a 

voltage between -300 and 300 V, ions are attracted to the point of the cone and pass into 

the next pump stage. This second vacuum stage is pumped with a rotary-backed 

turbomolecular pump generating a pressure of < 10"'^ torr. The ions continue to fiy 

through a series of lenses and focusing plates (F3. HPl, HP2, F4) maintained at 

progressively higher levels of vacuum until they reach the quadrupole section that is 

maintained at 10'^ torr. 

The Trace"" is equipped with three quadrupoles giving it the ability to 

unequivocally detect ions having the same m/e ratio such as CO and N:. Each 

quadrupole has four cylindrical electrodes arranged in a square array. Opposite 
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electrodes are connected together and given both a DC and RF bias component. The 

other electrode pair receives the identical potential but opposite in sign. The fields 

induced in these quadrupoles can be adjusted so that ions of only a particular m/e ratio 

can completely pass through the quadrupole. All other ions undergo unstable 

oscillations, hit the electrodes and get neutralized. 

The three quadrupoles are arranged in series in order to analyze peak overlap and 

detect ions of similar m/e ratios. The spectrometer is operated in full pass mode when 

peak overlap is not of concern. In this mode, the ions are passed through the second and 

third quadrupoles to the detector without filtering. All three quadrupoles are used only 

when peak overlap is of concern. The middle quadrupole is enclosed inside a specially 

designed collision cell that can be slightly pressurized with ulta-high purity argon to 

about 10'^ torr. Clusters of the same m/e ratio are broken up in this collision cell and then 

filtered in the last quadrupole. For instance, to measure CO in Ni carrier gas, the first 

quadrupole is tuned to m/e 28. This allows both the CO"^ and ions to pass through to 

the second quadrupole. In this collision cell, the ions undergo "collision induced 

dissociation' (CID) resulting in fragmented daughter ions like C"*". O^, N"^ etc. Hence, to 

measure CO concentration levels, the third quadrupole is tuned to detect the signal at m/e 

12. The quadrupoles have to be tuned to the proper voltages so that the ions can be 

accelerated through the CID cell at the optimum setting to promote fragmentation, and 

then decelerated for efficient analysis in the third quadrupole. 

The ions passing through the three quadrupoles are drawn into a channeltron 

electron multiplier. The electron multiplier is a curved tube with a beryllium coating on 
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the inner surface. It creates a large number of secondary electrons upon the impact of 

incoming ions. An applied potential difference on the curved tube causes the secondary 

electrons to collide repeatedly with the surface, generating more electrons until a 

measurable pulse is generated for each ion entering the channeltron. The pulses are 

further amplified and then counted by a pulse counter. 

The result is an impurity profile generated in terms of counts per second (cps) for 

each m/e ratio. A calibration curve must be generated for each species to be monitored in 

order to translate the cps to concentration units. The procedure for generating a 

calibration curve is addressed later. 

2.3.2.3 APIMS gas processor 

The gas processor is an integral part of the APIMS. A schematic of the Trace+ 

gas processor, designed by L'Air Liquide, is shown in Figure 2.6. 

It has four major functions: 

1. Preparation of zero-gas for gas dilution and to establish a system baseline 

2. Generation of calibration gas mixtures 

3. Provision of a controlled amount of sample gas 

4. Control of pressure and flow for the API source 

Design features include the use of electropolished 316L stainless steel tubing with VCR 

fittings. TIG welded tube joints, orifice plates to control flow without adding any 

contaminants, and all-metal MFC installed off-line to reduce the ri.sk of impurity 

intrusion. 
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Figure 2.6 Schematic diagram of gas processor and gas delivery system. 

2.3.2.3.a Zero-gas preparation 

Nitrogen carrier gas for the APIMS is supplied by a bulk, cryogenic source that 

services the University of Arizona ECE Microelectronics laboratory. The purity of this 

source nitrogen is 99.9999%. The nitrogen is then split to two lines, a 'house' nitrogen 

line that requires no additional purification, and an ultra-high purity (UHP) line. The 

nitrogen in the UHP line is passed through a 1000 L hot-metal getter purifier 

manufactured by Ultra-Pure Systems (Model 7000 XL). Upon leaving this purifier, the 

total impurity content in the nitrogen is less than 1 ppmv. The UHP nitrogen is further 

purified before entering the APIMS gas processor by two getter purifiers (Monotorr 



series SOOON, model# PS3MTN1) in series. Part of this gas is fed to the gas processor 

while the other part is directed to the direct injection system. The gas fed to the APIMS 

gas processor is further purified inside the gas processor by two more SAES getters [46]. 

After passing through the four SAES getters in series, the purity of the zero-gas or blank-

gas is in the single digit ppt range for major impurities. The zero-gas purity establishes 

the limit of detection, or the baseline, for each impurity to be analyzed by the APIMS. 

Another function of the zero-gas nitrogen is to dilute sample gases to be analyzed, either 

in the gas processor or in the direct injection system. 

2.3.2.3.b Sample-gas dilution 

It is essential to properly dilute sample gas with zero-gas since high impurity 

concentrations can saturate the plasma and can result in non-linearities in the calibration 

curves and complicated and misleading mass spectra. The ratio of sample gas to zero-gas 

introduced into the APIMS is controlled through MFCl and MFC2. 

2.3.2.3.C Calibration-gas preparation 

The APIMS gas processor is currently configured to prepare several impurity 

standards: H2O, O2, CO, CO2, and CH4. All, with the exception of moisture, originate 

from a certified cylinder containing the species in the single digit to tens of ppm range 

with the balance grade-6 (99.9999%) nitrogen. A Isccm maximum mass flow controller. 

MFCS, is used to introduce some of the gas from the certified cylinder to the zero-gas 

dilution stream. The cylinder gas is passed through a molecular sieve to remove cylinder 
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moisture that could later affect moisture calibration. Accurate dilution ratios of up to 

50,000 can be achieved in the gas processor resulting in a 200 ppt calibration-gas from a 

10 ppm gas. Other dilution schemes exist, using two-fold dilution, where standards less 

than 10 ppt can be accurately generated. 

In the case of moisture calibration, known standards are prepared by passing a 

monitored amount of zero-gas through a temperature controlled moisture permeation cell 

whose permeation rate is accurately known. 

2.3.2.4 APIMS calibration 

Impurity levels are monitored by APIMS in terms of ion counts per seconds (cps). 

Hence, calibration is required to relate cps to more tangible concentration units like ppb 

or ppt. By controlling the amount of standard gas flowing into the zero-gas at points X 

and Y (refer Figure 2.6), varying concentration calibration gases can be sent to the 

source. Figure 2.7 shows typical calibration curves for oxygen obtained on the VG 

Trace"^ APIMS in nitrogen carrier gas. Similar calibrations also exist for i.sopropyl 

alcohol, methane, carbon dioxide, and carbon monoxide species. It can be seen that the 

calibration curves for the APIMS are mostly linear with the slope giving the sensitivity in 

cps/ppb. 

It is also apparent that the calibration curves exhibit a small but non-zero y-axis 

intercept. This implies that the zero-gas has a very small amount of impurities present. 

These impurities could be indigenous to the gas, desorbed from the gas transport lines, 

contributed by dead volumes, or outgassed from the APIMS source [47]. 
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The collective contribution of all these impurities forms the ultimate background and 

establishes the limit of detection for the instrument. 
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Figure 2.7 APIMS calibration for OT in N^. 

2.3.4.a Non-linearities in APIMS calibration 

The APIMS response gets non-linear at concentrations that are at the high or low 

end of the range of detectability. At high concentrations, the curvature of the data is 

caused by saturation of the ionization source. High impurity levels result in the depletion 

of the carrier gas ions. Hence, secondary ionization by the charge transfer mechanism 

becomes inefficient. At low concentration levels, non-linearities arise due to the impurity 

background levels. 

Sensitivity = 1930cps/ppb 
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Figure 2.8 APIMS calibration of FfcO in low concentration range. 

Figure 2.8 shows the non-linear behavior the APIMS exhibits at low levels of 

moisture contamination. Clearly, a linear fit under-predicts the experimental response 

and blind extrapolation will result in erroneously low limits of detection. A three-

parameter non-linear model to fit APIMS calibration data over the entire concentration 

range using kinetic models of the plasma reaction chemistry has been developed [48]. 

However, these non-linear models are likely to be instrument dependent. The best way to 

take care of the non-linear response is to calibrate the instrument in the concentration 

range of interest and use that calibration curve to develop an appropriate non-linear 

equation. It can then be used for accurate conversion of the APIMS response to 

concentration. 
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2.3.3 Scanning Auger Microscope 

Auger Electron Spectroscopy (AES) is a highly sensitive surface analytical 

technique used to determine the elemental composition and the chemical state of the 

atoms in the top 10-20 A of the surface. When combined with the appropriate scanning 

electronics it can be used to map distribution of elements in the surface with high spatial 

resolution. It is then referred to as Scanning Auger Microscopy (SAM) [49]. 

Compositional depth profiles can also be obtained by combining AES with ion beam 

sputter etching. 

In 1925 Pierre Auger first described the Auger phenomenon and it was in 1967 

that Palmber and Tharp separately reported the first practical equipment for Auger 

analysis. Today, a typical Auger spectrometer consists of an ultra-high vacuum system, 

an electron gun, scanning electronics for imaging, an energy analyzer and usually an ion 

gun to remove contamination from sample surface and to perform compositional depth 

profiles. 

2.3.3.1 Principle of Auger electron spectroscopy 

The Auger process occurs as a consequence of a high-energy electron beam, X-

ray or electron beam hitting a surface. This causes ionization at various electron levels, 

each leading to creation of an ion with inner shell vacancies. Consider an initial vacancy 

created in the K shell as shown in Figure 2.9. 
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Figure 2.9 Process of Auger electron emission. 

The emitted electron is known as photoelectron. This leaves the atom in the excited state. 

The atom relaxes to a lower energy stable state by the transfer of electron from a higher 

energy shell, say L|. to the K shell. The difference in the energy between these two levels 

can be released in two forms: 1) it can be released as a photon and the process is called 

X-ray fluorescence, or 2) the excess energy can be used up in releasing an electron from 

Li.? shell, known as the Auger electron and the process is called Auger. The 

photoelectron emitted from the core level has energy characteristic of the atom and its 

detection is used in X-Ray Photoelectron Spectroscopy (XPS) another popular surface 
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sensitive technique. Conventionally an electron beam is used for incidence in the case of 

Auger and an X-ray beam used for XPS. The sum of the total Auger yield and 

fluorescence yield is thus unity. 

Auger electron emission is the more probable decay mechanism for low energy 

transitions i.e., for low atomic number elements with an initial vacancy in the K shell and 

for all elements with initial vacancies in the L or M shells. The variation in Auger and X-

ray fluorescence yields with atomic number for initial vacancies in the K, L and M shells 

is shown in Figure 2.10. 

MNN KLL LMM 

0.5 -- 0.5 

Atomic number (z) 

Figure 2.10 Auger and X-ray fluorescence yield as a function of atomic number. 

Auger transitions are typically labeled as KLiL^j with the first label 

corresponding to the energy level of the initial core level, the second label referring to the 
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energy level of the jumping relaxation electron and the third label to the level from which 

Auger electron is emitted. The transition is often labeled simply as KLL. 

The kinetic energy of the Auger electron is given by the difference in the binding 

energies of the energy levels and is independent of the incident beam energy, 

Ek,L23 (2.4) 

Note that El,^ is actually the binding energy of that level in the presence of a core hole 

and is greater than the binding energy of the same level in a neutral atom. 4^ is the 

spectrometer work function and is the energy required to raise the electron from the 

Fermi energy level to vacuum level. Any three sub-shells within an atom can be involved 

in the Auger process as long as the final state is significantly more stable than the initial 

state. 

Auger spectra are plots of the intensity of Auger electrons as a function of kinetic 

energy as shown in Figure 2.11. The Auger electrons of interest are superimposed on a 

very large background of elastically and inelastically scattered primary electrons used to 

excite the Auger process. At the lowest kinetic energy, less than 50 eV, the background 

increases sharply due to a large number of inelastically scattered electrons that lose their 

energy in the substrate while being reemitted. The Auger electrons are typically low 

intensity and are almost invisible in the large background intensity. Therefore, Auger 

spectra are plotted as derivative spectra in which the background contributions are 

minimized. The Auger spectrum in derivative form is shown in Figure 2.12. 
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Figure 2.12 Auger electron spectrum in derivative mode. 
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2.3.3.2 Instrumentation 

A Perkin-Elmer Phi Model 600 was used in this study. Like other surface 

analytical techniques. Auger analysis is performed in UHV to maintain an 

uncontaminated surface during analysis. An Auger system also includes an electron 

source and optical column to create the incident electron probe for specimen excitation, 

an energy analyzer and detector for measurement and collection of emitted electrons. 

Base pressure in the instrument is maintained at about 2-3 x lO '" Torr by a 

combination of turbo pumps and an ion sorption pump. The electron source is typically a 

LaBe cathode or a Schottky Field emitter. 

The Cylindrical Mirror Analyzer (CMA), shown in Figure 2.13, is the most 

commonly used electron energy analyzer for Auger systems. The energy dispersive field 

of the CMA results from a bias applied between the concentric cylinders with the analysis 

point on the axis of the symmetry. An entrance slit defines the analyzer's angle of 

acceptance (usually 42°) while the energy resolution is a function of analyzer aberrations 

and the dimensions of the exit slit. Such an energy analyzer acts as a band-pass filter 

whose bandwidth varies proportionally with the nominal energy. As a result, the energy 

resolution, AE, varies proportionally with energy, E, making the percent resolution, AE/E, 

a constant for fixed analyzer geometry. The electron column is mounted axially within 

the CMA. The electron detector is a channeltron electron multiplier or a micro-channel 

plate electron multiplier. For the SAM, a rastered electron beam along with a secondary 

electron detector for detecting secondary electrons gives the ability to acquire the 

physical structure and the topography of the sample. 
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Figure 2.13 Schematic diagram of a cylindrical mirror analyzer (CMA). 
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2.3.3.3 Sample preparation 

Careful sample handling is essential for preparing samples for Auger analysis in 

order to minimize contamination of the surface of interest. For silicon wafers, samples 

are diced/scribed into small coupons so that they can be secured on small metal sample 

holders. Handling is done with gloves and clean metal tweezers. Atmospheric 

contamination can also be of concern when analyzing carbon impurities within the 

surface. Samples need to be transported in clean chambers and transferred into the 

vacuum chamber of the instrument as soon as possible. Since the instrument has 6 

stages, a number of coupons can be stored in the vacuum chamber rather than keeping 

them exposed to air and building up contamination. 

2.3.3.4 Chemical shifts in AES 

AES, like XPS, is an effective technique in determining the chemical state of 

atoms at the surface. With change in the local bonding environment, the binding energy 

of the electrons in the core level being ionized can alter [50]. This further leads to shift in 

the energy of the corresponding Auger transition. Energy shifts of several eV can be 

found for the KLL and LMM Auger peaks of elemental Si and its oxide as shown in 

Figure 2.14. 

The shape of an Auger peak may also change significantly with changes in 

chemistry. Differences in the fine structure on the low kinetic energy side of major 

transitions can change dramatically between many metals and their oxides since the 

plasmon losses that are prominent in the metal spectra are not prominent in the oxides. 
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Figure 2.14 Chemical shift in terms of energy for Si peak in silicon oxide. 

Furthermore, these changes in the Auger line shapes themselves are greatest for 

transitions involving valence band electrons as in the case of LMM transitions of C 

shown in Figure 2.15. 
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Figure 2.15 Chemical shift in form of a change in shape for C in graphite and SiC. 
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These energy shifts and changes in line shapes can provide important information 

about the chemical state of the atom. When combined with sputtering, it can also be used 

for obtaining composition changes with sample depth. 

2.3.3.5 Elemental quantification 

Auger electron peaks are proportional to elemental concentrations. However, 

several instrumental factors influence Auger peak heights, making quantification from 

first principles almost impossible. Some of these factors include primary beam energy, 

sample orientation, and the energy resolution and acceptance angle of the analyzer. 

Variation in peak shape and intensity due to the chemical shifts also influence elemental 

quantification. 

A typical AES analysis involves quantification of the major and minor elements. 

This concentration range is consistent with AES analytical detection limits (1 to 0.01 %). 

(In contrast, a method such as SIMS secondary ionization mass spectrometry usually 

provides trace element quantification while the major elements remain essentially 

constant). Since concentrations of all elements (including the matrix) can vary in an AES 

measurement, concentrations are expressed as percents (CE%) normalized relative to the 

sum of all others. 

Ce%= 100% (->5) 
2,ci 

where. 
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Ce= RSF-^ (2.6) 

Im 

Ce is the analyte concentration, Ie the analyte ion intensity, Im the matrix element ion 

intensity and RSF the measured relative sensitivity factor for the particular element and 

matrix. This results in an equation of the form 

r innty rsfe ie 
Ce%=100%-5=: (2.7) 

^RSFi li 

The software accompanying the instrument has a wide database of RSFs for various 

combinations of elements and matrices, thus facilitating easy quantification of samples. 

2.3.4 Vertical Thermal Reactor 

Tube furnaces have been used in the semiconductor industry since the early 60s 

for oxidation, diffusion, heat treatment and various chemical vapor deposition processes. 

Horizontal furnaces were used extensively in the early years. However, one major 

problem with the horizontal design is to keep the gas streams in laminar flow along the 

tube, as the gases tend to separate based on their densities [51]. More demand on device 

performance and reliability, and the urge to process larger wafer sizes in large batches 

along with smaller equipment footprints forced chipmakers to move towards vertical 
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furnaces. Today vertical thermal reactors (VTR) are widely favored for their improved 

gas flow and reduced temperature gradients across the wafers. 

A SVG 6000 (manufactured by Silicon Valley Group) VTR was used in this study 

for the growth of ultra-thin gate oxides. The main element of the VTR is a quartz tube 

that serves as the reaction chamber for wet/dry thermal oxidations, annealing and 

LPCVD processes. The entire length of the reactor is divided into three heating zones, 

each with its own dedicated power supply. Thermocouples positioned against the quartz 

tube transmit temperature signals to proportional band controllers. The controllers then 

control the power to the heating coil elements that in turn heat the reaction tube by 

radiation and conduction. The temperature in the central zone can be controlled to ± 0.5 

"C. For sampling the gas in the VTR by using a mass spectrometer, the reference 

thermocouple within the tube has been replaced with a mobile quartz probe. This is a 'A" 

quartz tubing held in place with a tight Swagelock® fitting. The sampling probe has the 

ability to sweep along the entire length of the reactor in the annular space between the 

furnace and the wafer boat. The sample probe is connected through a 1/8" EPSS tubing 

to the Balzers mass spectrometer thus allowing the gas at various positions in the VTR to 

be monitored. Sample is drawn from the VTR to the mass spectrometer by employing a 

pressure reduction stage through a dedicated mechanical rotary vane pump. Gas drawn 

by the action of the rotary pump crosses a T section located close to the mouth of the 

capillary inlet. The pressure differential between the capillary inlet and that of the source 

housing draws the sample into the mass spectrometer. 
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The reaction chamber made of pure fused quartz allows it to be heated to 1200 °C. 

Wafers are loaded onto a boat that can accommodate up to 160 wafers of 6" diameter. 

Loading and unloading of the wafers is performed by a mechanical robot. The reactor 

has two wafer boats so that one can be loaded while the other is processed. The system is 

completely automated to minimize human involvement and improve contamination 

control. A mechanical elevator pushes the loaded boat into the tube fumace. The 

average loading lime is about 15 minutes. Once the boat is lowered, the lower insulating 

collar is completely sealed by a silicone o-ring. 

The process gas first enters a pre-heat loop that runs along the length of the 

fumace. This loop raises the temperature of the incoming gas from room temperature to 

about 650 °C, the typical stand-by temperature of the VTR. This feature prevents the 

possibility of thermal shock caused by the cold incoming purge or process gas. Gas 

flows are controlled through all metal sealed mass flow controllers. Typical flow rates 

used in operation are 8 to 10 slm. 
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CHAPTER 3 

INTERACTIONS OF POLAR ORGANICS ON SILICON OXIDE AND EFFECT 

OF MOISTURE 

3.1 INTRODUCTION 

Organic contamination in cleanrooms originates from several sources. The most 

obvious sources include organic chemicals used in several stages of processing. These 

include photoresists, solvents used for stripping photoresists and in back-end of the line 

cleaning, drying agents such as IP A, surfactants for tailoring surface wetting properties 

and reagents used in CMP. These chemicals can act as contaminants if they are not 

completely removed from the wafer surface. If they are volatile they contaminate the 

cleanroom air, which can then contribute to contamination of processes and surfaces in 

those areas. Volatile solvents such as IPA and acetone are routinely used for wiping 

walls and surfaces. However, there are numerous other indirect sources of organics that 

contribute significantly to organic contamination in the cleanroom environment [12-19]. 

Air-filters, sealants, gaskets and adhesives outgass compounds such as phosphate esters, 

phthalate esters, adipate esters and benzene sulfonamides. Organosilicones originate 

from silicone and polyurethane sealants. Large amount of amines are known to be 

present in the lithography area and near humidity control systems. Polymer outgassing is 

another prime source of organic contaminants. Polymers are used widely at many places 

in the cleanroom e.g. in wafer carriers and storage boxes, bottles, tanks, equipments, floor 

coverings, air filters and their sealing materials, cleanroom papers and gloves. A 
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thorough review of the various organic compounds outgassing from polymers has been 

described in Section 1.2.2. 

It has been observed that when a silicon wafer with native oxide is exposed to 

cleanroom air in a typical fab, most of the adsorbed compounds are polar in nature [14, 

37]. A similar observation is also made for wafers stored in wafer storage boxes. For 

example, Sugimoto and Okamura report the compounds shown in Table 3.1 on a RCA -

cleaned surface with an oxide [52]. 

Compound name 

Ethylene glycol, 2-ethyl-hexanol, 1,6-hexanediol, l-( l-methylethoxy)-2-propanol 

Butyl acetate, dodecanoic ester, dibutyl phthalate 

Caprolactam, oreic acid, benzene sulfonium amide, tris (2-chloroethyl) phosphate 

Table 3.1 Organic compounds detected on a RCA cleaned wafer surface after 24 hours 

exposure to cleanroom air. 

Many of the compounds detected on wafer surfaces on elongated exposures have high 

molecular weights. In a recent study, Ohmi et al. have attempted to characterize 

adsorption of organics in terms of their molecular weights and adsorption energies [53]. 

On an HF-last surface, majority of the adsorbing compounds were detected to be non-

polar molecules [39]. 
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Based on the above-mentioned observations, studying the adsorption-desorption 

kinetics of polar organics with silicon oxide surface bears high relevance to 

understanding organic contamination in processing ambient. Verghese had initiated a 

study of low-molecular weight polar organic compounds on silicon oxide by using IPA as 

a model contaminant [54], Ppb-level of IPA was observed to result in an adsorption of 

about lO'"' molecules/cm" at room temperature. He also observed that moisture could 

enhance IPA adsorption on silicon oxide due to its hydrogen bonding capabilities. A 

multicomponent multilayer model was developed in order to model the kinetics and 

energetics of the adsorption of moisture and IPA. 

Taking that study a step forward, the adsorption tendencies of high molecular 

weight polar organics are investigated using BHT as a model organic contaminant. BHT 

(2,6-di-t-butyl-4-methylphenol) is an antioxidant frequently used in polymers and is 

known to outgass significantly from wafer carriers and storage boxes [12, 13, 52]. It has 

a molecular weight of 220.35 and a polarity of 1.48 Debye. BHT can be considered a 

good representative for similar polar, aromatic compounds such as DBP, DOP known to 

contaminate wafer surfaces. The adsorption-desorption tendencies of BHT on silicon 

oxide surfaces at different temperatures are discussed in the following sections. A model 

to determine the kinetic constants and activation energies is also presented. The 

influence of moisture towards high molecular weight polar organic compounds is then 

investigated. This is followed by a discussion of a multilayer model simulating the 

dynamics of multicomponent impurity interactions at the wafer surface. 
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3.2 EXPERIMENTAL DESIGN 

3.2.1 Method of BHT challenge 

Unlike impurities such as IPA and moisture, BHT exists as a solid at room 

temperature. BHT has a melting point of 71 "C and a boiling point of 261 °C. As a 

result, BHT in ppm levels cannot be obtained in commercial gas cylinders. Permeation 

devices for low concentration BHT can be custom-made but are very expensive and have 

range limitations imposed by operation temperature and vapor pressure. In order to get 

ppm or ppb-level BHT in the gas phase, a concept similar to the widely used bubblers for 

liquids was used. This involved equilibrating a large volume of gas with BHT crystals at 

a particular temperature so that the partial pressure of BHT in the gas phase corresponds 

to its vapor pressure. Although the principle is simple, its execution was not so. First of 

all, the chamber housing the BHT crystals required VCR fittings for inlet and outlet in 

order to avoid air leaks into the system. This is necessary to avoid oxygen and moisture 

leaks that can raise the system backgrounds and also dilute the gas streams by an 

unknown amount, thus affecting calculations of impurity concentrations. The chamber 

was made of low carbon EPSS to minimize any uncontrolled sources of organics. A 5 

inch long, 1.5 inch diameter nipple with ISO flanges was employed as the chamber. It 

was sealed using Conflat copper gaskets to SS flanges custom fitted with VCR ends. 

BHT crystals were loaded in the chamber and the VCR glands were capped with 5-

micron filter gaskets. This was done as a measure to prevent BHT dust getting carried 

with the gas stream, which could potentially block the extremely narrow quartz capillary 

inlet to the mass spectrometer. The chamber was heated with wrapped heating tapes. 
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The same heating tape also heated about two feet of tubing leading into the chamber in 

order to allow sufficient pre-heating of the gas stream. Sufficient time had to be allotted 

for the carrier gas to get saturated with BHT at a given temperature. This was achieved 

by keeping the valve at the chamber outlet closed and allowing the stagnant gas to 

equilibrate for at least an hour. During challenge, the flow rate of the carrier gas was 

maintained below 25 seem otherwise once the stagnant gas corresponding to the reactor 

volume was discharged from the reactor, the new incoming gas stream would not get 

sufficient time to get saturated with BHT. This further precluded the use of any 

Swagelok or other inferior fittings into the system, as they would invariably leak air and 

dilute the gas streams. 

Partial pressure of BHT in the carrier gas was dependent on the temperature of the 

chamber. For example, at 50 °C, the saturation pressure of BHT in the gas stream is 

equal to its vapor pressure of 0.005729 kPa. Thus for a gas stream flowing at one 

atmospheric pressure (101.3 kPa), the partial pressure of BHT would be 56.56 x lO'*^ or 

56.56 ppm. Figure 3.1 shows the vapor pressure curve of BHT plotted using the Antoine 

relation available in the literature. The partial pressure of BHT as a function of 

temperature is given in Figure 3.2. Thus, the concentration of BHT in the gas phase can 

be calculated using the vapor pressure curve of BHT, provided care is taken to ensure 

equilibrium conditions. There were a few limitations, however, in using this type of 

source for BHT. All the lines between the BHT source chamber and the mass 

spectrometer had to be maintained at a temperature higher than that of the source 
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chamber to prevent condensation of BHT in the lines. This meant that the test reactor, 

too, had to be maintained at least at the temperature at which a particular BHT loading 

was being achieved. For example, a concentration of 28 ppm BHT could be achieved at 

43 "C. As a result, the challenge of BHT onto the test reactor for this concentration could 

not be performed at temperatures lower than 43 °C. Also, at temperatures greater than 60 

°C, pores of the filter gasket were getting blocked most likely due to the combination of 

expansion and contraction of the filter pores and the heating-cooling of BHT vapors. So 

concentration range of BHT that could be reproducibly used for challenge varied from 10 

to 100 ppm. 

3.2.2 Reactor design 

The experimental reactor for adsorption-desorption experiments used in this study 

was designed and developed over a couple of years by Mohith Verghese [53] and Eric 

Shero [55]. Instead of using some approximate form of silicon wafer such as quartz 

tubing or silica beads they used actual silicon wafers in a reactor configuration that could 

be easily modeled and would give accurate kinetic constants. Double-side polished 

silicon wafers were cut into small coupons of about 1cm x 2cm. They were loaded onto 

nickel coated stainless springs. They were packed randomly into a Pyrex reactor of 3 

inch inner diameter and 3.5 inch length. Figure 3.3 shows a photograph of the reactor. 

The ends of the reactor were sealed with Cajon glass-metal seals that used stainless steel 

to Pyrex joints instead of the graded-glass seals. Such a reactor design had several well-

designed features. 
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Wafer coupons Pyrex reactor 
Thermal well 

Figure 3.3 Experimental reactor for adsorption-desorption kinetic studies. 

The random packing of the wafer loaded springs promoted good mixing of the gas. 

Additionally, an aspect ratio close to 1 allowed the reactor to be approximated by a 

differential reactor. The total surface area of wafers (12 wafers of 100mm diameter) was 

1955 cm", representing 89 % of the total surface area of the reactor. The reactor walls 

being of Pyrex. they closely resemble the silicon oxide wafer surface and their outgassing 

characteristics can, therefore, be expected to be similar. Considering the fact that the 
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stainless steel lines carrying the gas from the reactor to the mass spectrometer is just 1/8" 

tubing, kept heated all the time, signal contribution from the actual surface of interest was 

maximized. To enable in-situ measurements of the bulk temperature within the reactor, a 

small conduit was constructed in the reactor wall and fitted with a type J thermocouple. 

Since the temperature in the middle of the reactor would be fairly uniform due to gas 

mixing, the thermocouple would be able to register the temperature of the bulk gas. The 

reactor could be heated with heating tapes up to about 300 °C. It could also be enclosed 

within a PID furnace capable of temperatures of up to 1200°C. 

3.2.3 Experimental setup 

Vent 

MFCl 

Stop valve 
// 

QMS Test reactor 

MFC2 

BHT 
chamber 

Heated lines 

Figure 3.4 Experimental setup for study of BHT outgassing. 
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Figure 3.4 shows the setup used for the set of experiments involving adsorption of 

polar organics on silicon oxide surface. Challenge concentrations in the ppm range were 

used as a starting point. For gas phase analysis, the Balzers EIMS was used. 

3.2.4 Experimental procedure 

The general experimental procedure had been explained in Section 2.2.2. In 

general, experiments involving study of the adsorption-desorption kinetics involve 

challenging the surface of interest with impurity of known concentration till equilibrium 

is reached. The adsorbed impurities are then desorbed under a nitrogen purge. 

Subsequent baking of the surface is done to desorb any remaining impurity that may be 

strongly adhered to the surface. As mentioned in Section 3.2.1, for achieving a specific 

concentration of BHT in the carrier gas, gas in the BHT chamber was equilibrated at a 

particular temperature for at least one hour. This was achieved by keeping the all-metal 

seal valve shown in Figure 3.4 closed. For challenge, BHT laden gas was released slowly 

by opening the valve and setting MFC 2 to 25 seem or less, with MFC 1 set to zero. For 

desorption, the valve was quickly closed completely, MFC 2 set to zero, and MFC 1 set 

to the appropriate desorption flow rate. 

The experimental procedure for BHT adsorption-desorption on silicon oxide 

surface consisted of the following steps; 

I. System bake-out: the reactor was heated up to 300 °C in a zero-gas nitrogen 

purge in order to remove any adsorbed contaminants and get a clean surface. 
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2. Organics adsorption: the reactor was challenged with a mixture of BHT in 

nitrogen gas, flowing typically at 25 seem, until constant BHT signal 

corresponding to the challenged concentration was recorded at the mass 

spectrometer. 

3. Organics desorption: the gas flow was quickly changed to zero-gas nitrogen. 

Desorption flow rates ranged from 200 seem to 600 seem. 

4. System bake-out: after the system reached the purge-gas background 

concentration, the surface was then sequentially baked at increasing 

temperatures (100°C, 200°C, 300°C) to determine the amount of contaminant 

remaining on the surface 

On the mass spectrometer, BHT was monitored by its two most prominent mass 

fragments 205.5 and 56 at 1200 V SEM. The peak at m/e 205.5 is supposed to be the 

largest peak for BHT. However, fragmentation patterns depend largely on the instrument 

settings. For the Balzers EIMS, the sensitivity of m/e 56 was much greater and so it was 

used for tracking BHT. The calibration curve, plotted in Figure 2.3. was almost linear 

within the concentration range of interest. 

3.3 ADSORPTION OF POLAR ORGANICS ON SILICON OXIDE 

3.3.1 Experimental results for BHT adsorption-desorption on silicon oxide 

The concentrations of BHT used in this study were 28 ppm and 73 ppm. These 

corresponded to vapor pressure of BHT at 43 and 53 °C. For the evaluation of activation 
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energies and the kinetic constants, adsorption was done at 3 different temperatures and 

also under conditions of varying flow rates. Figures 3.5 and 3.6 show the desorption 

profiles for BHT adsorbed on silicon oxide surfaces under different experimental 

conditions. It is apparent that desorption of BHT from the oxide surface is reasonably 

quick, unlike moisture which takes hours to reach background levels. The area under the 

desorption curve represents the total amount of contaminant that was adsorbed on the 

surface. As expected, at higher temperatures lesser amount of BHT is adsorbed on the 

wafers. The amount of BHT adsorbed per unit area of wafer as a function of challenge 

concentration and temperature is expressed in Table 3.2. It can be seen that a significant 

amount of BHT, approaching monolayer coverage, gets adsorbed even for the low 

concentration considered in this study. 

BHT 
ppm 

Temperature 
°C 

Loading 
molecules/cm^ 

28 43 3.4 X lO'-" 

28 105 2.5 X lO'"* 

28 150 2.2 X 10'-' 

73 53 1.1 X 10'-' 

Table 3.2 Equilibrium loading of BHT at different temperatures. 

This is of concern, considering the fact that wafers transported in boxes or kept under 

storage may face temperatures as high as 80 °C. At these high temperatures, outgassing 

of BHT may be accelerated and may reach concentration levels undertaken in this study. 
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Figure 3.5 BHT desorption profiles at different adsorption temperatures. 
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Figure 3.6 Desorption kinetics of BHT at different purge flow rates. 



113 

If such contaminants are not removed completely by appropriate cleaning, then they may 

cause problems with gate oxide quality as shown later in Chapter 4. 

3.3.2 Single component multilayer model for interactions of organics at wafer 

surface 

3.3.2.1 Interactions of organics with the wafer surface 

This model was developed to represent the interactions of organic molecules at 

silicon wafer surface. The molecules are allowed to adsorb on wafer surfaces in multiple 

layers as shown in Figure 3.7. This makes it applicable to both low concentrations as 

well as higher concentrations in the ppm range where coverage can be of the order of a 

few monolayers. The model is general and can be applied to impurity adsorption on any 

surface. It considers only physisorption forces between the surface and the 1"" layer of 

adsorbed molecules. Similarly the interactions between the P' and the higher layer are 

also by physisorption forces such as dispersion, dipole-dipole interactions or hydrogen 

bonding. The model will now be discussed in detail using BHT as the representative 

organic molecule adsorbing on a silicon oxide surface. It allows determination of the 

kinetic constants by fitting the experimental desorption data to the model equations. 

The model involves a transient species balance for the different species present on 

the wafer surface. The surface is assumed to consist of active sites on which molecules 

from the gas phase can preferentially adsorb. On the surface there will be sites which are 

either occupied by adsorbed contaminant or which will be vacant. This leads to the two 
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species present on the first layer at wafer surface; the adsorbed organic molecule and the 

vacant site, X. The active site density for silicon and silicon oxide surfaces has been 

reported in the literature. Each silicon atom is considered as an active site. For silicon 

the average active site density, Xo. is agreed to be 7.3 x lO'"* atoms/ cm" and for silicon 

oxide it is 4.6 x lO'"* atoms/cm" [56]. 

BHT (C15H23OH) in the gas phase can physisorb, primarily by hydrogen bonding, 

to the fairly polar vacant silicon oxide sites to form BHT adsorbed in the first layer 

(C ,5H230H-X) .  

ka 
C15H23OH + X q5H230H"X (3.1) 

kdo  

k^^ and k^j^ are the kinetic constants associated with the adsorption and desorption 

process for the first layer. The kinetic constants have been numbered in this manner in 

order to be consistent with the constants used in the multilayer multicomponent model to 

be di-scussed in Section 3.4. The process of adsorption is dynamic so molecules will be 

continuously adsorbing and desorbing from the surface. At equilibrium the rate of 

adsorption will be equal to the rate of desorption and a constant coverage, the equilibrium 

loading, will be reached. 

The rate of adsorption depends on both the gas-phase concentration and the 

fraction of sites that are vacant. The model considers a single silicon atom as a site. 

Hence, the siloxane bridge consists of two adjacent vacant sites. Since adsorption of a 

molecule to the siloxane bridge depends on not only the availability of a vacant site, but 
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also on the fraction of sites that are bare, the adsorption rate is second order with respect 

to the surface concentration of active sites. The rate of adsorption can then be given as 

Square brackets denote the concentration of species present on the surface. 

Concentrations in the gas phase are denoted as Cg(;.,5H230H (fo*" BHT). 

The rate of desorption depends only on the concentration of the molecules 

adsorbed on the surface in the first layer and is given as 

Molecules can also adsorb on other adsorbed molecules thus forming multiple 

layers. For the case of polar organics such as BHT, IPA this is likely due to the 

possibility of forming intermolecular hydrogen bonds. Even for non-polar molecules, 

molecules can get adsorbed in second and higher layers by dispersion forces though the 

number of such layers formed may be low. 

^adSc,5H230H-X (3.2) 

kd . [C ,5H230H-X]  (3.3) 

Cj 5H230H+ Cj5H230H"Xf 

C |5H')30H-- C j5H-730H - X  is BHT ad.sorbed in the second layer. Similarly a 

molecule from the gas phase can get adsorbed onto the second layer, giving rise to a 
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molecule in the third layer and so on. In this model, all the molecules in the second layer 

a n d  a b o v e  a r e  l u m p e d  t o g e t h e r  i n t o  a  ' h i g h e r  l a y e r '  r e p r e s e n t e d  b y  S B H T -  K A G  

k(jg are the adsorption and desorption constants for the higher layer interactions. 

The rate of adsorption in the higher layers is assumed proportional to the gas-

phase concentration and the density of molecules in the first layer. This assumption is 

reasonable under conditions where the coverage doesn't exceed a few monolayers. 

^^adssBHT ~ ^^35 [Ci5H230H- -X]Cgc,5H230H (3.5) 

The rate of desorption, as before, is proportional to the coverage in the higher 

layers. 

^ kdgCSBHT] (3.6) 

Although the model includes multilayer coverage, in order to avoid adding a large 

amount of complexity to the model, there is no differentiation between molecules 

adsorbed in the second and higher layers. Therefore, an organic molecule in the second 

layer is assumed to behave identically to an organic molecule in the fifth layer. This adds 

some degree of empiricism to the model. However, this will only be a disadvantage with 

extremely high loading conditions. Since the aim of this work is to develop a predictive 

tool for molecular contamination needs dictated by modem technology, the model will be 

used mainly in ppb and low ppm concentration regimes. 
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3.3.2.2 Species balance 

Transient-state species balance is performed for the various entities present on the 

surface to represent the rate of change in loading of each of the species. This includes 

balances for the vacant sites, BHT adsorbed in the first layer and BHT in the higher 

layers. A vacant site would be consumed by adsorption of BHT in the first layer and a 

vacant site will be regenerated by the desorption of BHT from the first layer. The species 

balance for the vacant sites can, therefore, be given by 

— - R 
~ deSq^H230H-X 3dSC|5H230H-X 

The species balance for the first layer and higher layer BHT is given as 

d[C|5H230H-X| ^ _ 
a'lSC|5H230H-X deSC|3H230H-X 

d[SBHT] _ p _p 

(jt ^"S b h t  ^ 

3.3.2.3 Coupling surface kinetics and gas-phase conservation equations 

The above equations representing the phenomena occurring at the surface have to 

be related to measurable parameters. This allows fitting of data, measured by monitoring 

gas-phase concentrations by mass spectrometer, with the surface kinetics equations. As 

mentioned previously, the experimental test bed used to investigate the silicon wafer 

surface had a packed-bed arrangement. This reactor can be assumed to behave as a 

differential reactor i.e. the gas-phase concentration is uniform at all points in the reactor. 
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Since the wafer modules are arranged with a high degree of randomness and the aspect 

ratio of the reactor is close to unity, the assumption of a high degree of mixing is valid. 

Therefore, the gas-phase conservation equations are relatively simple as, 

dC. 'gCi5H230H 
V Hc,5H230Hbase '-gC,5H230H; y (3.10) dt 

LBHT =  [C15H23OH •• •  X]+  [SBHT ]  (3 .11)  

dLgHT _ d[C,5H230H-X] d[SBHT] 

dt ~ dt dt 

Q, A and V are the volumetric flow rate, surface area of the wafers plus reactor 

and the volume of the reactor respectively. Nav is Avogadro's number. [C15H23OHlba.se is 

the inlet concentration of BHT in the desorption gas. The purging gas used for 

desorption being UHP nitrogen devoid of any BHT, its concentration is taken as zero. 

LBHT represents the total BHT loading which is the sum of BHT adsorbed in the first layer 

at the surface and in the higher layers. 

The system of ordinary differential equations (ODEs) equations (3.7) to (3.10) 

must be solved simultaneously to output a model prediction in terms of BHT outgassing 

versus time. In addition to the kinetic and gas-balance equations, the model is 

constrained by the site balance relating all the surface species to the total number of 

active sites Xo-

[X]  +  [C i5H230H " -X]  =  [XQ]  (3 .13)  
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3.3.2.4 Numerical scheme for solution of model equations 

The above set of equations is relatively simple with three simultaneous ordinary 

differential equations. However, they have four unknown parameters to be estimated 

with just one data set. The models that will be discussed later involve an even larger 

number of simultaneous equations. Solving them called for a program capable of 

estimating a large number of parameters simultaneously in a system of stiff ODEs bound 

by several constraints. To address these problems, a software package EASY-FIT was 

used. 

EASY-FIT is an interactive software system designed to identify parameters in 

explicit model functions, dynamical systems of equations, Laplace transformations, 

systems of ordinary differential equations, differential algebraic equations, or systems of 

one-dimensional time-dependent and algebraic partial differential equations. The 

software system is implemented in a form of a relational database under MS-Access and 

running under MS-Windows 95® or MS-Windows NT®. The underlying numerical 

algorithms are coded in FORTRAN. Model functions are interpreted and evaluated 

symbolically by either a program language called PCOMP that allows in addition 

automatic differentiation of nonlinear model functions or by user-provided FORTRAN 

subroutines [54]. 

3.3.2.5 Features of EASY-FIT 

The main feature of EASY-FIT is its ability to estimate unknown parameters in a 

mathematical model that describes a real-life situation, by minimizing the distance of 



some known experimental data from tiieoretical model data. Thus, model parameters that 

cannot be measured directly can be estimated by a least-squares fit and analyzed 

subsequently. In order to do this, the software package contains additional features such 

as: 

1) More than one fitting criterion can be defined, i.e. more than one experimental 

data set can be fitted within a model formulation. 

2) The fitting criteria are arbitrary functions depending on the parameters to be 

estimated, the solution of the underlying dynamical system, and a time 

variable. 

3) Data is fitted with respect to sum of squares (Euclidean norm), sum of 

absolute values (LI-norm), or maximum of absolute values (maximum norm). 

4) A statistical analysis provides confidence intervals, correlation and covariance 

matrices for estimated parameters. 

5) Switching or break points may be inserted to describe model changes at 

constant or even variable time points. 

A list of the a-fore mentioned features and more can be found in the EASY-FTT user 

manual [57]. The FORTRAN codes behind EASY-FIT were designed to solve parameter 

estimation or least-squares problems in a very flexible way. Different optimization 

algorithms are included. The most efficient optimization algorithms such as DFNLP (a 

combination of Guass-Newton and quasi-Newton method for constrained problems) [58], 

DN2GB (a combination of Guass-Newton and quasi-Newton method for unconstrained 

problems) [59], DSLMDF (a successive direct search and Gauss-Newton algorithm) [60], 
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and NELDER (a simplex method) [61], are included. In the case of parameter estimation 

in ODEs, it is possible to select from seven different solvers for stiff and non-stiff 

problems, including DOPRI5 (an explicit Runge-Kutta method of order 4/5 based on a 

Dormand-Prince formula) [62], and RADAU5 (an implicit Runge-Kutta method of order 

5 for stiff equations) [63]. After the fitting process, EASY-FIT also outputs complete 

numerical results and statistical analysis reports. Numerical results for the multilayer 

model fits can be found in Appendix B. 

3.3.2.6 Input of model equations 

Model equations supplied to EASY-FIT are scaled when the equations involved 

are very stiff. Scaling the equations eases the numerical differentiation process and 

minimizes difficulties arising in the presence of non-linear constraints. The concentration 

of surface species are scaled to Xo, the total number of sites available. 

V  [ X ]  

B = 

-  _  [ S b h t ]  

^BHT - rv 1 
l ^oJ  

The gas-phase concentrations are scaled to the concentration of the inlet gas used for 

challenge, Cgc^H.^oHin • 
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'8^15^^230^ 
'gC|5H230H 

'gC|5H230H in 
(3.17) 

Time is scaled with respect to the residence time, T  , in the reactor. 

t t = -
T 

V 
T = — 

Q 

(3.18) 

(3.19) 

Using these dimensionless variables, equations (3.7) through (3.10) in scaled form can be 

written as 

dX 

dt 
^d2  ̂  ®  -^a2  ̂ ^gC |5H230Hin^~  ^gC |5H230H (3.20) 

^5. 
dt 

'CCgC|^H230Hin^ CgC|5H230H ^d2^® (3.21) 

dS BHT 

dt 
-  ka5'^Cgc,5H230Hin BCgc,gH230H " . T SgHT (3.22) 

dC gCi5H 230H 

dt 
^eC|5H 230H|jjjj,g CgC|5H230H 

A Xo 

V NavC g C| 5 H 23OH if 

^dB ^ dSgHT ^ 

dt dt 

(3.23) 

The equations are constrained by the site balance 

X + B = 1 (3.24) 
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As a result, B can be substituted by (I-X ) in equations (3.20), (3.22) and (3.23). 

The initial conditions, at the beginning of desorption. are given by the steady state 

equations since surface is under equilibrium. 

CgC|5H230H(at t =0) = 1 (3.25) 

— - CgC|5H-,30HinCgCi5H230H { 1-X (at t =0)} 
SBHT(a t t  =  0 )  =  j  (3 .26)  

kd j  

For X (at t = 0), a quadratic equation of the following form is obtained: 

a (X(a t t=0) )^  +  b (X(a t t=0) )  +C= 0  (3 .27)  

TT, - -b + -v/b^-4ac 
and its solution is X (at t — 0) — (3.28) 

2a 

where, 

2^3^  Cg( - i  ̂ j ^2 - ,OH in  ̂ gC i  sHi .^OH a = (3.28a) 
^^2  

b = 1 (3.28b) 

c = -1 (3.28c) 

The scaled model equations are in.serted into the EASY-FIT program in the 

PCOMP syntax. This involves writing the data, variables, and functions defining the 

model functions on a text file similar to FORTRAN. The file is precompiled 

automatically before starting the optimization cycle. Proceeding from the intermediate 
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code generated, function and gradient values are evaluated from this code during run 

time. An advantage over using FORTRAN is that gradients are calculated automatically, 

e.g. without any numerical approximation errors. The PCOMP source codes for the 

mul t i l aye r  mode l  equa t ions  a re  inc luded  in  Append ix  A l .  

3.3.2.7 Model validation and discussion 

Fitting the single component model to BHT outgassing curves was relatively 

simple as it involved just four kinetic constants. As additional fitting criterion, the total 

amount of desorbed BHT as predicted by the model was matched to the amount 

calculated by the experimental curves. Figure 3.8 shows the fit of the single component 

multilayer model to the experimental data at the conditions mentioned. The variables 

concentration and time have been scaled with the challenge concentration and residence 

time, respectively. The model gives an excellent fit over the experimental range. It even 

does a good job of fitting the knee of the curve which many times is difficult due to the 

transition between desorption from higher to the first layer and due to the fact that 

readsorption may become comparable to desorption at lower surface coverages. 

Kinetic constants were obtained for three different temperatures. Activation 

energies were calculated by assuming an Arrhenius relation. The fit of log k vs 1/T as 

shown in Figure 3.9 was almost linear verifying the assumption. Table 3.3 gives the 

kinetic constants and the activation energy evaluated by the model. 
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Temperature: 43 °C 
Flow rate : 300 seem 
BHT conc. : 28 ppm 

Dimensionless time 

Figure 3.8 Fit of single component multilayer model to experimental data. 



127 

0 

-5 

-10 

-15 

-20 

i -25  

-30 

-35 

-40 

-45 

-50 

0.002 0.0025 0.003 0.0035 0.004 

I/T 

Figure 3.9 Plot of estimated kinetic constants as a function of temperature 
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Species Symbol value at 
43 "C 

value at 
105 

value at 
150 ®C 

Activation 
energy 

(kJ /gmol) 

Surface physisorbed 
BHT 

Ki 4.3 X 10-" 5.4 X 10"'^ 6.3 X 10 " 3.8 
Surface physisorbed 
BHT KD2 

0.029 0.0429 0.0546 5.9 

Higher layer BHT 
ka j  3.4 X 10-" 3.6 X 10-'^ 3.7 X 10-" 0.8 

Higher layer BHT 
KDS 

0.0436 0.069 0.09 7.2 

Blank sites* 

Higher layer BHT* 

Surface physisorbed 
BHT* 

X 

S BHT 

B 

0.51 

0.25 

0.49 

0.56 

0.12 

0.44 

0.60 

0.08 

0.40 

* loading at equilibrium (at t=0); ka's have units of cm^/min and kd's of min"' 

Table 3.3 Kinetic constants and equilibrium site distribution for 28 ppm BHT 

adsorption on silicon oxide surface. 

The activation energies for adsorption and desorption from the first and the higher 

layers are close to each other. This is in agreement with the assumption about the forces 

of attraction for both those layers. The values are in the same range as that for hydrogen 

bonds, which are about 0.5-5 kcal/gmol. The activation energy for adsorption on higher 

layer is lower than that on the surface. This can be attributed to the likelihood of 

intermolecular hydrogen bonding. For the same reason, desorption from higher layers 

turns out to be slightly activated over desorption from the surface. A look at the 

molecular structure of BHT also suggests that there would be lot of steric hindrances that 

would inhibit larger coverages, inspite of the possibility for intermolecular hydrogen 
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bond formation. The tert-butyl groups surrounding the polar hydroxyl groups would pose 

hindrances for the alignment of molecules one above the other or close to each other. As 

a result, even at such high concentrations the surface coverage of BHT is just of the order 

of a monolayer or two. 

The equilibrium distribution of contaminant molecules at the surface is also 

indicated in Table 3.3. The values are in the non-dimensional form, scaled with respect 

to a monolayer coverage. At 43 °C, where the total BHT coverage on the surface is about 

0.75 monolayers, the ratio of molecules in the higher layers to that in the first layer is 

about 1:2. At higher temperatures, the model predicts the coverage of BHT molecules to 

decrease gradually and as one would expect there is a significant decrease in the higher 

layer molecules. By 150 °C most of the molecules occupy the first layer. This is 

possible, as the high surface mobility of molecules at high temperatures would allow 

molecules at such low coverages to redistribute over the surface. 

Once the kinetic constants have been evaluated, they can be used for prediction of 

desorption dynamics and surface coverage under different contaminating conditions. The 

governing equations can be converted to a steady state form and can provide information 

such as distribution of molecules in various layers. One important feature is the ability to 

predict the coverages as a function of both challenge concentration and temperature. The 

estimations would be accurate over the range of experimental condition used for 

estimation of parameters. The extrapolations over different ranges of temperature and 

concentration have to be done judiciously. For example, under very high concentrations, 

the coverage may tend to saturate based on steric hindrance effects. Similarly, at very 
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high temperatures, thermal dissociation may occur or if there are multiple impurities 

present on surface, effects such as chemisorption or multicomponent interactions such as 

hydrogen bonding may increase contamination. Figure 3.10 shows the predicted 

distribution of vacant surface sites and contaminant coverage on the surface and higher 

layers as a function of temperature for 28 ppm BHT. 

Similar profiles can be predicted for varying contaminant concentrations and 

temperature levels, thus providing a powerful tool to determine the probable surface 

contamination under the conditions of interest. 
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Note: The site distribution is at equilibrium (t=0) 

Figure 3.10 Equilibrium surface site distribution for BHT predicted by the model. 



!32 

3.4 EFFECT OF MOISTURE ON ADSORPTION OF POLAR ORGANICS 

Moisture is a critical contaminant on silicon wafer surfaces given its presence in 

uncontrolled ambient. Moisture is known to adsorb actively on silicon oxide surface. 

The adsorption occurs dissociatively, resulting in the formation of surface hydroxyl 

groups. These surface silanol groups have been reported to attract polar molecules due to 

their ability of hydrogen bonding [39, 54]. 

Moisture was pre-adsorbed on silicon oxide surface in order to check its influence 

on BHT adsorption. The experimental procedure remained much the same except for the 

initial challenge of moisture. The experiments were performed by first challenging the 

baked and purged silicon oxide surface to a known concentration of moisture, in the ppb 

range. After equilibration, the hydroxylated silicon oxide surface was challenged with 

ppm level BHT till equilibrium was attained. Desorption was then carried out by purging 

the reactor with nitrogen. The surface was baked to remove any tightly adsorbed 

impurities. 

3.4.1 Experimental results 

Figure 3.11 compares desorption profile of BHT in the presence and absence of 

pre-adsorbed moisture. Desorption of BHT slows down due to the presence of moisture. 

The larger area under the curve for the case with pre-adsorbed moisture indicates that a 

greater amount of BHT got adsorbed on the wafer surface. The amount of BHT 

desorbing off the surface upon baking was insignificant and was not within the detection 

range of the instrument. 
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Figure 3.11 Effect of moisture on BHT desorption from a silicon oxide surface. 
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A detailed analysis of the desorption profiles reveals funher information about 

the desorption kinetics. The initial part of the desorption curves are almost overlapping 

each other. In presence of moisture, desorption of BHT starts to slow down at lower 

concentrations and then continues to trail. Calculation of the desorption loading 

suggested that the amount of BHT present at equilibrium is of the order of a monolayer of 

surface hydroxyl groups,, both in the presence and absence of moisture. Considering the 

steric hindrances presented by the large alkyl side groups, multiple layers can be assumed 

to be present on the surface. So when desorption is initiated, majority of the molecules 

are desorbing from the upper layer of BHT. This leads to similar rates of desorption at 

the beginning. When it gets to lower concentrations, majority of the molecules remaining 

on the surface can be expected to be present only in the surface layer. The slower 

desorption of BHT then suggests attraction between the surface hydroxyl groups and the 

hydroxyl group of BHT. This is further backed by the observation that BHT loading 

noticeably increases in the presence of moisture. The surface loadings of BHT and 

moisture are given in Table 3.4. The challenged moisture results in the formation of 

about 10 to 20% of a monolayer of surface hydroxyl groups. At all adsorption 

temperature, this causes the BHT loading to increase significantly. 

Calculations suggest that for each hyroxyl group formed on the surface, there are 

two more BHT molecules adsorbed on the surface. This ratio remains steady irrespective 

of the temperature. This number gives some base for predicting the nature of bonding of 

BHT to the surface in presence of moisture. 
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BHT 
ppm 

Water 
ppb 

Temperature 
»C 

BHT loading 
cm 

#SIOH 
cm*^ 

# BHT molecules 
added per SiOH 

28 0 43 3.4 X 10"* 
28 32 43 4.9 X 10'^ 7.0 X  10'^ 2.3 

28 0 105 2.5 X 10'^ 
28 32 105 3.7 X  10*'' 5.0 X  lO'^ 2.4 

28 0 150 2.2 X  lO'** 
28 32 150 3.1 X  lO'-' 4.2 X 10'-^ 2.1 

Table 3.4 Effect of moisture on BHT adsorption on silicon oxide. 

Even though only 10% of the surface is covered by hydroxyl groups, the steric 

hindrances among BHT molecules would preclude two large molecules to be held to the 

same hydroxyl group. Therefore, the possibility of the two extra BHT molecules being 

held side by side through hydrogen bonding at one hydroxy! group appears remote. 

However, some insight towards another plausible explanation can be obtained from the 

studies on mulilayer moisture adsorption on silicon oxide. It is generally agreed that the 

moisture physisorbed in the second and third layers above the surface hydroxyl groups 

through hydrogen bonding is fairly polarized due to surface induced polarization forces 

[55]. According to DeBoer [64] if the adsorbed gas has a large permanent dipole, which 

moisture does, the surface ions can induce a further polarization of the molecules in the 

3  
lower layers. This effect dies off as 1/d and should have its largest effect in the first two 

layers. A much higher activation energy is observed for desorption of moisture from the 

third and especially the second layers as compared to the upper layers. Since the dipole 
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moment of BHT is very close to that of moisture, it can be expected to behave similarly 

in terms of the polarization of the lower few layers. This effect could result in the 

polarization of the BHT molecule hydrogen bonded to the surface hyroxyl groups. This 

polarized molecule then could have the possibility of attracting at least one additional 

molecule, if not more: due to sterical limitations. This could be the explanation for the 

addition of two extra molecules of BHT per hydroxyl group. The other BHT molecules 

can be expected to be adsorbed on the surface by weak physisorption to the bare sites. 

The above observations are in agreement to the enhancement of isopropanol 

adsorption on silicon oxide caused by ppb level moisture, reported by Verghese et al.[65]. 

The studies conducted by Verghese involved adsorption of ppb levels of isopropanol. In 

this study, such low levels of BHT could not be generated using the technique used for 

creating BHT mixtures in nitrogen. Therefore, a direct comparison could not be made. 

However, both isopropanol and BHT are alcohols with a difference in size of the 

molecule. So the extent of increase in adsorption can be expected to be less in the case of 

BHT. Using isotopic labeling Verghese had shown that isopropanol can get chemisorbed 

on hydroxylated silicon oxide at high temperatures by an esterification reaction. A 

similar effect can be expected in case of BHT. Both the molecules are held to surface 

hydroxyl groups by strong hydrogen bonding which can cause an esterification type of 

reaction at elevated temperatures. Although no experimental validation was performed 

for chemisorption of BHT. the chemical similarity between isopropanol and BHT. 

coupled with a similar enhancement in adsorption due to moisture, strongly suggested a 

possibility for its occurrence. 
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A multicomponent multilayer model was developed to extract the kinetic 

parameters for interaction of moisture and BHT on silicon oxide surfaces. This model 

was based on the model developed by Verghese for multicomponent adsorption of 

moisture and isopropanol [54]. The details of the model and the estimation of kinetic 

constants are discussed in the next section. 

3.4.2 Multicomponent multilayer model for interactions of moisture and polar 

organics at wafer surface 

The multicomponent multilayer model represents the proposed interactions of 

moisture and organic molecules on wafer surfaces. 

X X  X X  X \ X V X  

||) BHT molecule Water molecule 

^ Hydroxylated site Surface bound organic 

X Vacant site 

Figure 3.12 Schematic of moisture and BHT interactions with silicon oxide. 
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The model was primarily developed for adsorption of moisture and polar organics 

onto silicon oxide surfaces. Figure 3.12 shows a schematic of the various species 

proposed to be present on a silicon oxide surface when challenged with moisture and 

BHT. The interactions of moisture and organics on silicon surfaces will be discussed 

First, followed by a description of the composition of various layers proposed in the 

model. 

3.4.2.1 Moisture at the wafer surface 

Shero has reported a detailed study as well as a good review of adsorption of 

moisture onto silicon surfaces [55]. The dehydroxylated silicon oxide surface is known 

to be covered with siloxane bridges and moisture is known to dissociatively chemisorb to 

the siloxane bridges to form silanol (SiOH) groups [66-69]. A single siloxane bridge is 

composed of two silicon atoms and, hence, accounts for two vacant surface sites. The 

adsorption of a water molecule results in the breaking of the siloxane bridge to form two 

vicinal silanol groups. Literature cites that the number of silanol groups on a fully 

hydroxylated surface is equal to 4.6 X lO'"* cm " for a well-defined, defect-free Si (100) 

oxide surface [67]. Since two adjacent vacant sites are needed for water adsorption, the 

hydroxylation reaction is as follows 

HoO +  2X 2X-0H (3 .29)  

A single reaction site or Si atom is represented with X in the equation above. 
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3.4.2.2 Interactions of organics at the wafer surface: physisorption 

As discussed in the single component organics adsorption model, organic 

molecules can physisorb on the wafer surface and in the higher layers by van der Waals 

forces such as dispersion or dipole interactions or by hydrogen bonding. On an oxide 

surface, a polar molecule such as BHT can physisorb by hydrogen bonding to the polar 

siloxane bridge [13]. 

3.4.2.3 Organics and moisture in the higher layers 

The model also allows both moisture and organic molecules to adsorb above the 

first layer of molecules forming higher layers. Both moisture and organics can be 

expected to physisorb through hydrogen bonding and/or dispersion forces to the three 

species: silanol groups, physisorbed BHT and chemisorbed BHT (explained next). 

(3.30) 

(3.31) 

(3.32) 

where. 

L = X-OH or C i 5H 230H - X or Cj5H 230-X 

Similar to the single component model, this model does not distinguish between a 

molecule belonging to the second layer or a higher layer, say, the fourth layer. Thus, all 
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the water molecules in the layer above the first layer are lumped into higher layer 

moisture Sh2o and all the BHT molecules in the layer above the first layer are lumped into 

higher layer BHT as SBHT- AS pointed out by Shero, moisture present at different layers 

exhibits variable desorption energy [55], He argues that the lower layers of moisture are 

more tightly bound to the surface due to chemical bonds and surface induced forces. As 

these layers are covered by one another, the higher layers have lower interaction energies 

because of reduction of the induction forces. However, the incorporation of these effects 

into the model makes solving the equations very difficult, as the exact balance of 

moisture in various layers cannot be verified with certainty by available experimental 

techniques. Moreover, under the low moisture challenge concentrations considered in 

this study the overall loading of water may not even exceed a complete monolayer. 

Hence, the assumption of lumping higher layer moisture is well justified. In case of 

BHT, steric hindrance effects due to its large side chains are also assumed to play an 

important role in limiting its overall coverage. So, the simplifications considered in this 

multilayer model should be reasonable for applications considered in this study. 

3.4.2.4 Interactions of organics at the wafer surface: chemisorption 

In addition to the physisorption of an organic molecule to the surface siloxane and 

silanol groups, the model allows for reaction at elevated temperatures between the 

physisorbed organics and the surface silanol to form a stable, chemisorbed organic group 

on the oxide surface. In case of BHT, the surface species created would be an alkoxy 

group formed through an esterification-like reaction shown in equation 3.33. Such 
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reactions have been observed by other researchers. Verghese et al. had validated such a 

mechanism through isotopical studies using deuterated water and isopropanol [54. 65]. 

Figure 3.13 shows a schematic for the chemical reaction between a polar organic (IPA) 

and surface silanol groups. 

C H t  

I 
H—O 
• • 
• • 

6-ft 

J 
Si 

CH^ 

.H 
O 

Si 

CH3 CH3 

I 
O 

J_ 
Si 

.H 
O 

J. 
Si 

Figure 3.13 An example of chemisorption of organics to SiO: surface. 

Equation (3.33) represents the suggested chemisorption reaction involving BHT. 

Ci5H230H-X-OH C15H23O-X +H2O (3.33) 

There is also a possibility for the reaction of a surface bound organic species with 

a silanol group to release BHT from the surface and reform a siloxane bridge. This 

reaction would involve breaking a relatively large amount of chemical bonds. Since 

experimental verification of such a mechanism was not possible, the reaction has not 

been considered in the model. 
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C,5H230-X + X-OH < > C15H23OH + 2X (3.34) 

3.4.2.5 Species balance 

Transient-state species balance equations are written for various species present 

on the wafer. 

Species balances for the bare surface and the /'" layer 

As discussed before, the dehydroxylated silicon oxide surface is covered with 

siloxane bridges. Moisture is known to dissociatively chemisorb to the siloxane bridges 

to form silanol (Si-OH) groups. BHT or other polar organics can also hydrogen bond to 

the fairly polar siloxane bride as shown by equation (3.30). However, the model 

considers a single Si atom as an active site. Hence, the siloxane bridge consists of two 

adjacent vacant sites. Chemisorption of a water molecule to the siloxane bridge requires 

two adjacent vacant sites. In other words, it depends not only on the availability of a 

vacant site but also on the fraction of sites that are bare; so the adsorption rate is second 

order with respect to the surface concentration of active sites. The adsorption rate is also 

proportional to the gas-phase concentration of the contaminant. The desorption rate of a 

species from the surface Is proportional to the concentration of that species on the 

surface. Hence, a species balance for the active sites would be represented as 

1 p 

C|5H230H-X deSHoO C |5H230H-X ^adSf^^Q (3.35) 

where 
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[Xo] 
(3.36) 

Ci5H230H-X 

2k,j[X]2Cg, 

[Xo] 

gC|5H230H 
(3.37) 

RdesH.o = kd,[X-OH] (3.38) 

kd,[Ci5H230H-X] (3.39) 

The desorption rate of the silanol groups is first order with respect to the silanol 

concentration since the surface hydroxyl groups are assumed to be tightly bound to the 

surface. Therefore, only two adjacent hydroxyl groups can combine to form molecular 

water and the reaction is not second order as tlrst intuition may lead one to believe. 

Similarly, a species balance can be written for the silanol groups on the wafer 

surface. However, in addition to the adsorption/desorption of water, this species balance 

must also include the esterification reaction process as shown in equation (3.33). For this 

reaction to take place, a BHT molecule must be positioned atop a silanol group. Hence, 

the reaction rate is dependent both on the surface coverage of BHT and on the probability 

that a BHT molecule is stacked atop a silanol group. As explained earlier, the model 

does not differentiate between molecular water or BHT in the second and higher layers. 

Hence, the probability of a BHT molecule existing in the second layer above a silanol 

group in the first layer can be approximated by the ratio of silanol group concentration to 

total surface species concentration, multiplied by SBHT- Similarly, the reverse reaction 
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requires molecular water in the second layer on top of the surface bound species. The 

resulting species balance for the silanol groups on the wafer surface takes the following 

form 

d[X-OH] _ ^ D D D 

~ "adsHio rev "desnio for (3.40) 

where 

P _ . [SH2OKC15H23O-X] 

rev rev [x-OH]+[Ci5H230H-"X]+[Ci5H230-X] 

R ^ . [Sbht][X-QH] 

for f°''[X-0H]+[Ci5H230H--.X]+[Ci5H230-X] 

Rfor is the rate of the esterification reaction and Rrcv is the rate of the reverse reaction to 

form BHT and a silanol group. Using the rate expressions listed above, similar species 

balances can be written for physisorbed BHT on the first layer and the surface bound 

ester. 

d[Ci5H230H-X] ^ 
(jj -X (-5-43) 

d[C,5H230-X] _ „ 
— Kfnr  — f o r r e v  ( 3 . 4 4 )  

at 
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Species Balance for Higher Layers 

Since the molecular adsorption of water and BHT in the second and higher layers is 

included in the surface coverage terms, Sbht, the species balances for these 

layers are relatively simple, 

d[Sij n] / \ 
—sf- = k,^Cg^^Jx-0H]+[Ci5H 230H.-X]+[Ci5H230-X]) 

- kdJSH.ol (3.45) 

= ka3Cgc, 3 H , 3 0 H([X-0H]+[Ci5H230H-X]+[Ci5H230-X]) 

- kj [Sbht] (3.46) 

3.4.2.6 Coupling surface kinetics and gas-phase conservation equations 

As in the single component model, the surface kinetics must ultimately be 

coupled to the gas-phase conservation equations in order to model the system completely. 

For of an experimental reactor that is differential in nature the gas conservation equations 

are: 

dt ~  y [  ^"^Obase j VNav dt 

<^Cgc,5H.,OH _ Q (r^ ^ \ A. dLBHT 

dt ~ V ^gc,5H,30H ; y Nav "dT" 

where, 

dLH.o ld[X-OH] dSH.o 
—7^ = T : —7^ (3-49) 

dt 2 dt dt 
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cILbht d[Ci5H230H-X] ^ d[C|5H230-X] ^ cISbht 

(3.50) 
dt dt dt dt 

Lh,o represents the total amount of moisture loading adsorbed on the wafer surface and 

LsHT^he total amount of BHT adsorbed. The total moisture includes chemisorbed 

moisture on the surface and moisture in the higher layers. Total BHT includes the sum of 

physisorbed BHT on the surface layer, BHT chemisorbed on the surface and BHT in the 

higher layers. 

The ODEs listed above in the species balance equations (3.35), (3.40), (3.43)-

(3.46) must be solved simultaneously with conservation equations (3.47) and (3.48) to 

output a model prediction in terms of H2O and IPA outgassing versus time. The set of 

ODEs is also constrained by a surface site balance. 

[ X 1  +  [ C i 5 H 2 3 0 H  • • •  X ]  +  [ C I 5 H 2 3 0  - X ]  +  [ X  - O H ]  =  [ X o ]  ( 3 . 5 1 )  

3.4.2.7 Method of solution for multicomponent multilayer model equations 

This model required 8 ordinary equations to be solved simultaneously. The 

model had 10 kinetic constants to be estimated. Also, many of the initial conditions were 

not known since some of the species involved required their surface concentrations to be 

known at start of the desorption process. However, information such as total moisture 

loading and total BHT loading could be calculated from the experimental data by 

integrating the area under the desorption and bake-out curves. The solution still required 

extensive trial and error computation because of the need for parameter estimation. To 
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be able to get working solutions then, as in the single component model, the versatile 

EASY-FIT software was used to solve for the kinetic constants. The features of EASY-

FIT have already been discussed in detail in section 3.3.2.5. 

The equations were non-dimensionalized by appropriate scaling of the variables 

involved. Surface concentrations were scaled with the total active site density and gas-

phase concentrations with the challenge gas concentration. Time was scaled by the 

residence time in the reactor. The scaled variables are represented below: 

[X] 
X = 

[ X Q ]  
(3.52) 

X  [ X - O H ]  
^ , (3.53) 

B = 

[XQ] 

[C15H23QH-X] 

[XQ] 

- ^ [C15H23Q-X] 

[XQ] 

(3.54) 

(3.55) 

^ [Sh^Q] 
- rv" 1 (3.56) 

LAQJ 

c _ t^BHT] 
SBHT - rv 1 

L-^OJ 

^ e HiO 
~ (3.58) 

gHiO'i 
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n - ^gC,5H2^0H 
^gC|5H 230H - (3.59) 

^gCisHijOHin 

- _ t 

T 

V T = — 
Q 

Using these scaled variables, the set of ODES can be represented as 

dX - _ _ 

- 2ka^TCgC|^H^^Qp^j^Cgc,5H230HX*' 

— - '>k tr C k T T I '^"•cvT^Sh^oC 

( I - X )  

dB _ - -2 -
•" ^^gC|3H230Hin^gC|5H230HX — kj^XB (3.64) 

(3.60) 

(3.61) 

(3.62) 

(3.63) 

(3.65) 
dC _ kforTSgHT^ ^ rev^Sj^^QC 

d t  ~  ( 1 - X )  ( I - X )  

^^HtO — 
= '^a4'^Cg|^^^.^Cg|^^Q(l-X)-kd^lSH20 (3.66) 

dSflHT 

dt 
- ka5'^^gC|5H230Hm CgC|5H 230H(l-X) - kj^TSgH-p (3.67) 
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dC gH^O 

dt 
= C -C 

Xr 
SH20base SHiO VNav C 

gHoOin 

U dA 

2 dt 

dS HoO 

dt 
(3.68) 

dC gCj5H^30^ 

dt 
- CgC,5H230H(,j^g - CgC|5H 230H 

A Xo 

VNavC gC|5H 230H in 

^dB ^ dC ^ dSgHT ^ 

dt dt dt 

(3.69) 

The equations are further constrained by the site balance, 

X + A  +  B  +  C  =  I  ( 3 . 7 0 )  

3.4.2.8 Model fitting and parameter estimation 

The model was used to determine kinetic parameters by fitting the model to the 

experimental desorption curves. Even though EASY-FIT can estimate ten parameters by 

solving eight simultaneous ODEs, the task of getting the right kinetic constants is tricky. 

Based on the starting guess provided, it is possible that multiple values for a given 

parameter can fit a given data. Since desorption data for only the organic contaminant 

was available (moisture concentration being too low. it could not be measured accurately 

on the Balzers EIMS) further difficulties were involved in the correct estimation of the 

kinetic constants. With many variables available, a good fit could be easily achieved. As 

a result it was necessary to develop several criteria that would ensure that the constants 

estimated were reasonable. For example, the upper values for the species in the First 

layer X. A . B and C could not be greater than unity. The total amount of water and 
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BHT desorbed from the surface was also known. Those values were supplied as 

constraints so that the impurity loading calculated by the model could closely match the 

experimental values. The solution could be further improved by recognizing that some of 

the kinetic constants were related to physical processes involving single component 

physisorption and chemisorption. For example, the model involved chemisorption of 

moisture at the surface and physisorption in the higher layers. It also involved 

physisorption of BHT on the surface and in higher layers. These parameters could be 

estimated separately by performing single component studies and fitting a single 

component model as explained for BHT in section 3.3.2. 

As a result, the complications and uncertainties involved with getting multiple and 

unreasonable values could be successfully reduced. Separate experiments were 

conducted for moisture adsorption/desorption and the data was measured on an APIMS. 

Constants , kj^, k^^ and k^^ were calculated using that data. As explained in section 

3.3.2, single component BHT experiments allowed calculation of the constants , kj^. 

ka^ and k^^ • For the multicomponent multilayer model k^^, kj^, k^^, kj^ values 

evaluated by single component data fitting were used. In this model, higher layer 

moisture and BHT adsorption could occur on the first layer consisting of multiple species 

such as moisture, physisorbed and chemisorbed BHT. As a result, the interaction 

energies could be different from adsorption on the species of the same kind (moisture on 

moisture or BHT on BHT). Therefore, k. , k,i . k., and k,i were re-estimated. a4 ag CI5 
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However, better guess values were available for those constants since their values would 

not be very different from those derived from single component values. 

The initial values required for the variables could be calculated in terms of the 

kinetic parameters by setting their time-derivative to zero since at start of desorption the 

system is in steady state. At time zero, concentrations of moisture and BHT are equal to 

the inlet concentration (the challenge concentrations). 

^gCl5H230H (att = 0) = 1.0 

(3.71) 

(3.72) 

(3.73) 

Sbht t = 0) 
t-0) - ^^5^g<^l5H23QH'" X(att-Q)) 

kd. 
(3.74) 

A ( a t t  =  0 )  =  
( X ( a t t  0 ) )  

(3.75) 

= ^*^^2^gq5H230Hin(^ ^ 
(3.76) 

nt "_n\ - '^d4'^a«5'^for^gC|5H230Hin(^(^^ ^-0)) 
v_(att — (J) — ^ 

^di I ^rev 
(3.77) 

The initial value for X can be derived from the site constraint equation (3.70). 
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This gives a quadratic equation of the form 

a - ( X ( a t t  =  0 ) ) -  + b ( X ( a t t = 0 ) )  +  c =  0  ( 3 . 7 8 )  

77, - -b + Vb -4ac 
Its solution is, X (at t = 0) = (3.79) 

2a 

where 

_ ^1 8H20in 2^a2^gC|5H230Hin ^'^ai ^d4 ̂ ^85 ^for^gC|5H230Hin 

^ kj.ka.kdskrev 

b = 1 (3.79b) 

C = -I (3.79c) 

The PCOMP source codes for the multilayer model equations are included in Appendix 

A2. 

3.4.2.9 Model validation and discussion 

Figure 3.14 shows the fit of the multicomponent multilayer model to experimental 

data at the specified conditions. It shows the predicted non-dimensional BHT 

concentration as a function of non-dimensional time. The model fits the entire range of 

the desorption curve quite well which validates the assumed model reactions. The values 

of the kinetic constants for the various proposed reaction steps are shown in Table 3.5. It 

also gives the activation energies for the involved reactions. 
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Figure 3.14 Fit of multilayer multicomponent model to experimental data. 
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They were estimated using an Arrhenius relation, which agreed well with the calculated 

kinetic constants. 

Species 

Kinetic constant Activation 

energy 

(kJ/gmol) 

Species 

symbol value at 

43 "C 

units 

Activation 

energy 

(kJ/gmol) 

Surface moisture ka, 5.9E-I7 cmVmin 14.7 Surface moisture 

0.0005 min' 22.9 

Higher layer moisture 8.24E-14 cm^/min 3.1 Higher layer moisture 

16.0 min"' 9.4 

Surface BHT 
^2 

4.31E-I7 cmVmin 3.8 Surface BHT 

0.0289 min"' 5.9 

Higher layer BHT kag 
1.79E-17 cm^/min 3.4 Higher layer BHT 

0.011 min' 6.0 

Chemisorbed BHT l^for 0.0045 min"' 30.1 Chemisorbed BHT 

kfev 0.34 min' 34.9 

Table 3.5 Estimated kinetic constants and activation energies for the multicomponent 

multilayer model. 

A number of inferences can be made from the calculated kinetic constants. The 

activation energy of the physisorbed species; higher layer moisture and surface as well as 

higher layer BHT are within the range of typical hydrogen bonds. The kinetic constants 

for BHT physisorption are calculated to be lower than that for moisture physisorption. 
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This appears reasonable since moisture is a smaller and more polar molecule than BHT. 

which would face some steric hindrances too. The attractive forces for BHT adsorption 

in the higher layers can be expected to be a little less than that on the surface due to 

reduced polarization effects and steric hindrances. This explains the lower values of 

adsorption constant for BHT adsorbed in the higher layer. The activation energies for 

moisture chemisorption on the surface fall within the range of reported literature values 

of about 12-25 kJ/gmol. 

The most significant results of the model are the value of the activation energies 

calculated for the forward and reverse BHT chemisorption reactions. The activation 

energies for the two reactions are much higher than typical physisorption reactions. The 

activation energy for the 'forward' process, i.e. the formation of the surface bound 

species was found to be 30.1 kJ/mole. As expected, the activation energy for the 

'reverse' reaction is higher. From the values, it is obvious that the risk of formation of a 

tightly bound surface organics is considerably high in the presence of moisture 

contamination. The activation energy for the forward reaction can easily be overcome 

during high temperature processing and rapid thermal heating. 

The model can also be used to predict the equilibrium distribution of the proposed 

surface and higher layer species. The calculated kinetic constants can be substituted into 

the initial conditions for the desorption process, equations (3.71) to (3.79) to get the 

equilibrium distribution of various species. The rate equations can then be solved as a 

function of time, to determine how the distribution of various species changes during the 

desorption proce.ss. Figure 3.15 shows the profile of the six surface species during the 
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Figure 3.15 Predicted change in fractional coverage of various species during desorption 

of 28 ppm BHT and 32 ppb moisture. 
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desorption cycle at 300 seem and 43 °C. The concentrations are normalized with respect 

to a monolayer surface coverage of moisture (4.6 x lO'"* molecules/cm"). The higher 

layer species decrease rapidly compared to the surface species. This is a result of the fact 

that the higher layer species are physisorbed and are held less strongly compared to the 

surface species. At 43 °C, the change in chemisorbed BHT and chemisorbed moisture is 

minimal. Once the kinetic constants and the activation energies are known, the model 

can be used to predict total moisture and BHT coverages and the distribution of various 

species at different temperatures and contamination concentrations. Figure 3.16 shows 

the predicted loadings of BHT and moisture as a function of temperature. 

3.5 CONCLUSIONS 

The adsorption characteristics of BHT, a high molecular weight polar organic 

molecule, on silicon oxide were investigated. Exposure to 28 ppm BHT in nitrogen at 

different temperatures resulted in a coverage of 2-4 x lO'"* molecules/cm". BHT being 

one of the major compounds outgassing from polymeric materials used for wafer carriers 

and storage boxes, a significant amount of BHT can be expected to adsorb on the wafers. 

The outgassing can be more problematic during shipping where a wide temperature-range 

of -20 °C to 65 °C may be encountered. 

A single component multilayer model was developed to get the kinetic constants 

associated with the interactions of BHT on the wafer surface. The activation energy for 

adsorption of BHT to silicon oxide was similar to that for adsorption of BHT molecules 

on the first layer of adsorbed BHT. This was consistent with the assumptions for similar 
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Figure 3.16 Predicted equilibrium loading of BHT and moisture as a function of 

temperature. 
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bonding by dipole-dipole interactions or hydrogen bonding between the polar molecules 

and the polar surface. 

Moisture was observed to increase the extent of adsorption of BHT on the oxide 

surface. For each silanol group created by moisture chemisorption, two additional 

molecules of BHT were attracted to the wafer surface. A multilayer multicomponent 

model assuming a chemisorption reaction between the surface silanol groups and 

adsorbed BHT was developed to determine the kinetic constants and activation energies 

for interactions of moisture and BHT on silicon oxide surface. 
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CHAPTER 4 

EFFECT OF ORGANIC CONTAMINATION ON THE QUALITY OF 

ULTRA-THIN SILICON OXIDE GATE DIELECTRIC 

4.1 OVERVIEW OF THIN GATE OXIDATION TECHNOLOGY 

The gate dielectric is one of the most important parts of a MOS transistor, which 

in turn is the building block of ULSI (ultra large scale integration) circuits in 

microprocessors and dynamic memories. The gate dielectric electrically insulates the 

gate electrode from the substrate. The channel between the source and the drain is 

capacitively coupled to the gate via the electric field in the gate dielectric [70]. The drive 

current in the transistor depends on the dielectric constant, the thickness and more 

importantly, on the electrical and material properties of the gate dielectric. For several 

years now, the gate dielectric used in conventional silicon based technology has been 

silicon oxide. The use of amorphous, thermally grown silicon oxide as a gate dielectric 

offers several key advantages such as a thermodynamically and electrically stable, high-

quality silicon-silicon oxide interface as well as superior electrical isolation properties 

[8]. 

Current generation 0.13 micron technology devices employ a silicon oxide film as 

thin as 15-19 A. Growth of these ultra-thin silicon oxide films for gate dielectric 

applications is performed by dry thermal oxidation [71]. Thermal oxidations are 

typically performed in vertical oxidation furnaces, also called Vertical Thermal Reactors 
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(VTRs), In a mixture of about 10% oxygen in nitrogen at temperatures of 750-900 °C. 

The description of a VTR used in this study has been given in Section 2.3.4. 

Adequate performance of modem ultra-thin gate dielectrics requires defect 

densities of the order of 0.01 defects/cm" (Table 1.1). This places a significant emphasis 

on surface preparation technologies so that micro-contamination in the form of particles, 

metals, organics, and even substrate roughness can be controlled within acceptable levels 

in line with ITRS recommendations. A commonly accepted standard for particle size 

leading to killer gate oxide defects is 1/3'^'' of the design line-width [72]. Metals present 

on the surface prior to gate oxidation can lead to GOI (gate oxide integrity) defects such 

as silicide precipitates or metal-induced and decorated stacking faults near the gate oxide-

silicon interface [73]. Pre-oxidation cleaning, therefore, assumes a very important role in 

gate oxidation technology [74, 75]. Traditional pre-oxidation cleaning involves the RCA 

cleans developed by RCA [76]. This involves sulfuric acid/hydrogen peroxide/water 

mixtures (SPM) for heavy organics and metal removal, hydrofluoric acid (HF) for native 

oxide and metal removal, ammonium hydroxide/hydrogen peroxide/ water mixtures 

(APM or SCI-Standard Clean 1) for light organics and particle removal, and 

hydrochloric acid/hydrogen peroxide/ water mixtures (HPM or SC2-Standard Clean 2) 

for metal removal. The wafers are rinsed with ample amounts of water between each of 

these steps to remove adsorbed chemicals. The final step is drying using vapor IPA or 

the recently introduced Marangoni drying to displace any trace water molecules. 

The SPM and SCI cleans leave the wafer surface with a 5-12 A chemical oxide 

while the HF rinse removes any oxide from the surface and terminates it with hydrogen. 
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For sub-30 A oxides, the 5-12 A chemical oxide resulting from standard wet cleans might 

constitute a significant fraction of the final oxide [77]. These chemical oxides are known 

to include various sub-oxides, OH bonds, as well as possible trapped metallic 

contaminants. There are reliability concerns regarding the overall GOI of thermal oxides 

grown on such chemical oxides. Therefore, HF-last passivation which is very stable 

against oxidation in room air is often proposed by several researchers [78, 79]. However, 

a recent study showed that there is not a big difference in oxide thickness for oxide grown 

on SCI-last vs. HF-last surfaces. Thermal oxide grown on chemical-oxide passivated 

silicon (100) has been found to be less than 0.1 nm thicker than HF-last treated surfaces 

for 12-25 A oxides [74]. In fact, the oxide-passivated surface is sometimes preferred as it 

results in slightly lower oxide thickness non-uniformity. In addition, the oxide-

passivated surface is thermodynamically more stable and less vulnerable to particle 

contamination. As a result, both SCI-last and HF-last cleans continue to be used in the 

industry for the growth of gate oxides [37]. 

Organic contamination has been recently related to degradation of gate oxide 

quality [II, 22-27]. Residual organic contamination can cause undesired silicon carbide 

formation within the gate oxide film which acts as defects [10. 11, 26]. Pickup of 

organics can easily occur even after pre-oxidation cleaning because there is usually a 

distinct time lag before thermal oxidation that varies from a few minutes to a few hours. 

The wafers are left open to cleanroom air during that interval. Transport of wafers in 

plastic boxes can also result in potential organic contamination because of outgassing of 

polymeric materials [12, 13]. Various processing steps can be clustered in vacuum tools. 
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but silicon surfaces handled in vacuum environment are also vulnerable to organic 

contamination [27, 75]. The present understanding of residual organic contamination on 

IC processing is poor due to the lack of sufficient studies in this area. 

This chapter investigates the fundamentals of adsorption of organics and their 

behavior, on silicon wafers subjected to various pre-oxidation cleans, during thermal 

oxidation. A novel method based on catalytic oxidation of organics has been developed 

to monitor and characterize the outgassing of organics. The effects of process variables 

such as temperature ramp-up ambient, and ramp rates employed in typical thermal 

oxidation cycles are studied. The ramp-up ambient refers to the purge-gas used during 

temperature ramp from the idling temperature (typically 500-650 °C) to the oxidation 

temperature (750-900 °C). The effects of amount of organic contamination and the 

influence of moisture towards polar organics are also discussed. The kinetics and 

mechanisms of carbon incorporation in Si/SiOo substrates are investigated. A reaction 

model based on the competitive processes of desorption, readsorption, decomposition, 

oxidation, and chemisorption of adsorbed organics is developed. This model provides a 

better understanding of one of the key aspects of defect formation in silicon-based 

dielectric thin films. 
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4.2 EXPERIMENTAL DESIGN 

The study of the behavior of organics in a high temperature process such as 

thermal oxidation presented many complications. The experimental setup and the reactor 

used for adsorption-desorption studies were not suitable for thermal oxidation studies. 

As mentioned before, surface preparation is very critical for gate oxidation. One of the 

main goals of this study was to investigate the effect of pre-gate oxidation cleaning 

sequences on interactions of organics during thermal oxidation. This required designing 

a reactor that could be subjected to RCA-type cleaning and subsequently connected to the 

test-section for purging and challenge of organics. Pyrex, from which the adsorption-

desorption reactor was made, could no longer be used as it fuses above 535 °C. It was 

also observed that the nickel coated stainless steel springs used for supporting wafer 

coupons get corroded in acidic solutions and they lose the coating above 600 °C. A 

different arrangement for packing a large surface area of silicon wafers in a reactor was. 

therefore, required. One other practical difficulty was concerned with the type of sealing 

used for joining the glass reactor to stainless steel tubing. The glass to metal seals are 

available only in the form of Pyrex to stainless steel joints and the maximum operation 

temperature is limited to 535 °C. A transition joint that could seal effectively without 

introducing leaks through permeation or diffusion was also required. 

4.2.1 Development of a technique for detection of outgassing of organics 

In addition, a major challenge in design was related to the method of detection for 

organics. A mass spectrometer can trace and quantify a single compound effectively. 
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However, when there is a mixture of compounds, especially organics, a large number of 

fragments with overlapping peaks are produced. Accurate identification of the parent 

compound itself is a challenging task. If quantification of the organic species is also 

desired, then the task gets more difficult. It would typically require calibrating the 

system for each of the compound that is detected in the mass spectra during outgassing of 

organics. It is not that detection of multiple organic species is not possible. However, 

the analytical capabilities required were not available in the experimental facilities at 

hand. The technique of GC-MS (gas chromatography with mass spectrometer) is better 

suited to the detection and quantification of unknown mixture of organics [13, 16, 19. 

91]. It employs gas chromatography for separation of organic compounds depending on 

their adsorption characteristics and, hence, the residence time on a chromatographic 

column. The compounds eluting at different times are then detected individually by a 

mass spectrometer. A more popular technique u.sed for thermal desorption studies is TD-

GC-MS (thermal desorption with GC-MS) where compounds are desorbed thermally at 

different temperatures and are separated and delected using GC-MS. Although this 

method is versatile, it cannot be used for continuous monitoring which would be required 

for detecting kinetics of organics outgassing during thermal ramp processes. The 

requirement for .separation of compounds by using an adsorption column precludes the 

method from real-time measurements. 

It was realized that a typical organic molecule would fragment into many species 

and the distribution of tho.se compounds as a function of temperature would also vary. In 

such a situation, it would be much easier to monitor the organics cumulatively in the form 
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of total organic carbon. Such a method is widely employed in total organic carbon 

(TOC) analyzers used for measuring organic contaminants in the liquid phase. A similar 

method that could measure organics in the form of the total carbon content would be 

more reliable and powerful for tracking the idnetics of outgassing of organics during a 

thermal ramp process. This required that the organic species get completely oxidized, 

like in complete combustion, to carbon dioxide and water. That would allow all the 

organic compounds to be measured through the concentration of carbon dioxide. 

Combustion of organic compounds typically is a highly energetic process 

requiring temperatures in the range of 750-1150 °C. It may result in soot formation and 

formation of incomplete combustion products such as carbon monoxide. Measuring 

carbon monoxide by a mass spectrometer was another complication, since the carrier gas 

used in this study was nitrogen available through the microelectronics lab. Performing 

these experiments using an inert gas such as argon would have been expensive 

considering the amount of UHP grade gas cylinders required for characterizing a 

completely new system. 

Catalysts are popular for producing desired products at much milder conditions 

of temperature and pressure. Platinum group metals are used widely in catalytic 

converters to oxidize hydrocarbons, carbon monoxide and nitrogen oxide to benign 

products such as carbon dioxide and nitrogen. Thus, a catalyst with the capability of 

complete oxidation of organic compounds could enable the development of a very 

different method of monitoring outgassing of organics. Organics could be completely 

oxidized to carbon dioxide using catalytic combustion. They could be monitored and 
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quantified as total carbon by measuring them in the form of carbon dioxide. Provided 

that the kinetics of combustion and the transport of the product carbon dioxide are rapid 

enough, such a technique can be used for real-time detection of outgassing of organics. 

4.2.2 Selection of a catalyst for complete oxidation of organics 

The most common method for catalytic oxidation of organics is passing them over 

copper oxide at 650 °C. Abundant literature is available for catalytic abatement of 

volatile organic compounds (VOCs) as they are a common environmental problem in the 

food, automotive as well as the chemical industry [80-82]. VOCs are recognized as 

major contributors to air pollution, either directly through their toxic or malodorous 

nature or indirectly as ozone precursors. Generally, volatile organics are those with 

boiling points less than or equal to 280 °F. Spivey [80] has reponed a comprehensive 

review on the complete catalytic oxidation of volatile organics with an emphasis on the 

selection of catalysts based on the mechanisms for different type of catalysts. Platinum, 

palladium in the form of films or gauzes or supported on oxides such as alumina or silica; 

manganese oxide and nickel oxide are some of the most common catalysts used for 

complete oxidation of hydrocarbons and various alcohols. Hodnett et al. [83] report that 

the destruction of volatile organic compounds over oxidation catalysts proceeds by initial 

rupture of the weakest C-H bond in the compound, followed by further steps that may 

involve free radical chemistry. In general, it has been observed that the reactivity for 

oxidation decreases in the order: alcohols > ethers > aldehydes > alkenes > aromatics > 

ketones > acids > esters > alkanes. In any oxidation process, time, temperature and 
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oxygen availability are the critical parameters determining the destruction efficiency for 

organic compounds. These. factors are determined by the kinetics of the reactions. 

Typical catalytic oxidation with greater than 99% conversions can be achieved at 

residence times of O.I to 2 seconds, in the temperature range of 150-550 °C and usually 

an excess of oxygen above the stoichiometric requirements [84], The requirement of 

residence time of the order of 2 seconds implies that the catalyst needs to be supported, 

preferably on porous supports. This not only increases the residence time but also 

increases the contact area. 

After consulting various catalyst manufacturers, a catalyst manufactured by 

Johnson Matthey, especially for VOC removal from vent streams, was selected. It is an 

economical catalyst widely used for gas purification applications. The catalyst is 

supplied in the form of 0.1% platinum on 2-4 mm y ANO? spheres (Alfa Aesar, product # 

42205). It has a density of 0.75 g/cm'^, average pore volume of 0.45 g/cm^ and a surface 

area of about 300 m"/g. The catalyst is relatively inexpensive, and was purchased for 

$330 for 100 g. The advantage of dispersing platinum on porous alumina .spheres is 

certainly to increase the contact area with the gas. However, this does introduce mass 

transfer resistance for release of products from the active sites. As discussed later, this 

was the cause of one of the problems faced in getting quick responses for carbon dioxide. 

The maximum recommended temperature for application of the catalyst is 600 °C. Some 

of the compounds that can act as poisons for the catalyst are sulfur compounds, carbon 

monoxide, halogen compounds, oil mists, alkaline sprays and heavy metals such as lead 

and mercury. 
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4.2.3 Initial design of catalytic reactor 

Catalytic reactors are popularly configured as packed bed reactors. The catalytic 

reactor was made in the form of a quartz tube packed with the spherical catalyst. The 

reactor was 150 mm long with 21 mm inner diameter and had the Cajon glass to metal 

seals on either ends to ensure a perfect seal. In order to prevent the carrying of any 

particular dust from the catalyst particles into the mass spectrometer, the ends of the 

stainless tube were fitted with O.Smicron filter gaskets. Curing of the catalyst was done 

by baking it overnight at 500 °C. As the concentration of the organics to be studied was 

in the ppm range, a 1 % oxygen cylinder was sufficient to provide enough excess oxygen 

for complete oxidation of the organics. 

The catalytic reactor was connected directly to the mass spectrometer as shown in 

Figure 4.1. Isopropanol in the concentration range of 5-100 ppm was tested for complete 

oxidation. The temperature range used was 200 to 500 "C and flow rates were 200 seem 

to 1000 seem, corresponding to a residence time of at least 3 seconds, above the 0.1-2 

seconds recommended for achieving total oxidation. 
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Figure 4.1 Setup for testing performance of the catalytic oxidation reactor. 

However, in spite of reaching close to 100 % conversion levels, one persistent 

problem was the extremely slow response of CO2 at the mass spectrometer. A typical 

experimental response for the reactor is shown in Figure 4.2. It may be recalled that the 

main purpose of this technique was to provide real-time estimate of outgassing of 

organics as a function of time and temperature. A delay in carbon dioxide response of 

the order of an hour was highly unacceptable. 
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Figure 4.2 Response of catalytic oxidation unit at 300 seem flow rate and 25 ppm IPA 

challenge concentration. 

At first it was hypothesized that this could be due to formation of carbon 

monoxide in the series of steps leading to total oxidation. Carbon monoxide is known to 

adsorb strongly on many catalytic surfaces and so it could delay the conversion to carbon 

dioxide. However, when a calibration for carbon dioxide was attempted using a certified 

gas cylinder containing a mixture of carbon dioxide and oxygen in nitrogen it was 

observed that it gave the same delayed response. This suggested that the observed effect 

was not due to slow kinetics from carbon monoxide, but most likely mass transfer 

resistance for carbon dioxide it.self. To decrea.se the mass transfer resistance, the gas flow 
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rates over the catalytic bed were increased to about 1500 seem. This did decrease the 

response time, however still it was not good enough for real-time measurements. 

4.2.4 Improvement of the catalytic reactor 

The mass transfer coefficient for packed beds is given by the relation (85] 

where km is the mass transfer coefficient, U the superficial velocity, dp is the diameter of 

the particle and Db the diffusion coefficient of the diffusing species. The mass transfer 

coefficient is proportional to square root of the superficial gas velocity through the tube. 

The superficial velocity in turn can be expressed in terms of the tube geometry as 

U is the superficial velocity, Q is the volumetric flow rate and d is the tube diameter. The 

inverse square relation between velocity and tube diameter suggests that the most 

effective way for increasing the velocity and, hence, mass transfer is by decreasing the 

tube diameter. Similar to the long, ultra-thin chromatographic columns used in GC-MS, 

the new reactor was designed in the form of coiled tubing. A 60 inch long, thin walled 

316 L stainless tubing was filled with the catalyst spheres and bent into coils. The 

spheres being 2-4 mm in diameter, only one catalyst particle could fit across the tube 

diameter. Figure 4.3 (a) shows the response for carbon dioxide produced by catalytic 

(4.1) 

Q (4.2) 
A 
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combustion of isopropanol in the new reactor. The response time is reduced to a great 

extent. 
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Figure 4.3 (a) Response of catalytic oxidation unit at 1200 seem flow rate and 40 ppm 

IPA challenge concentration. 

One distinct feature apparent from the curve is the fluctuation in carbon dioxide 

by about 10 ppm. This was a consequence of the fluctuations in the furnace temperature 

by 2-3 degrees. The experimental setup was in the chase-area of the cleanroom. There is 

a draft of air being swept out of the class 100 cleanrooms into the experimental area and 

that contributed to the fluctuations. These were later minimized by completely covering 

the furnace with aluminum foils in order to prevent air currents inside the furnace. The 
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flow rates and the operation temperature of the catalytic chamber were also optimized to 

get the fastest response and the maximum conversion (>99 %) from the reactor for the 

oxidized organics. The optimum conditions were obtained at a total flow rate of 1000 

seem and a temperature of 465 °C. The response for carbon dioxide produced by 

oxidation of isopropanol in the improved reactor is shown in Figure 4.3 (b). 
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Figure 4.3 (b) Optimum conditions for maximum conversion and minimum respon.se 

times. 

4.2.5 Design of the experimental reactor 

The main challenge in designing the reactor was the ability to perform pre-

oxidation cleaning as well as high temperature thermal oxidation on silicon wafer 
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surfaces. Operation temperatures of around 800 °C demanded that the reactor be made 

from quartz instead of Pyrex. Quartz can be used up to 1400 °C. The reactor for holding 

the wafer coupons could be made in the form of a quartz tube. However, the wafer 

coupons could no longer be supported on nickel coated steel springs as they undergo 

thermal distortion at high temperatures and also get corroded by acidic solutions. It was 

required that a large surface area be obtained for silicon wafers in order to minimize the 

contribution of outgassing from reactor walls. It was also desired to support the coupons 

firmly in such a manner that both sides of the double polished wafer surface got cleaned 

and oxidized properly, and made good contact with the contaminant-laden gas. Holding 

the wafers onto quartz rods with slots on them (an arrangement similar to the steel 

springs) could not prevent coupons falling off and collapsing on each other. Similarly, 

just sliding long strips of silicon wafers into the quartz tube suffered from wafers sticking 

to each other when dipped in liquids. Also, such an arrangement would only fill half of 

the tube with wafers, giving rise to not only high signal contribution from reactor walls, 

but it al.so was an inefficient way of contact between the gas and the wafer surfaces. 

More intricate designs for supporting the wafers were imagined. However, their 

implementation was not practical since the only material that could be used for high 

temperatures while maintaining the purity of the system was quartz. Metal supports 

could not be used as they would etch away in cleaning solutions and would introduce 

additional metal contamination on wafers. The problem with quartz is that unlike Pyrex 

it cannot be blown easily. This makes it difficult in creating fancy structures out of 

quartz. For example, one structure imagined was in the form of a bed of spikes of quartz 
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that would serve for supporting a large number of small wafer coupons in a random 

arrangement. Though such a configuration can be obtained with Pyrex. it is not 

manufacturable with quartz. After several futile attempts, it was realized that the only 

practical way would be to support wafers onto a quartz boat as used in furnaces. 

Conventional quartz boats used for small 2" and 4" furnaces, however, have lot of surface 

area as they use thick quartz rods and the spacing between consecutive slots is too large 

to allow placing a reasonable number of wafer coupons. 

Top view 

Q Q Q 
Front view 

Figure 4.4 Conventional quartz boat. 

They are made from cylindrical quartz rods as shown in Figure 4.4. The minimum 

thickness set by requirements for fusing two rods together is 6 mm. Slots cannot be made 

on the edges because it weakens the structure. They can only be spaced as close as 2 
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mm. This leaves very few slots available for holding wafer strips. Such a boat would 

provide only 30-40 % of wafer surface area as compared to reactor and boat area. 

After consultation with several quartz manufacturers, the best design that was 

manufacturable is shown in Figure 4.5. 

Top view 

Grooves for 
wafer coupons 

Front view 

Figure 4.5 Fused quartz boat for holding a large number of wafer coupons. 

Instead of quartz rods, it uses a thin quartz block that has parallel grooves along the entire 

length. The boat was made out of semiconductor-grade fused quartz. The width and the 

depth of the grooves were also critical since there was a very narrow range which would 

allow the wafer coupons to be slided in without breaking or grinding the edges and at the 

same time keep them upright and not gel dislodged when dipped in liquids. Slots along 

the length of the boat allowed the wafer coupons to be held parallel to each other and gas 
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could contact the entire surface. The flow of the gas would be dominated by convection 

across the face of the coupons and not by diffusion, as would be the case if the slots were 

placed across the width. It also minimized any dead spaces within the reactor. The only 

spots where gas could possibly stay longer were in the grooves, but it represented a 

negligible volume. The shallow depth of the grooves further ensured a quick out-

diffusion of any trapped gases. The final reactor was thus made in the form of a 2-inch 

diameter 15-inch long quartz tube in which an 11.8-inch long quartz boat having 11 slots 

for placing double side polished wafers could be slided. This allowed the wafer surface 

area to be as high as 65-70 % of the total surface area. 

One end of the quartz tube was left wide at 2 inches diameter to allow sliding of 

the quartz boat in and out of the tube for cleaning. This required a flexible Quick-

disconnect fitting (made by MDC Vacuum Inc.) for the large quartz-metal seal. It can be 

connected/disconnected repeatedly using an O-ring sealant and knurl nut for easy 

assembly, without affecting seal performance. The other end of the tube was narrowed to 

a quartz tube which too employed a similar O-ring seal. Due to the use of O-ring. the 

ends of the tube had to be kept out of the hot furnace in order to prevent the O-ring from 

getting deformed. This increased the surface area of the reactor walls, but there was no 

other effective way of sealing such a big piece of quartz tubing to metal. Kalrez 0-rings 

were used for the joints so as to minimize permeation, especially due to moisture. Blank 

experiments done with empty reactor suggested negligible leakage through the O-ring 

.seals. 
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Initial experiments performed with this setup lead to some very dangerous reactor 

explosions. When the furnace temperature exceeded 300 °C, the 0-ring joint at the wider 

end would slide out of the tube. To prevent this, the quartz and the metal tubes were 

clamped tight together. But then the pressure build-up within the enclosed tube led to 

complete shattering of the reactor tube. Initially it was attributed to the possible pressure 

drop in the packed bed catalytic reactor and the resulting high inlet pressure, coupled 

with deforming of the 0-ring. After breaking a couple of reactors and performing a 

detailed check of the entire system, the root cause of failure was found in an unexpected 

component, the filter gasket. The filter gasket used at either ends of the catalytic reactor 

had 5-micron pores. When hot gases passed through, expansion of the metal led to 

blocking of the gas. The consequent pressure build-up was released either by sliding out 

of the O-ring or breakage of the quartz tube. Replacing the gasket solved the problem. 

For later experiments involving study of thermal decomposition of isopropanol, 

the quartz tube was further optimized. As explained in the next section, use of a new 

bigger cleaning tank, allowed the entire tube with the quartz boat and wafer coupons to 

be dipped into cleaning solutions. This made the whole process simpler and efficient as 

the quartz tube was now permanently narrowed down on both sides to %" tube and the 

whole assembly could be subjected to cleaning. It also increased the percentage of wafer 

area within the reactor. Figure 4.6 shows a picture of the final version of the reactor. 



Full-length reactor 

Quartz boat 
Double-polished silicon 
wafer coupons 

Close-up of quartz boat and wafer coupons 

Figure 4.6 Reactor used for thermal oxidation studies. 
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4.2.6 Pre-oxidation cleaning sequences 

Surface preparation is the most critical step before performing gate oxidations. 

Quality of the gate dielectric is highly sensitive to contamination. It is necessary to 

minimize any metallic, particular and organic contamination since they can directly 

create physical or electrical defects within the gate oxide. They ultimately translate into 

poor device performance. The contamination of concern in this study was organics; 

however, the integrity of the entire cleaning process was maintained so that the results 

could not be influenced due to uncontrolled particulate or metallic contamination. 

Achieving that was a difficult task because cleaning had to be performed for a non

standard geometry: a boat with strips of silicon wafers, instead of conventional wafers. 

Standard wafer carriers and baths/tanks are readily available in various electronic 

grades of Teflon, PFA, quartz etc. which eliminate or minimize particle generation and 

leaching of metals. However, the choice of material and equipment that was made for 

handling of the thermal oxidation reactor and for the cleaning baths had to be balanced 

against economic and cleanliness factors. A quartz bath of 50"x 4"x 6" required for 

Piranha, SCI cleans would be prohibitively expensive and cumbersome due to its weight. 

Instead a Pyrex tray was initially used. The boat along with wafer strips could be placed 

in the tray and filled with the cleaning solution. For handling of the boat, a special 

handle of Pyrex was made so that direct contact with gloves could be avoided. Pyrex 

could leach metallic ions such as sodium and boron, but that was acceptable as no devices 

were to be created on the gate oxides. Over time, Pyrex may also shed particles. That 

was taken care of by wiping all Pyrex trays, handles and Teflon beakers by cleanroom 
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wipes under running water. Later on, a bigger tank was made out of polypropylene to 

allow cleaning the entire quartz boat with the wafers enclosed in the quartz tube. The 

edges of the 36"x 3"x 4" bath were fused to avoid use of any adhesives in order to 

prevent leaching of any organics. This allowed all cleans to be done; except Piranha, as it 

is not compatible with concentrated sulfuric acid (greater than 60%) at temperatures 

exceeding 80 °C. 

The cleaning sequences consisted of the standard RCA clean [76]. For the first 

time, the entire sequence was followed in the order: 10 minute DI water rinse + SPM 

(sulfuric peroxide mixture, 4:1 H2SO4: HiOi at 120 °C for 10 minutes) + HF dip (50:1 

H2O: HF for 5 minutes) + 10 minute hot DI water rinse + SCI clean (1:1:5 NH4OH: 

H2O2: H2O at 60-80 °C for 10 minutes) + 10 minute DI water rinse + 5 minute HF dip + 

10 minute DI water rinse + SC2 clean (1:1:5 HCl: H2O2: H2O for 10 minutes) + 10 

minute DI water rinse. For subsequent experiments, since there was no additional 

significant metal or particulate contamination, cleaning was performed based on surface 

state requirement. For SCI-last surfaces, the wafers were cleaned using the order DI 

rinse + HF dip + DI rinse + SCI clean + DI rinse in their standard proportions and times. 

For HF-last surfaces, the wafers were cleaned with DI rinse + HF dip + DI rir;.se only. 

4.2.7 Experimental setup 

The experimental setup for thermal oxidation studies is shown in Figure 4.7. The 

gas-mixing section, as before, consists of the calibration and challenge ga.ses. 
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Figure 4.7 Experimental setup for thermal oxidation studies, using catalytic oxidation for 

detection of outgassing of organics. 
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The modified test-section included the experimental test reactor, which was followed by 

the catalytic oxidation reactor. Two extra lines for oxygen and nitrogen were added 

between the test reactor and the catalytic oxidation unit so that catalytic oxidation could 

be obtained while still maintaining an inert purge through the test reactor. High 

concentration of oxygen in the percentage range changes the sensitivity for ppm-level 

impurities. In order to avoid sensitivity changes, the oxygen concentration at the inlet to 

the mass spectrometer was always maintained at a constant level by adjusting the oxygen 

fed through the intermediate line. The gas lines entering the catalytic oxidation unit were 

heated to about 200 °C to allow pre-heating of the gas. The test reactor could be 

disconnected from the setup for pre-oxidation cleaning of the wafers and the reactor. The 

rest of the lines could be purged during that time to prevent accumulation of moisture. 

The setup was versatile. The outlet of the test reactor could also be directly 

connected to the mass spectrometer, bypassing the catalytic oxidation unit. The 

experiments involving thermal decomposition of isopropanol and adsorption of propene 

on silicon wafer surfaces were performed without oxidizing the outgassing products to 

carbon dioxide. A variety of challenge gases such as isopropanol. propene and carbon 

dioxide, along with moisture permeation devices could be connected in the gas-mixing 

section. 

4.2.8 Experimental procedure 

In general, two types of studies were conducted. The first involved determining 

the characteristics and kinetics of adsorption, desorption and incorporation of organics on 
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silicon wafer surfaces during thermal oxidation. The second involved investigating the 

mechanisms of thermal decomposition of a polar compound like isopropanol and the 

interaction of its decomposition products with the silicon wafer surface. 

The experimental procedure for the first part of determining characteristics and 

kinetics of organic interactions during thermal oxidation is represented in Figure 4.8. 

Oxidation 
T = 20 °C Ramp-up gQQ Ramp-down 

< X X X • 
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Pre-oxidation 
cleaning -t- purge 

Adsorption Desorption + 
thermal oxidation 

Time 

Figure 4.8 Experimental procedure and response for experiments on 

incorporation of organics during thermal oxidation. 

It consisted of the following .steps: 

1. Pre-oxidation cleaning: the wafers were subjected to pre-oxidation cleaning 

sequences as explained in Section 4.2.6. The cleans were according to the type of surface 
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termination as either an SCI-last surface having silicon oxide or an HF-last surface 

having hydrogen termination. 

2. Pre-purge and baking: the reactor was purged under a high flow of nitrogen 

and baked simultaneously at 120 °C for about an hour in order to dry off the moisture and 

desorb other impurities adsorbing on wafers during transfer of the reactor to the 

experimental setup. 

3. Organics challenge: the reactor was brought to the adsorption temperature, 

typically 20 °C, and then challenged with a known concentration of the organics till 

equilibrium was attained. 

4. Desorption: the organics adsorbed on the wafer surfaces were then desorbed 

with a purging gas. Simultaneously thermal oxidation was also initiated. It consisted of 

three steps: 

a) Ramp-up: the test reactor was ramped at a constant rate up to the thermal 

oxidation temperature of 800 °C. Typical ramp rates ranged from 5 °C/min to a 

maximum of 20 °C/min. The purge gas used during ramp-up. also known as the 

ramp-up ambient was of two types: oxidizing or inert. An oxidizing ambient 

consisted of a mixture of oxygen in nitrogen, typically up to 1% oxygen. An inert 

ambient consisted of a 100% stream of the inert carrier gas nitrogen. 

b) Oxidation: after a temperature stabilization period of 5 minutes, thermal oxidation 

was performed with 10% oxygen in nitrogen. The oxidation time depended on 

the thickness of the oxide desired. For the reactor used here, oxidation for 25 

minutes yielded a 25-27 A oxide. 
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c) Ramp-clown: the reactor was cooled down at 5 "C/min in a flow of inert nitrogen. 

The gases exiting the test reactor were passed over the catalytic oxidation unit held at 460 

°C. The total flow rate at the catalytic reactor was always kept at 1000 seem and oxygen 

concentration maintained at 0.5 %. The main species monitored at the mass spectrometer 

were carbon dioxide, isopropanol, oxygen, moisture and nitrogen. 

Three types of processing conditions were varied to understand the effect of 

organics on possible carbon incorporation in gate oxide during thermal oxidation. These 

were: type of surface decided by the pre-oxidation cleaning, the ramp rate and, the type 

of ramp-up ambient. The amount of organic contamination was also varied. Influence of 

moisture on carbon incorporation was studied. 

For the thermal decomposition experiments, various fragments of the organic 

molecule under study, isopropanol. were monitored. In order to determine the 

decomposition temperatures and compositions, the gas leaving the experimental reactor 

was fed directly into the mass spectrometer, bypassing the catalytic oxidation unit. In 

most cases, the experiments involved ramping of the temperature while keeping the 

isopropanol challenge on. Some experiments were also performed with the same 

procedure as for the kinetic studies. Experiments for adsorption-desorption of propene, 

one of the major decomposition products, were performed isothermally as described in 

section 3.2.4 for BHT. 
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4.3 EFFECT OF PROCESSING CONDITIONS ON ADSORPTION 

/DESORPTION/ RETENTION OF ORGANICS AT WAFER SURFACES 

4.3.1 Effect of surface-state of the wafer 

The phenomenon of organic contaminants reacting with the silicon substrate and 

causing defects is dependent on a number of parameters. To minimize the effects of 

organic contamination, it is necessary to identify the important factors and study the 

influence of each factor individually. The surface state of the wafer is one of the prime 

conditions that determine the extent of contaminant adsorption. The surface state of the 

wafer is determined by the last cleaning step. 

Figure 4.9 shows the comparison of the concentration profiles for IPA interaction 

on wafers having different surface states. SCI-last and HF-last wafers were challenged 

with 75 ppm IPA at 25 °C. Adsorption /desorption kinetics of IPA is much faster on a 

HF-last surface. The profiles can be split into two parts as indicated in the figure; one for 

the adsorption process and the other for desorption process during thermal ramp-up and 

subsequent oxidation. The amount of organics adsorbed on the wafer surface can be 

calculated from the area above the adsorption curve. Similarly, area under the desorption 

curve gives the amount of organics desorbed. The difference between these two areas is 

a measure of the total carbon retained in the substrate. It represents the amount of 

organics that is incorporated within the oxide and can potentially act as defect sites that 

may lead to premature breakdown of the silicon oxide dielectric. 
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Figure 4.9 Adsorption-desorption kinetics of IPA for different surface states. 
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It can be seen from the curves that IPA adsorbs to a larger extent on an SC1 -last 

surface than an HF-last surface. An HF-last cleaned wafer has a hydrogen-terminated 

surface (HTS) whereas a wafer subjected to a SCl-last clean has a thin chemical oxide. 

During DI water rinsing, in the presence of moisture, the oxide surface gets terminated 

with SiOH bonds making it hydrophilic. Polar molecules can easily physisorb on such a 

surface via the formation of hydrogen bonds in addition to the non-specific dispersion 

forces. IPA has a terminal -OH group that makes it highly polar. Therefore, it interacts 

strongly with silicon oxide surfaces. On a hydrogen-terminated surface, the only 

interaction of an organic molecule would be due to the dispersion forces and, hence, the 

lower adsorption of IPA. 

A study on organics contamination in a fab had been recently performed at AMD 

[37]. The amount of organics as detected by ATR-FTIR was nearly the same for 

hydrophobic and hydrophilic wafers. The total amount of organics measured for 6-inch 

wafers exposed to fab air for 7 days were approximately 1000 ng and 1300 ng per wafer 

for hydrophobic and hydrophilic wafers respectively. In case of wafers stored in closed 

black boxes for 7 days, approximately 300 ng and 600 ng of organic contaminants per 

wafer were reported for hydrophobic and hydrophilic wafers respectively. However, for 

wafers exposed in the open boxes, much higher levels of dibutyl phthalate, dioctyl 

phtalate, CgHia were observed on hydrophilic wafers. These are the heavy polar organic 

compounds and are a major concern for fab contamination. The results are in agreement 

with our observations for a similar but much lighter polar organic molecule. The same 

study by AMD also reported that for wafers stored for 30 days, contamination levels of 
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organics such as CsHi6, dioctyi adipate and dioctyl phtalate increased above 7-day levels. 

On the other hand, adsorption densities of lighter molecules such as dibutyl phthalate 

were decreased. A similar effect reported by Okuyama et al. focused on modeling the 

time dependent changes in concentration of multiple organic species on a silicon wafer 

with native oxide surface [38]. They classified organics in three groups; group A in 

which surface concentrations of organic species rapidly increase and then decrease with 

time, group B in which surface concentrations rapidly increase and tend to maintain their 

value, and group C in which the surface concentrations gradually and continuously 

increase. Group A consisted of BHT and diethylphthalate, group B of triethyl phosphate, 

dibutyl phthalate and dibutyl adipate, group C comprised of DOP, bis(2-ethyl hexyl) 

adipate (DOA), triphenyl phosphate and tris(2-chioroethyl)phosphate. In another study, 

Sugimoto and Okamura found that contaminants containing extreme polar groups were 

adsorbed immediately on silicon wafers with RCA last cleaned surfaces [52]. 

Compounds having functional groups such as C=0, N=0. -OH, N-CO- were the major 

contaminants adsorbing on wafers stored in polypropylene boxes. Some of the 

compounds reported include etyhlhexyl acetate. methylethoxy propanol. 

benzenesulfonamide, I-methyl-2-pyrrolidinone, dibutyl phthalate and di-tert-butyl 

benzoquinone. It is clear from these studies that all these compounds are highly polar in 

nature and they represent the majority of compounds sticking on hydrophilic wafer 

surfaces. 

In order to meet the requirements for lowered chemical and water consumption, 

the RCA type cleaning solutions have been continuously improved with dilute 
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chemistries [75, 86, 87]. Some of these cleans totally eliminate the use of the dangerous 

sulfuric acid, and use minimal of peroxide, acids and bases. Many of the promising 

alternative cleans are based on ozonated water rinsing [20, 88, 89]. It removes organic 

contaminants and passivates the surface by an oxide layer of up to 10 A. Though the 

cleaning chemistries are different, the film left on the ozone last cleaned surface is a 

chemical oxide of similar thickness and nature as the SCI-last surface. Thus even for 

novel cleaning techniques, the surface state being the same as RCA type cleans, polar 

organic compounds should be of major concern as far as organic contamination is 

concerned. 

4.3.2 EfTect of amount of contamination 

To check the effect of varying contamination levels, experiments were done at 

IPA challenge levels of 25, 50 and 75 ppm. Figure 4.10 shows the amount of carbon 

adsorbed during a 25 IPA challenge. It also shows the amount of carbon that was 

retained or incorporated within the substrate after completion of the thermal oxidation 

cycle. The amount of IPA adsorption increased with increasing challenge levels for both 

SCI-last and HF-last surfaces. This suggests that the rate of adsorption is directly 

proportional to the gas-phase concentration. Varying the challenge concentration from 

25 ppm to 75 ppm resulted in an increase in the adsorbed amount from 1.0 x lO'^ to 3.1 x 

lO'"'' carbon atoms per cm" in the case of SCl-last surface. For an HF-last surface, the 

increase in adsorbed carbon was from 7.8 x lO'"' to 1.4 x lO'"*^ carbon atoms per cm". The 

coverage was above levels of monolayer coverage indicating multilayer adsorption. 
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IPA challenge concentation (ppm) 

Figure 4.10 Effect of amount of organic contamination on adsorption and incorporation 

of organics. 
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The amount of carbon incorporation in the substrate was certainly dependent on the 

amount of organics that had adsorbed on the wafer surface. Higher levels of challenge of 

organics led to greater amounts of carbon incorporation in the substrate. SCI-last surface 

had a higher amount of carbon incorporation as compared to an HF-last surface for DPA. 

This suggests that oxide surfaces are more prone to contamination by polar organic 

compounds and they can eventually lead to higher defect formation in gate oxide due to 

carbon incorporation. 

4.3.3 Effect of ramp-up ambient 

Given a cenain amount of contamination on any kind of wafer surface, the factor 

that perhaps has the most impact on the fate of the adsorbed contaminant is the type of 

ramp-up ambient. Oxygen is often used in the ramp-up ambient during thermal oxidation 

in order to oxidize organics and reduce the subsequent defect formation [26, 89]. 

Changing the purge gas from 100% nitrogen to 0.5% oxygen in nitrogen during the 

thermal ramp-up cycle reduced the total amount of incorporated carbon. Figure 4.11 

shows the relative amounts of adsorbed and retained carbon for the two types of surfaces 

under investigation. Clearly, oxygen helps in burning off organic molecules and 

elemental carbon at high temperatures. Adsorbed molecules get converted to CO, CO2 

and other oxidized products that are volatile and can easily desorb from the surface. The 

surface gets rid of some of the organics prior to reaching temperatures of 700 °C beyond 

which carbide formation is significant. This means formation of les.ser SiC in the 

substrate. 
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Figure 4.11 Effect of ramp-up ambient on retention of organics on wafer 

surfaces. 
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The oxidation of organics, however, was not complete at the oxygen concentrations 

studied as evident by some carbon retention at the substrate. 

4.3.4 Effect of ramp rate 

The fate of organic contamination in high temperature processes is believed to be 

dependent on the competition between desorption and chemical reaction. If the right 

combination of temperature and time is provided, the adsorbed organic contaminants can 

desorb from the wafer surface before they undergo possible irreversible chemical 

reactions at high temperatures that lead to incorporation at the surface. 

To verify this effect, the ramp rate used during thermal oxidation was varied. 

Reducing the ramp rate from 20 "C/min to 5 °C/min resulted in lesser carbon 

incorporation. The effect of ramp rate on carbon adsorption and retention is summarized 

in the chart in Figure 4.12. Challenge being at 25 °C. the amount of adsorbed organics 

was the same as before. However, since the temperature was slowly ramped, more of the 

IPA desorbed before reaching high temperatures at which it could fragment or chemisorb. 

Therefore, less organics was present on the surface at higher temperatures and 

consequently carbon incorporation was less. This further highlights the importance of 

purging the reactor at moderate temperatures before any high temperature processing. 

With decreasing thermal budgets, many oxidations are carried out in Small Batch 

Fast Ramp reactors where an entire batch of wafers is ramped rapidly to the oxidation 

temperature at rates of 50-300 °C/sec [90]. Such reactors are highly su.sceptible to giving 

poor quality oxides if the wafers are contaminated with organics. 
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Figure 4.12 Effect of ramp rate on carbon retention. 
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In such reactors, the impurities may not get an opportunity to desorb away from the wafer 

surface before extremely high temperatures favoring incorporation of carbon may be 

reached. In case of a batch of wafers held in a stack similar to the VTR, the dominant 

mode of impurity transport is diffusion through the inter-wafer spacing between closely 

held wafers. Such wafers are highly prone to carbide contamination because the slow 

out-diffusion of desorbed organics will be competing with faster rates of chemical 

reaction or carbon incorporation due to the rapid temperature increase. 

4.3.5 Extent of carbon retention on wafer surfaces 

Few important observations can be drawn from these results. It is clear that the 

extent of adsorption of polar organic molecules such as IPA is higher on an oxide surface 

than hydrogen-terminated surface. Contamination levels used in this study suggest that 

the whole wafer surface would be covered with IPA. A significant fraction of the 

adsorbed IPA ended up being retained at the surface when oxidation was done in an inert 

ramp-up. Moreover, the fraction retained at the surface also increased with the amount 

adsorbed. This fact is further highlighted by Figure 4.13 which represents the percentage 

of adsorbed organics that get retained or incorporated within the substrate. This graph 

revealed an interesting fact that has high significance for adsorption of organics. For 

both inert and oxidizing ramp-up ambient, although the HF-last surface adsorbs less IPA 

than the SCI-last surface (Figure 4.10), Figure 4.13 shows that a higher % of the 

adsorbed IPA is retained by the HF-last surface. This strongly suggests that the organics 

ad.sorbed on these two surfaces .seem to behave differently during thermal processing. 
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Figure 4.13 Percentage carbon retention in the substrate under different conditions. 
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The implications of such a behavior can be severe. Even if a particular organic molecule 

is not the major contaminant adsorbed on the surface, it can desorb not as quickly as 

others and may still prove fatal to the device. The mechanisms of thermal decomposition 

of organics and the behavior of differently cleaned surfaces at high temperatures that 

cause this apparently contradictory result are discussed in Section 4.5. 

4.3.6 Effect of moisture 

Moisture is a ubiquitous impurity that is difficult to eliminate completely from the 

wafer ambient. Studying the influence of moisture on the extent of contamination by 

organics would be very relevant in understanding multi-impurity effects which are so 

common in an actual fab environment. 25 ppm IPA was challenged under two different 

conditions: a) SCI-last cleaned silicon surface and b) SCI-last cleaned silicon surface 

with pre-adsorbed moisture. Wafers in case b were equilibrated with 200 ppb moisture 

for 4 hours. It was observed that desorption of IPA in the presence of moisture was 

slower. It is well known that moisture interacts with silicon oxide surfaces to form 

hydroxyl groups. Earlier studies as well as the current study has revealed that moisture 

enhances adsorption of common polar organic contaminants like IPA and BHT [39. 65]. 

This is due to the formation of strong hydrogen bonds between moisture and the -OH 

group of the organics. Isotope labeling studies have shown that at high temperatures such 

molecules form Si-O-CxHy bonds via an esterification reaction [54, 65]. This reaction is 

highly energetic and results in the formation of tightly bound chemisorbed organics. 

Those observations were reasserted by these experiments in relevance to carbon retention 
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during thermal oxidation. The total IPA loading increased from 2.3 x lO'^ to 2.6 x lO'^ 

carbon atoms per cm" in the presence of pre-adsorbed moisture for an SC1 -last surface. 

Incorporated carbon increased from 1.2 x lO'^ to 1.6 x lO'^ atoms per cm". The relative 

carbon retention is indicated in Figure 4.14. In presence of moisture, there is a 10% 

increase in the ratio of carbon incorporated to carbon adsorbed for both types of surfaces. 

Since cleanrooms have humidity levels of about 45%, moisture adsorbed on wafers 

certainly presents a risk for attracting organic molecules to the surface. The same can be 

expected for poor drying procedures where moisture is not completely dried off the 

surface. 

In the next section, gate oxide quality deterioration due to organic contamination 

is evaluated. Incorporation of organics in gate oxides can lead to formation of defects. 

These defects have been studied by a combination of surface and electrical analysis. 
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4.4 EFFECT OF ORGANIC CONTAMINATION ON GATE OXIDE QUALITY 

The experiments discussed in section 4.3 gave an indirect indication of the extent 

of potential defect formation due to carbon incorporation within ultra-thin gate oxides. 

Further characterization was necessary to get more direct correlation between organic 

contamination and gate oxide quality and performance. This was done by surface and 

electrical characterization of the oxides. Surface analysis of gate oxides, grown on 

intentionally organic-contaminated silicon wafers, by Scanning Auger Microscopy with 

sputter depth profiling gave an indication of the elemental composition of the gate oxides. 

That gave an idea about the amount of carbon incorporated within the oxide. Electrical 

performance of the gate oxides was done by Gate Oxide Integrity (GOI) evaluation of the 

oxides. This involved determining the electrical breakdown field of Metal Oxide 

Semiconductor (MOS) capacitor structures created on the oxide under a ramped voltage 

test. The fraction of the capacitors that led to increased leakage currents beyond a certain 

threshold electric field represented the extent of deterioration of gate dielectric 

performance due to carbon incorporation. 

4.4.1 Available methods for characterization of defects in oxide created by organics 

Identification and quantification of defects due to organics, possibly in the form 

of silicon carbide, within silicon oxide is very different from identification of organics 

adsorbed on the surface. Organics present on surface can be identified with certainty 

using ATR-FTIR. Raman spectroscopy and indirectly through TD-GCMS or TD-APIMS 

techniques [16. 18, 25. 91-93], Identification of surface elemental composition for films 
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as thin as 30 A severely reduces the choice of available analytical techniques. At such a 

resolution, the only viable techniques are Auger, XPS, TOF-SIMS (Time of Flight-

Secondary Ionization Mass Spectrometery), RBS (Rutherford backscattering 

spectrometry) and TXRF (Total Reflection X-ray Fluorescence) [94]. TXRF is an 

excellent method for detection of trace amount of metals but it cannot detect carbon. 

RBS is a non-destructive method capable of giving concentration vs. depth profiles and is 

excellent for quantification of crystallographic damages. Unfortunately, its sensitivity is 

poor for low atomic weight elements (detection limit of 1-10 atomic % for Z<20). TOF-

SIMS is an excellent quantitative and surface sensitive technique that can be used for 

detection of organic compounds in substrates. Like Auger, it can be coupled with 

sputtering to obtain depth profiling. It is capable of detecting secondary ions over a large 

mass range (0 to 5000 a.m.u.) at relatively high mass resolutions and mass accuracy 

determinations. The detection limits are as low as lO'^ atoms/cm" with a depth resolution 

of a single monolayer but with a poor lateral resolution of 0.1 microns. XPS and Auger 

have a depth resolution of 1-5 nm but much higher detection limits of 0.01-1 atomic %. 

TOF-SIMS, however, is an expensive analytical technique, not available on University 

campus. On the other hand, XPS and Auger were readily available, with a Scanning 

Auger Microprobe being owned by the Trace Analytical Lab. Therefore, compositional 

analysis for carbide contamination within silicon oxide was done using Auger 

spectrometry with depth profiling. TEM (Transmission electron microscopy) was also 

available through the Materials Sciences department. However, sample preparation for 
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such thin oxides proved very difficult and the resolution of the TEM at contamination 

levels observed in this study was insufficient to offer any conclusive results. 

Electrical characterization of gate oxides could be readily performed on an HP 

4145B Semiconductor Parameter Analyzer. MOS capacitors were fabricated by 

aluminum evaporation on top of the ultra-thin thermal oxides. They were tested for 

dielectric breakdown using standard testing procedures. The next section gives some 

background on the principles of dielectric breakdown phenomena. 

4.4.2 Breakdown phenomenon in gate dielectrics 

Electrical performance of gate dielectrics is traditionally evaluated in terms of 

dielectric breakdown. The quality of an oxide film is measured in terms of the electric 

field at which dielectric breakdown occurs. Breakdown characterizes the ability of the 

dielectric to sustain an electrical constraint. In general, an oxide layer ceases to be a good 

electrical insulator after it suffers breakdown. Breakdown is manifested by the formation 

of a conductive path through the oxide, initiated by a weak spot. It eventually leads to 

complete destruction of a local part of the oxide by Joule heating arising from high 

current density in the weak spot [95], 

The main parameters which define the quality of a dielectric are the time to 

breakdown, tbj, the injected charge to breakdown, Qbd. and the breakdown electric field, 

Ebd- tbd measures the time needed for the oxide film to breakdown while Qbd measures the 

integrated total tunneling charge just before breakdown. Ebd is the effective electric field 

deduced from the voltage to breakdown. Vbd. as. Ebd = Vbj/tox. with. to*, the oxide 
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thickness. For reliable device operation, the product of the oxide tunneling current and 

the device lifetime should be less than the charge to breakdown value. Both the tunneling 

current (explained in section 4.4.2.2) and Qbj values are strong functions of oxide 

thickness and depend on the voltage applied across the oxide. 

4.4.2.1 Mechanisms of dielectric breakdown 

There are two mechanisms by which dielectric failure (or breakdown) occurs: 

extrinsic or intrinsic failure [70]. Extrinsic failures occur with a decreasing failure rate 

over time and are caused by process defects such as metallic, organics, or other 

contaminants on the crystalline silicon surface, and by surface roughness. Most extrinsic 

failures occur early in the lifetime of a device and can cause significant reliability 

problems as the number of dielectric failures exceed a predefined specification. 

The second type of failure for a thin gate dielectric, sometimes referred to as 

wear-out, is intrinsic to the material. Intrinsic failures occur with an increasing failure 

rate over time and are usually caused by an inherent imperfection in the dielectric 

material. It is essential that these failures do not occur during the intended useful lifetime 

of the device when it is operating under specified conditions. The intrinsic failure of 

ultra-thin gate dielectric has been the subject of intensive research. The process of 

intrinsic degradation in gate dielectric begins with trap creation and formation of 

interface states as the device gate dielectric is stressed at elevated voltages and 

temperatures. The creation of these defects continues with the injected current (and. 

therefore, time) until the defect density reaches a critical value, after which dielectric 
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breakdown occurs. Parameters that affect when and how dielectric breakdown occurs 

include the applied stress voltage, temperature, dielectric thickness, device dielectric area, 

and intrinsic dielectric lifetime. 

For oxide films thinner than about 10 nm, breakdowns usually occur softly. In 

this case, the current through the oxide appears to keep on increasing, often with the 

maximum current limited by the compliance limit of the current meter. As a result, in 

practice, an oxide layer is said to have broken once its current has exceeded some 

arbitrary limit. In case of oxide films thicker than about 100 nm, the breakdown occurs 

rather abruptly, resulting in sudden increase in current either on the current-time plot or 

current-voltage plot. Good-quality thick SiOi films typically break down at fields larger 

than about 10 MV/cm, while good quality thin (<10 nm) SiO: films show larger 

breakdown fields, often in excess of 15 MV/cm. Dielectric breakdown is a real concern 

in CMOS devices, as for many normal operations the maximum electric field across the 

thin dielectric layer can exceed 10 MV/cm, and must be avoided. 

4.4.2.2 Tunneling current in gate dielectrics 

An important phenomenon occurring at high electric fields in silicon oxide is 

tunneling of electrons through the oxide layer. Consider a MOS capacitor shown in 

Figure 4.15. The gate electrode is heavily doped n-type polysilicon. The Fermi level of 

the heavily doped n+ polysilicon is near the conduction band edge, which lines up with 

the Fermi level of the p-type silicon at zero gate voltage as shown in the Figure 4.15 (a). 
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Figure 4.15 Band diagram of an n+ polysilicon-gated p-type MOS capacitor 

biases at (a) zero gate voltage and (b) flat-band condition. 

This causes the vacuum level of the bulk p-type silicon to be higher in electron 

energy than the vacuum level of the polysilicon gate. Therefore, there is an oxide field in 

the direction of accelerating electrons toward the gate, and at the same time the silicon 

bands bend downward at the surface to produce a field in the same direction. To restore 

the flat-band condition, a negative voltage equal to the work function difference must be 

applied to the gate, as shown in Figure 4.15 (b). This voltage is called the flat-band 

voltage. 

When biased at the flat-band condition, the energy barrier for electrons at the Si-

SiO: interface is 3.2 eV. denoted by Oox- When a large positive bias is applied to the gate 

electrode, the bands bend downward in the p-side so much that the surface behaves like 
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n-type material. This n-type surface is formed not by doping, but by inverting the 

original p-type substrate with the applied electric field. This process is called as an 

inversion. Under a large positive bias at the gate, the electrons in the strongly inverted 

surface can tunnel into or through the oxide layer and give rise to a gate current. 

Similarly, if a large negative voltage is applied to the gate electrode, electrons from the 

n+ polysilicon can tunnel into or through the oxide layer, giving rise to a gate current. 

When an applied oxide voltage is higher than the oxide potential barrier height, 

3.2 eV for poly-Si/SiOi system, then electrons tunnel into the conduction band of the 

oxide layer, as shown in Figure 4.16 (b). This is known as Fowler-Nordheim tunneling 

and is common for oxides thicker than about 3.5 nm. 
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OX 
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Figure 4.16 Tunneling effects in a MOS capacitor: (a) energy-band diagram of an 

n-type polysilicon-gate MOS at flat band; (b) Fowler-Nordheim tunneling; (c) direct 

tunneling. 
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For oxide layers thinner than 3.5 nm, instead of tunneling into the conduction 

band of the SiOi layer, electrons from the inverted silicon surface can directly tunnel 

through the forbidden energy-gap of the SiOn layer. This is direct tunneling, as illustrated 

in Figure 4.16 (c). This happens because the barrier for tunneling changes from 

triangular to trapezoidal, allowing the electrons to tunnel directly through the entire 

oxide. 

Direct tunneling current can be very large for very thin oxide layers, and is a 

major cause of extremely high leakage currents leading to dielectric breakdowns. Figure 

4.17 shows the typical value of gate currents for gate oxides of different thickness as a 

function of the applied voltage. 
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Figure 4.17 Ig-Vg characteristics of ultra-thin gate oxides. 
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The allowable leakage currents for devices depend on operating conditions and 

more so on the type of device. As a general rule, logic circuits can tolerate higher 

leakage currents than memory circuits [8]. In contrast to the microprocessor market, the 

rapidly growing low-power applications market requires transistors with much lower 

leakage currents (10'^ A/cm"). Transistors intended for microprocessor applications, can 

sustain currents upto 1-10 A/cm". 

As mentioned before, with decreasing oxide thickness, the gate current increases 

rapidly due to direct tunneling in ultra-thin oxides. Presence of extrinsic defects created 

due to incorporation of organics can lead to local thinning of the dielectric at various 

spots. This causes much higher local effective electrical fields (which varies inversely 

with oxide thickness). As a result, during a test when a voltage ramp is applied to the 

oxide, the local electrical field may become very large at spots where there are organic 

defects. Consequently, the current density for such oxides, due to the direct tunneling 

effect, becomes extremely high. However, there is a limit to the allowable leakage 

currents through the dielectric. When the gale current density exceeds the predefined 

allowable limits, either in terms of absolute current value or as a rate of current increase 

for a given voltage, the dielectric is considered to suffer a breakdown. It can be 

recognized that a defective oxide would break down at much lower applied voltage as 

compared to an oxide with fewer defects. An important fact to be considered in such a 

study is that since the breakdown occurs locally, the detection of the defective sites 

becomes a probabilistic event and has to be treated statistically. The most commonly u.sed 

approach for describing the statistics of the breakdown process is the Weibull 



representation [95]. Figure 4.18 shows a typical Weibull plot of the cumulative 

distribution function (CDF), ln(-ln(l-CDF)), of the dielectric time to breakdown obtained 

on a greater number of capacitors. 
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Figure 4.18 Typical Weibull plot of the time to breakdown as obtained on a 

population of MOS capacitors subjected to constant voltage stress (device area 1.8 mm', 

oxide thickness 12 nm). 

In this plot, two types of statistical populations can be recognized by the presence 

of two linear regions. The family of samples with low time to breakdown is associated 

with the extrinsic defects characteristics of the oxide defectivity, while the family with 

high time to breakdown is representative of the intrinsic quality of the dielectric. 
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4.4.2.3 Methodology for testing dielectric breakdown 

This section describes methodology for testing gate oxide breakdown. For the 

analysis of the electric field to breakdown, a conventional Linear Ramp Voltage Stress 

(LRVS) test with a voltage ramp of typical speed 0.5V/s on a large number (>30) of 

MOS capacitors or MOS transistors is performed. Extrinsic breakdown is better probed 

with very large area devices of typically several mm", whereas, intrinsic breakdown is 

studied on small area test structures (typically 10"'-10^ |im"). The criterion of breakdown 

is chosen either at a critical gate current (e.g., 100 mA/cm") or, preferably, taken from a 

slope change in the gate current versus time (dln(Jg)/dt > threshold, for example, lO'^s '). 

Once the electric field to breakdown is determined. Constant Voltage Stress (CVS) 

breakdown tests are carried out in order to obtain the time dependent dielectric 

breakdown tjb and. in turn, the device life time under nominal voltage. Finally, Constant 

Current Stress (CCS) breakdown tests are then completed on structures of various types 

in order to get more insight on the technology/process impact on the oxide quality 

through the injected charge-to-breakdown Qbd-

One of the ways to represent the distribution of defects in gate oxides is in terms 

of defect density as # defects/cm". MOS capacitors are created on the thin gate dielectric 

by evaporating an aluminum film that serves as the metal. The oxide is the gate oxide 

and the silicon substrate acts as the semiconductor. The MOS capacitor is biased into 

accumulation and subjected to a LRVS (so that the surface potential remains fixed, which 

is about 0.1 to 0.3V). For a p/p+ epi-substrate, the substrate is held neutral and a negative 

bias is applied to the aluminum layer. The breakdown field for each capacitor structure is 
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noted. Capacitors that sustain a preset electric field, e.g. 12 MV/cm, are termed as "good 

capacitors" and those that breakdown at lower electrical fields are termed as "bad 

capacitors". The fraction of good capacitors, or the yield, is calculated. The defect 

density is then calculated through a Poisson distribution equation 

Y = e"^° (4.3) 

where Y is the yield, A is the area of the test-capacitor and D is the defect density. In 

order to get statistically sound results, at least 30 such capacitors are subjected to the test. 

Thus the defect density can be easily related to the quality of the gate oxide. A good 

quality oxide with fewer defects will have a smaller defect density. Hence, defect density 

comparison of wafers subjected to organics contaminated vs. uncontaminated wafers 

should give a reasonable estimate of the impact of organic contamination on thin gate 

oxide quality. 

4.4.3 Characterization of gate oxide quality by Auger depth profiling and gate oxide 

integrity analysis 

For electrical and surface characterization, thermal oxidation was performed in 

the Vertical Thermal Reactor on 150 mm wafers. This ensured that contribution to 

defects from factors associated with dicing of wafers and non-standard handling of 

wafers could be eliminated and that good quality oxides for baseline compari.son could be 

grown. Dicing of wafers results in lots of particles and silicon dust all of which may not 

get dislodged by regular SCI cleans. By using standard wafers, a commercial wet bench 
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could be used for cleaning of wafers. It allowed handling of wafers with a vacuum wand 

and in standard Teflon wafer carriers, thus minimizing unintentional particulate, metallic 

and organic contamination. Intentional organic contamination of wafers was done by 

exposing wafers to BHT at 45 "C corresponding to a partial pressure of about 35 ppm. 

4.4.3.1 Experimental procedure 

Oxidation was performed on p-type Cz (100) wafers having 150 mm diameter 

and 6-9 ohm-cm resistivity. Figure 4.19 shows a schematic of the different conditions for 

sample preparation. 

Surface preparation 

As-received HF cleaned 
(1% HF + DI rinse) 

Cleanroom 
contaminated 

Figure 4.19 Wafer cleaning and contamination conditions used in the 
growth of ultra-thin silicon oxide. 

The wafers were divided into two categories according to the type of their surface 

states: as-received wafers and HF-last wafers. The as-received wafers were not 

subjected to any clean, while the HF-last wafers were subjected to a 1:100 HF: H2O dip 

followed by a 10 minute DI water rinse and nitrogen blow-drying. These two types of 

^T Cleanroom 
contaminated contaminated contaminated 
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wafers were further exposed to two kinds of atmospheres: controlled exposure of 

organics or cleanroom exposure. For controlled contamination, the wafers were kept in a 

Pyrex glass desiccator filled with UHP nitrogen having BHT crystals. The desiccator 

was kept at 45 "C for 48 hours. The cleanroom exposure refers to the 15-20 minutes 

when wafers get exposed to air after they are cleaned or taken out of the box. During this 

time, wafer boat is pushed up into the furnace before the furnace door is closed. 

In order to investigate the effect of ramp-up ambient, oxidation was performed 

under two different ramping cycles. In the first run, wafers with all four cleaning-

contamination sequences as described above were oxidized in an inert nitrogen ramp-up 

ambient. This means that after the wafers were loaded in the furnace at 650 °C. the 

temperature was ramped up to 800 °C while an 8 slm of UHP NT purge was maintained in 

the furnace. In the second run, oxidation was done with an oxidizing ramp-up ambient 

consisting of 1% oxygen in nitrogen while the furnace was heated to 800 °C. In both 

cases, the ramp rates were 10 °C/min and the oxidation temperature was 800 °C. 

Oxidation was done with 10% oxygen in nitrogen to grow 30 A oxides (as measured by 

an ellipsometer). The moisture and oxygen profiles at the center of the furnace, as 

measured by the mass-spectrometer, are shown in Figure 4.20. 
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Figure 4.20 Impurity profile in a VTR during a thermal oxidation cycle. 

4.4.3.2 Oxide analysis 

To evaluate the quality of the thin oxides and detect any carbon contamination, a 

combination of three analytical techniques was used: Scanning Auger Microscopy 

(SAM), Atomic Force Microscopy (AFM), and Gate Oxide Integrity (GOI). Scanning 

Auger Microscopy gives the advantage of analyzing a selected area of the sample. 

Defects in the oxide due to organic contamination are expected to occur in the form of 

silicon carbide or carbon inclusions within the oxide layer. In order to track this. Argon 

ion beam sputtering of the oxides was done to give atomic compositions at various depths 

within the oxide. A sputtering rate of 3-4 Angstroms/sec was employed and averaged 

spectra were recorded after every 2 seconds of sputtering till the entire oxide layer was 

sputtered through. Tunneling Atomic Force Microscopy (TAFM) was also used to detect 
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carbon contamination based defects within the oxide. In this technique a bias is applied 

across the dielectric to be characterized using AFM with a conducting tip. The tunneling 

current was maintained at 0.1 pA by adjusting the bias as the sample was raster scanned. 

By this technique, surface topography and dielectric quality images were obtained 

simultaneously [96]. For GOI measurements, simple MOS capacitors were fabricated 

with aluminum as the gate material. Each capacitor had an area of 12.56 mm". Defect 

densities were calculated with Poisson statistics based on a threshold field of 12 MV/cm 

to determine yield. The algorithm used for determination of breakdown electrical field is 

described in Appendix C. 

4.4.3.3 Results and discussion 

Figure 4.21 shows the typical Auger spectra of the oxides, grown by thermal 

oxidation, at different times after sputtering. The LMM Carbon peak occurs at 272 eV 

and is detected here. The transfer of sample between the oxidation furnace and the Auger 

chamber does result in some atmospheric contamination, and that can lead to a carbon 

peak. However, the carbon peak due to atmospheric contamination will disappear once 

the surface is sputtered. At elongated sputtering, the argon peak starts developing. This 

occurs due to argon incorporation in the substrate. It should also be mentioned that 

accurate quantification, especially at trace carbide contamination levels, is tricky. This is 

due to the high energy of the incident argon ion beam used for sputtering. It results in 

several anifacts. the major effects being atomic or cascade mixing and preferential 

sputtering [97]. 
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Figure 4.21 Auger spectra of 30 A oxides after different sputtering times. 
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In atomic mixing, the high-energy ion beam can cause some atoms to be driven 

deeper into the substrate and some atoms may even be brought up by the high-energy 

backscattered ions. Preferential sputtering arises out of different sputtering yields of 

different elements. As a result of these effects, the atomic composition obtained at 

different depths may not be the true composition. The deconvolution processes for 

accounting these effects in the quantification calculations require extensive reference 

sample analysis and empirical corrections. It is expensive and time consuming to 

accurately account for the effects of atmospheric contamination and preferential 

sputtering. However, a comparison of the carbon peak areas relative to each other would 

provide information about the relative amounts of contamination in the oxides since they 

were all handled in the same manner between oxidation and Auger analysis. 

Ramp-up ambient was observed to have a distinct effect on the extent of carbon 

incorporation in the ultra-thin oxides. Figures 4.21 (a) and 2(b) are for oxide grown in an 

oxidizing and inert ramp-up ambient respectively. Comparing the two spectra, it is 

observed that the oxides have a higher carbon for the oxidation in an inert ramp-up 

ambient. Even if scan at 0 seconds, which might have some atmospheric contamination, 

is discounted the other two scans clearly show that there is detectable carbon in the oxide 

layer. On the other hand, wafers with the same surface treatment but with ramp-up in an 

oxidizing purge show lower residual carbon, limited to the very top. 

The effect is further confirmed by a TAFM scan of 1 |im" area of the samples as 

shown in Figure 4.22. The oxide grown under inert ramp-up. Figure 4.22 (a), has a 

greater roughness evidenced by the numerous brighter spots as compared to the oxide 
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grown in an oxidizing ramp-up ambient. Figure 4.22 (b). The roughness is a 

manifestation of defects within the oxide, which in this case are caused due to carbon 

incorporation. The electrical performance evaluated by GOI indicate that the capacitors 

created on oxides of HF-iast wafers in an inert ramp-up ambient have a high defect 

density greater than 20 defects/cm". Oxidation in an oxidizing ramp-up ambient resulted 

in much better oxides with less than 0.54 defects/cm". 

Figure 4.22 TAFM of HF-last cleaned, BHT contaminated wafers, (a) Oxide grown in an 

inert ramp-up ambient; (b) Oxide grown in an oxidizing ramp-up ambient. 

Table 4.1 shows the atomic carbon composition in the oxides for various samples; 

the defect density values for capacitors are also listed. The atomic carbon % values 

quoted are not accurate. They have not been calibrated against a standard of carbon 

implanted within silicon oxide. However, they do give an idea about the relative carbon 

content within the various samples. From the table, it can be seen that even for the HF-

last wafers with cleanroom contamination, oxidizing ramp-up ambient (#7 in Table 4.1) 

resulted in lower organics and a lower defect density as compared to the inert ramp-up 
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ambient (#3). These results confirm that oxygen in the ramp-up ambient plays a crucial 

role in reducing the defects due to carbon incorporation in thermal oxides. 

# Surface 
treatment 

Contamination Ramp-up 
ambient 

Auger 
carbon 

% 

GOI 
defects /cm^ 

1 As-received None N: 2.2 2.6 

2 As-received BHT N2 3.8 0.9 

3 HF None N: 7.9 10.4 

4 HF BHT N. 8.3 >20.0 

5 As-received None O2 in Ni <1.0 5.5 

6 As-received BHT O2 in NT l.I 8.0 

7 HF None O2 in N2 1.8 0.26 

8 HF BHT O2 in N2 1.4 0.54 

Table 4.1 Atomic carbon composition and GOI defect density in thermal oxide grown 

under different conditions. 

Due to their different sampling area, the above analytical methods enabled 

carbon-based defects of different sizes to be investigated. GOI measurements capture the 

bigger sized killer defects that cause the capacitors to fail. The TAFM images mainly 

capture the minute defects. Since oxides thinner than 35 A have direct tunneling of 

electrons instead of Fowler-Nordheim tunneling, defects within ultra-thin oxides become 

very critical because they lead to extremely high leakage currents. The TAFM and GOI 

results confirm this for the 30 A oxides. 
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A somehow different trend was observed for GOI defect densities for wafers that 

were not cleaned and oxidized as-received. The defect densities were higher for cases 

with oxidizing purge (# 5,6) compared to cases with inert purge (# 1, 2). However, SAM 

showed a lower carbon content for oxides grown in the oxidizing ramp-up ambient, 

supporting the fact that oxygen volatilizes organics. Even for sulfuric-peroxide last 

cleaned wafers, oxidizing purge was observed to cause a slight increase in defect 

densities. The cause of these effects could not be traced, as detection of metals by TXRF 

was not carried out. It is believed that the surface oxide may be aiding some inorganic 

impurities to stay longer at the surface and be retained rather then desorbed. Moreover, 

in the presence of oxygen those inorganics may become more immobilized most likely 

due to chemical transformation and lead to defect creation. The exact nature of these 

inorganic impurities is not known yet and further investigation is required to characterize 

them. Consequently, while oxygen in the purge is beneficial for the removal of most 

organic impurities, it may enhance defect formation due to certain other impurities 

present in the cleanroom air. 

For the case of ramp-up in inert purge, HP-last cleaned wafers (# 3, 4), whether or 

not intentionally contaminated, showed high carbon content and a large GOI defect 

density compared to the as-received wafers (# I, 2). For as-received wafers, the effect of 

intentional contamination was not too pronounced. The HF-last wafers did show much 

higher carbon and defect densities for intentionally contaminated wafers than the as-

received wafers. The nature of the contaminant organic molecules existing in the 

cleanroom air near the VTR is not known. Therefore, it is difficult to comment whether 
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the defects originated from polar or non-polar molecules. However, some insight can be 

obtained by comparing these results with observations reported in sections 4.3.1 and 

4.3.5. Those experiments suggested that oxide surfaces adsorbed greater amounts of 

polar organics than hydrogen terminated surfaces. However, it was also observed that 

HF-last surfaces retained a greater fraction of the adsorbed organics. This means that the 

extremely bad GOI and high carbon content should be related to the high percentage of 

carbon retention on HF-last surfaces. More experiments were necessary to get an idea of 

how these events were related. 

A better explanation of these effects could be developed based on the experiments 

on thermal decomposition of isopropanol and the adsorption behavior of the 

decomposition products. These results are discussed in the next section. 

4.5 MECHANISM OF INTERACTION OF ORGANICS AT HIGH 

TEMPERATURES 

In addition to adsorption, de.sorption and chemisorption of organics at wafer 

surfaces, another effect that decides the fate of the organic molecules is thermal 

dissociation associated with high temperature processes. In the temperature range used in 

conventional thermal oxidation and annealing, most of the organics are expected to 

undergo fragmentation in the gas phase itself. The pattern of fragmentation would 

certainly depend on the strengths of various bonds in the organics and on the time and 

temperature of exposure. Predicting the adsorption behavior of a particular organic 
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molecule at high temperature would thus require knowledge of its thermal dissociation 

properties. The thermal dissociation products of isopropanol in conventional thermal 

oxidation cycles were identified. The adsorption properties of the major products on 

silicon surfaces were then studied under the temperature range in which they were 

expected to be present. The reaction tendencies of the dissociation products were 

remarkably different than that of its parent molecule. Based on the observations, a 

comprehensive picture of the incorporation of organics in wafers subjected to different 

cleans could be obtained for the type of molecule studied. 

4.5.1 Thermal decomposition patterns in inert and oxidizing ambient 

Thermal dissociation experiments were performed in an empty quartz tube with a 

known challenge concentration of isopropanol. Figure 4.23 shows the thermal behavior 

of various masses recorded on the mass spectrometer. Under thermal ramp-up to 800 °C 

in an inert ambient, isopropanol decomposition was initiated at about 300 °C. This was 

evident by an increase in peaks at m/e 41, 39, 38, 37, 26 and a decrease in peaks at m/e 

59, 58, 45, 43. By about 675 °C, even m/e 41, 39, 38 start decreasing while peak at 26 

further increases. The main peak at 41 indicated that isopropanol was decomposing into 

products like acetone or propene. Determination of the exact compound was complicated 

by the fact that peaks at 41,39, 38, 37 and 26 are common fragments of all the three 

compounds: isopropanol. acetone and propene. Similarly, m/e 43 is common to acetone 

and isopropanol. However, analysis of the peak-ratios of the main and subsidiary peaks 

of each of the three compounds suggested that the main decomposition product was 
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Figure 4.23 Mass spectrum of isopropanol and its thermal decomposition products in an 

inert ramp-up ambient. 
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propene. Experiments with propene as a challenge gas also indicated that it starts 

decomposing at 700 °C and the main detected products correspond to peaks at m/e 26 and 

27. No peaks were observed at m/e 15, 16 or 17. Decomposition of propene was 

complete by 900 °C. Thus, isopropanoi starts decomposing at 300 °C with its main 

decomposition product being propene, which further starts decomposing beyond 700 °C. 

Thermal ramp to 800 "C was also performed in an oxidizing ambient containing 

0.5% oxygen in nitrogen as shown in Figure 4.24. With isopropanoi challenge in an 

empty reactor during the thermal ramp, the same pattern of decomposition of isopropanoi 

was observed until about 670 °C. Most of the product formed is believed to be propene. 

Between 625 and 675 °C, a further increase in m/e 26 is observed. Above 670 °C there is 

a sharp decline in the intensities of 41, 39, 38, 37 as well as 26. The intensity of the 

carbon dioxide peak at m/e 44 exhibits a steep increase, indicating a complete oxidation 

of the organic compounds. In case of thermal ramp in 0.5% oxygen in presence of 

propene as the challenge gas, the same trend was observed. Between about 630 °C and 

660 °C an increa.se in m/e 26 is observed along with a decrea.se in m/e 41, 39, 38. 37. 

Beyond 660°C, m/e 26 starts declining too accompanied by a sharp increase in 44. 

4.5.2 Effect of surface termination on thermal behavior of organics 

For SCI-last cleaned wafers equilibrated with isopropanoi and then purged and 

ramped in 0.5 % oxygen, the oxidation pattern was different. At a lower purge flow rate 

of 200 seem, between 100 and 200 °C, there were bumps observed in peaks at m/e 41, 43 

and 58. No peak was detected for carbon dioxide at high temperatures. When this data 
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Figure 4.24 Mass spectrum of isopropanol and its thermal decomposition products in an 

oxidizing ramp-up ambient. 
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was taken, other species such as 45, 38, 37, 26 were not tracked. Also no data was taken 

on SCI-last wafers subjected to a thermal ramp while keeping the isopropanol challenge 

on. As a result, conclusive evidence is not available about the product of desorption. 

However, it is apparent that the oxide surface does help in desorption of the adsorbed 

isopropanol in presence of oxygen. The identity of the desorbing compound as 

isopropanol or its oxidized product acetone could not be resolved with certainty. Both 

the compounds have peaks present at m/e 58, 43 and 41. No such bumps were observed 

when the ramp-up ambient was kept inert. If the desorbing compound was isopropanol, it 

should have desorbed even during an inert ambient. This suggests that the desorbing 

product could be acetone: an oxidation product of isopropanol. The absence of any 

carbon dioxide peaks at high temperatures also indicates that most of the adsorbed 

isopropanol is oxidized, desorbed or reacted to a different product by the time high 

temperatures favoring carbon dioxide formation are reached. 

The same pattern had also been observed in the case of catalytic oxidation 

experiments described in section 4.3.1. For the case of SCI-last cleaned wafers, small 

increase in carbon dioxide was observed in the ca.se of purge done in an oxidizing ramp-

up ambient. No such increases occurred for inert ramp-up ambient. This further 

confirms the possibility that, at least in case of isopropanol, even temperatures as low as 

200 °C may be enough to initiate burning of the organics by using a mixture of oxygen. 
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4.5.3 Adsorption properties of the ttiermal decomposition products on tiie wafer 

surface under different conditions 

In order to get a complete picture of isopropanol interaction during a thermal 

oxidation ramp-up process, experiments were then performed to study adsorption 

behavior of propene on the wafer surface. As before, wafers were subjected to an HF-last 

or a SCI-last type clean. Propene adsorption on these wafers was done isothermally at 

different temperatures. Figure 4.25 shows the adsorption-desorption curves for 5 ppm 

propene challenged on both SCI-last and HF-last surfaces. At room temperature, 

adsorption of propene on both surfaces is insignificant as noticed by the immediate steep 

rise in propene to the challenge levels. Consequently, desorption is also quick with 

negligible area under the curve. The same trend was observed at 200 °C. 

Interestingly, adsorption of propene on the two types of surfaces at high 

temperatures, in the temperature range where significant propene formation can occur 

from isopropanol decomposition, is different. Figure 4.26 shows the adsorption-

desorption curves at 600 °C. On the oxide bearing SCI-last surface, propene adsorption 

is insignificant again. However, for the HF-last surface, the adsorption curve rises slowly 

suggesting adsorption of propene on the surface. Desorption curves for both the surfaces 

are steep. Since no adsorption of propene occurs on SCI-last surface, it is expected to 

have a steep desorption curve. However, the steep desorption curve for HF-last surface 

indicates that the adsorbed propene is not coming off the surface. Baking of the surface 

did not result in any propene desorption either. 
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Figure 4.25 Adsorption of propene on SCI-last and HF-last surfaces at 
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The same trend is observed on the two surfaces at 550 °C. Figure 4.27 compares 

the adsorption-desorption curves for HF-last surfaces at 550 °C and 600 °C. It is evident 

that the amount of propene adsorbed is high at 550 °C and it decreases at the higher 

temperature. At both these temperatures, the adsorbed propene could not be desorbed 

from the surface. This suggests that propene is chemisorbed on the HF-last surface. 

Adsorption of propene on both the surfaces does not occur at the lower 

temperatures of 20 °C and 200 °C. The surface does not get activated until about 550 °C 

at which irreversible chemisorption of propene occurs. This was further confirmed by 

some physical observations. HF-last wafers exposed to propene at 550 °C or 600 °C 

would remain hydrophilic when subjected to a HF + DI rinse. Moreover, when these 

cleaned wafers were re-exposed to propene at 550 or 600 °C, they would not adsorb 

propene at all. However, an SCI clean followed by a HF dip did result in a hydrophobic 

surface and the wafers would chemisorb propene on re-exposure at the high temperatures. 

This suggested that an organic film was most likely created due to chemisorption of 

propene. It could not be removed by an HF rinse but an oxidizing clean such as SCI, 

known to attack light organics, could etch it. 

4.5.4 Thermal behavior of silicon surface with hydrogen termination and with oxide 

A better understanding for the difference in ad.sorbing tendencies of the two 

surfaces at different temperatures can be obtained through their physical properties. An 

SCI-last surface has a film of silicon oxide that is about 5-10 A thin. Although the film 

is not stoichiometric as the thermally grown oxide, chemically it is still silicon oxide. 
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The silicon oxide bond is very strong and maintains its stability over high temperatures. 

The oxide film starts breaking down only under highly reducing atmospheres due to 

formation of volatile SiO. Lander and Morrison [98] report that depending on the oxygen 

pressure and the temperature, three different regions can be identified for thin silicon 

oxide films: at high oxygen pressures the surface continues to get oxidized, at 

intermediate pressures there is a competition between oxide formation and volatilization 

due to SiO formation and at extremely low pressures, the surface gets converted to ultra 

clean silicon. For example, at 800 °C, oxygen pressures of about 7 x 10"^ torr are 

required to start getting SiO formation. Such low oxygen pressures are usually prevalent 

under vacuum. At atmospheric pressures, oxygen purity of the order of single digit ppt 

will be required to cause silicon oxide etching. This suggests that the oxide film is very 

stable under normal conditions employed in thermal oxidation at atmospheric pressure. 

On the other hand the stability of a hydrogen-terminated surface is highly 

dependent on the ambient conditions. For wafers last cleaned with dilute HF, most of the 

dangling bonds on the silicon surface are terminated by hydrogen. According to Ohmi et 

al., on such a surface the coexistence of oxygen and moisture is required for growth of 

native oxide both in air and in ultrapure water at room temperature [99]. Native oxide 

film does not grow for 100 minutes in air, or for approximately one week if oxygen and 

water do not coexist in the ambient. On exposure of a HF-Iast cleaned wafer to 

cleanroom air with 42% relative humidity (1.2% moisture) for 7 days, an oxide of 6.7 A 

was formed on the wafer surface. When moisture level was suppressed to less than 0.1 

ppm the thickness of native oxide formed was just 1.8 A. In DI water, the oxide growth 
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is sensitive to the dissolved oxygen concentration in water and can be suppressed with a 

lower oxygen dissolved oxygen concentration. The dissolved oxygen concentration of 

oxygen in ultrapure water is 40 ppb and it increases to 9 ppm when in equilibrium with 

air at room temperature. 

The typical hydrogen terminated surface has monohydride SiH {also denoted as 

Si(lOO) 2xl::H} and dihydride SiHi {Si(IOO) lxl::2Hl groups. Liehr et al. reported that 

hydrogen on HTS starts to desorb from SiHi groups at about 410 °C and the LEED 

pattern of the Si(lOO) surface changes from (Ixl) phase to that of the (2x1) reconstructed 

surface [11]. Only the monohydride species remain on the surface. On further heating, H 

desorption from SiH groups occurs at about 530 °C and results in the formation of silicon 

dangling bonds. Another important feature observed by Ohmi et al. was that even after 

desorption at 400 "C, there is still enough hydrogen left to passivate the surface [ 100]. In 

presence of oxygen, oxidation does not occur until hydrogen at 520 °C begins to desorb. 

Thus in an inert ambient, the silicon (100) 2x1 structure is reconstructed at temperatures 

exceeding 530 °C. 

4.5.5 Proposed mechanism for adsorption of organics on wafer surfaces and their 

behavior during thermal oxidation 

In light of the high temperature behavior of the two types of silicon surface, the 

experimental observations made earlier can now be explained. An SCI-last surface has 

high affinity towards polar organic compounds due to the ability for hydrogen bonding. 

Unsaturated non-polar compounds have no preferred attractions on such a surface except 
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for the weak physisorption forces. These forces are also proportional to the length of the 

molecule. In case of a small molecule like propene, these forces would naturally be very 

weak resulting in negligible adsorption of propene. On an HF-last surface, polar organics 

like isopropanol are expected to be held just by physisorption. Hence, they adsorb less 

amount of polar organics amount than an SCI-last surface. In case of unsaturated 

compounds, again the interactions would be limited to non-specific physisorption forces. 

The situation however changes at high temperatures. 

First consider a thermal ramp-up in an inert ambient. Due to thermal activation 

the adsorbed molecules start desorbing. Beyond 400 °C significant amounts of 

isopropanol get converted to propene. A similar behavior can be expected for other 

organics too. Most of the organics will fragment into smaller molecules. More 

importantly, the chemical nature of the fragment molecule may be very different from 

that of the original molecule. For example, alcohols can be converted into unsaturated 

compounds or into ketones. The adsorption and reaction properties of these fragments 

will, therefore, be different from that of the parent molecule. The nature of the surface 

also starts changing. 

In case of the oxide bearing SCI-last surface, the oxide film remains stable unless 

the oxygen partial pressure is of the low ppt range and temperature in excess of 800 °C. 

So for the oxide surface, there would be no change in reactivity with temperature. 

However the compounds formed by thermal decomposition may interact differently with 

the oxide surface. Propene formed through isopropanol decomposition will no longer be 

attracted toward the oxide surface and would thus be desorbed easily. 
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For the HF-last surface, hydrogen termination is lost completely by 530 °C and 

silicon dangling bonds are created on the surface. Such a surface consists of pairs of 

silicon atoms bonded together into dimers, with atoms within each dimer bonded with a 

double bond. With such a significant change in surface, unsaturated and some highly 

polar compounds now have increased reactivity to the surface. As seen in the case of 

propene. the interaction of the 7t bond of an unsaturated compound and the k bond of the 

Si=Si can induce a cycloaddition reaction in which these k bonds break, leading to the 

formation of two new Si-C bonds. The resulting molecule is said to be bonded to the 

surface in a geometry known as the di-a configuration. Even molecules with functional 

groups such as NHi and COOH have been reported to dissociatively chemisorb on Si 

(100) 2x1 surfaces, that too at room temperature [36]. The chemisorption occurs through 

a deprotonation reaction of the functional group. Following the deprotonation process, a 

Si-O-COR or a Si-NH-R link from the silicon dimer to the aromatic ring is formed. The 

displaced hydrogen atoms bond to one of the neighboring silicon atoms of a dimer. As a 

result, even though a molecule is just held by weak physisorption forces on the HF-last 

surface, if it is brought suddenly to high temperatures, the combination of thermal 

decomposition and a change in surface property can lead to conditions favoring strong 

chemisorption of the organic molecule. Such an event is very likely to occur for 

contaminated wafers loaded into furnaces for oxidation. The vertical thermal reactors are 

usually held idle at 600- 700 °C at which wafers are introduced. This can trigger 

restructuring of the hydrogen terminated surface into silicon dimers that can then act as 

active sites for chemisorption of some unsaturated or polar groups. Once strongly 
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chemisorbed on the silicon surface, at high temperatures the organics eventually forms 

silicon carbide. 

If oxygen is available during thermal ramp-up, some of the organics may get 

oxidized to volatile products and the remaining organics remain at the surface in the form 

of silicon carbide. As mentioned in Section 4.5.1, oxidation of the organics to carbon 

dioxide is observed only above 650 °C. It is highly probable that the adsorbed organics 

may get converted to some intermediate oxidation product until reaching high 

temperatures. For example, on the SCI-last surface adsorbed IPA was believed to be 

oxidized to acetone at temperatures as low as 200 °C. For conventional VTRs using an 

oxidizing ramp-up ambient, where loading of wafers is done at 600-650 °C, the fate of 

adsorbed organics would most likely by governed by the competition between the 

tendency of the thermal decomposition products to react directly with the active sites 

created from loss of hydrogen termination and their ability to get oxidized to volatile 

products like carbon dioxide. The hydrogen-terminated surface would also start getting 

oxidized slowly by the pre.sence of oxygen at such high temperatures, which could further 

reduce direct chemisorption of the organics. 

4.5.6 Defect formation due to organics in the form of silicon carbide 

Several surface analytical studies involving unsaturated compounds, acids, amines 

adsorbed on silicon (100) and oxide surfaces have reported a common trend for high 

temperature treatments (mostly in vacuum, so applicable to inert ramp-up ambient). In 
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all cases, almost all the bonds in the organics are broken by temperatures in the range of 

700-800 °C. Carbon however resides on the surface in the form of silicon carbide. 

Saga and Hattori had investigated carbon contamination within oxides using 

SIMS depth profiling [26]. Wafers intentionally contaminated with BHT were oxidized 

in completely inert or partially oxidizing ramp-up ambient. In case of inert ramp-up 

ambient, carbon was distinctly found to be present. In an oxidizing ramp-up ambient, no 

carbon peak higher than the background level was observed. The detection limit of SIMS 

is much better than Auger, and the researchers also had quantified the contamination 

levels using standard samples. The results further confirm observations made in this 

study about inert ambient leading to high carbon retention within ultra-thin oxides. 

Yates Jr. had investigated the thermal behavior of acetylene chemisorbed on Si 

(100) using HREELS [33]. Acetylene chemisorption occurs via a mobile pre-cursor 

adsorption mechanism. Figure 4.28 shows a schematic of the proposed bonding 

mechanism that was verified in the study. 

Si (100)-2xl H-C=C-H di-<r 

o Si 

o C 

0 H 

f Orbital with 
one electron 

Figure 4.28 Chemisorption of an unsaturated compound acetylene to Si (100)-(2x 1) 

surface. 
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A weakly-bound molecular pre-cursor migrates to unfilled silicon dimer sites where 

reaction occurs by way of di-a bonding. 

Above about 300 °K, the di-o bound ethylenic species produced from acetylene 

begins to undergo C-H bond scission, producing Si-H bonds on the surface. By about 

900 "K, all C-H and Si-H bonds are broken and hydrogen desorbs from the surface. The 

only peaks left in the vibrational spectrum indicate the presence of SiC. 

Another related fundamental study was performed by Nishijima et al. [101]. 

Employing a combination of EELS and HREELS to study the surface, they proposed that 

formic acid (HCOOH) is bonded to Si(lOO) 2x1 surface in a unidentate configuration. 

The unidentate formate species is stable in the temperature range of 90-550 °K. Upon 

heating at 600-800 °K, the C-O and C=0 bonds of the formate species are broken and the 

oxygen atoms thus formed penetrate into the silicon substrate forming SiOSi species. 

Less than 10% of the unidentate formate species decompose to CO and CO2. After 1050 

°K heating, the Si-H and C-H bonds are broken accompanied by H2 desorption. The 

electron energy loss spectra revealed the presence of SiC and SiOSi on the surface. 

A similar study conducted for maleic anhydride on Si (100)-2xl by HREELS 

revealed that maleic anhydride chemisorbs in a di-o coordination [34], At temperatures 

above 970 °K, a complete decomposition of chemisorbed maleic anhydride was observed 

along with partial desorption of fragments. Loss intensities at 800 and 890 cm ' indicated 

the likelihood of formation of silicon carbide in this case too. 

In a study conducted by Yates, Jr. et al., methyl groups were adsorbed on Si 

(100) by dissociative adsorption of methyl iodide [311. On thermal treatment, the methyl 
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group was found to be stable up to about 600 °K. At higher temperatures. CH3 

decomposed to CHx (x<3) species and subsequently liberated Hi leaving carbon on the 

surface. More importantly, less than 1% of the adsorbed carbon species desorbed in the 

form of hydrocarbon species upon heating indicating the high extent of carbon 

incorporation. 

The adsorption of benzoic acid and aniline on Si(100)-2xl was studied using 

HREELS by Bitzer el al. [36]. They reported a Si-O-CO-R and a Si-NH-R link from the 

silicon dimer for the initial adsorption of the two aromatic compounds. Upon annealing 

to 570 °K, the benzoate molecule dissociated completely, accompanied by desorption of 

the phenyl ring whereas the CO2 group stayed on the surface. The study could not 

comment on the form of adsorbed aniline at high temperatures but reported an indirect 

evidence of presence of the compound on the surface on heating up to 730 °K. 

From the above references, it can be recognized that the carbon residing at or 

within the surface of silicon or oxide films has been characterized by a variety of 

techniques such as HREELS. SIMS. XPS. Auger. STM etc. All these methods offer 

evidence that the form in which carbon exists can be related closely to that of silicon 

carbide. They also suggest that an identifiable material pha.se does not exist at the 

surface. A silicon carbide film or big clusters of silicon carbide have not been detected. 

Formation of a continuous silicon carbide film requires much higher temperatures 

exceeding 1200 "C. It is believed that silicon carbide is formed primarily in the form of 

point defects. These point defects as described in Section 4.4.3.3 are most likely the 

source of degradation of gate oxide quality. Silicon carbide defects within the oxide film 
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create local thinning of the oxide. These in turn increase the effective electric field 

around those points. It then results in breakdown of the dielectric at lower applied 

voltages due to high direct tunneling currents. 

4.6 MODELING THE DYNAMICS OF ORGANIC IMPURITIES DURING 

THERMAL PROCESSING 

To design processes with minimum impact on the final device properties it is 

necessary to have a fundamental understanding of the interaction between organic 

contaminants and silicon. Knowledge of the mechanism and kinetics of carbide 

formation can help predicting the rate and extent of defect formation. Various vapor 

deposition methods and epitaxial growth procedures are largely dependent on the 

interaction of gaseous organic molecules with the silicon surface. Knowledge of the 

nature of the elementary chemical processes at the surface, the bonding structure as well 

as the chemical nature of the chemisorbed species is, therefore, important. 

A model for carbon incorporation in the substrate during thermal oxidation has 

been proposed. Depending on the ambient, there are 5 competing processes that organics 

adsorbed on the surface can undergo. They are desorption, re-adsorption, decomposition, 

oxidation and reaction with silicon to ultimately produce silicon carbide. The behavior of 

organics and the extent to which they would stay on the surface or desorb from it would 

depend primarily on the rates of these proce.s.ses under oxidation conditions. Figure 4.29 

shows a schematic of this mechanism. As temperature increa.ses, the rate of desorption 
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increases. At elevated temperatures, many of the organic compounds are expected to 

decompose. The decomposed fragments can also adsorb, desorb and react at the surface. 

In presence of oxygen in the ramp-up ambient, adsorbed organics can get oxidized. It 

also possible that the organics can be strongly chemisorbed at the surface and can 

ultimately form silicon carbide, which can then be incorporated in the resulting oxide. 
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decomposition 

• • O 
/ 
/ desorption 

• O 
I 

Legends: 
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Q surface decomposition products 
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T 
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Figure 4.29 Schematic of the mechanism of behavior of organics at silicon surface 

during high temperature processes. 
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In the next section, a model describing the kinetics of incorporation of organics 

into silicon substrates in inert ambient is discussed. 

4.6.1 Model equations 

The model represented in this section is generic in nature and can be applied to 

high temperature processing of any organic molecule. It considers the basic processes of 

adsorption, desorption, decomposition and reaction prevalent in an inert ambient. 

Depending on the nature of the original molecule, the kinetics of these processes and 

their relative rates would be different. However, the behavior of most of the organics can 

be described in terms of these elementary steps. It should be mentioned that the model 

cannot predict the nature or the rate of thermal decomposition. Such information has to 

be determined by individual thermal decomposition studies. 

The model will now be explained, by representing isopropanol as the starting 

organic contaminant molecule. Equations (4.4) - (4.10) represent the suggested 

mechanism for interaction of organics at the wafer surface in an inert ramp-up ambient. 

Isopropanol molecules can get physisorbed on the silicon surface to give an 

adsorbed species R. 

C g i P A + X  R  M " )  

X denotes the vacant sites on the surface and CgiPA the gas-phase IPA 

concentration. Rate of adsorption is assumed directly proportional to the gas-phase IPA 

concentration and the vacant site density. Rate of desorption is proportional to R, the 
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adsorbed species concentration, and denote rate constants for adsorption and 

desorption of IPA respectively. 

The homogenous decomposition of IPA can be represented by the following 

equation. 

hom 
glPA ^ ^gP 

Cgp is the gas-phase concentration of the decomposition product. For simplicity, 

Cgp is assumed to be an ensemble of the major gas-phase decomposition products (mainly 

propene in this case). As discussed in section 4.5.1, IPA was observed to decompose 

primarily to propene. Homogenous decomposition of IPA to form propene and acetone 

as the major products has been reported in the literature [118]. The reaction is reported to 

be approximately of the first order with respect to the alcohol concentration in the 

operating pressure range. Therefore, the rate of decomposition can be written as r = 

khomCgiPA where khom is the first-order homogeneous decomposition rate constant and 

CgiPA the gas-phase IPA concentration. Experiments performed at four different 

temperatures in an empty reactor yielded activation energy of 70.8 kcal/mol and a pre-

exponential factor of 3.6 x lO'^ min"'. The decomposition of any other organics can be 

represented in a similar manner. 

The decomposition products can also physisorb on the silicon surface. 

C„ + X < > P  14.6) 
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k^p and kjp denote adsorption and desorption rate constants respectively for propene. 

This equation is an essential part of the model recognizing the fact that the decomposition 

products can have different chemical nature from the original molecule. This equation 

can be neglected if the products are known to have insignificant interactions with the 

surface. 

The model also allows for the physisorbed species to further decompose on the 

surface. 

R (4.7) 

p Cgg (4.8) 

The products are assumed to be released as gas-phase products. It is further assumed that 

these products do not readsorb on the surface. CgB is the gas-phase concentration of the 

decomposition product and krxn is the corresponding reaction rate constant. Through this 

equation, the possibility of the surface in aiding the decomposition is represented. It is 

known that surface mediated reactions often require less activation energies than 

homogenous reactions as surface bonding can assist in weakening bonds. Both R and P 

are treated simply as organics ad.sorbed on the surface which can further decompo.se and 

so no distinction is made between their reaction constants. 

Physi.sorbed IPA or its homogeneous decomposition product P can react with 

silicon (X) to form silicon carbide denoted by I. 
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R I (4.9) 

p _kinc_^ J (4.10) 

kinc is the rate constant of incorporation of organics. Again no distinction is made 

between R or P and they have the same kinetic constant for incorporation. As reported in 

the literature, this can be a sequential process where the adsorbed organics loses their 

other atoms to leave carbon atoms on the surface that react with silicon. Equations (4.9) 

and (4.10) represent the overall process of carbon incorporation. Both the incorporation 

reaction and surface decomposition are assumed to be first order in the surface adsorbed 

species concentration. Si-C bond being very strong, with silicon carbide known to be one 

of the hardest material, the reaction is assumed to be irreversible. 

4.6.2 Species balance 

Using the five governing reactions, mass balance equations are written for each of 

the species present on the surface. These are the vacant sites X. physisorbed organic R, 

physisorbed decomposition product P and the incorporated organic I. 

Vacant sites are involved in adsorption and desorption of R and P through 

equations (4.4) and (4.6). Their site balance is given by: 

DX X X 
— = [R]  -  K.  CglPA— +  kH„ [P]  -  CgP — 
dt ''R XO ""P XO 

(4.11) 

The positive term in the site balance of R. the adsorbed organic, includes 

adsorption of IPA onto vacant sites. Loss of R occurs in three ways: desorption. surface 
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decomposition or surface reaction leading to incorporation as silicon carbide. The site 

balance for R is, therefore, represented by: 

dR X 
— = k^i^CglPA— - [R] - krxn[R] - kinc[R] (4.12) 

The site balance for the organic fragment P includes the same terms as R. It is 

formed due to adsorption of propene from the gas phase on vacant sites and it disappears 

due to desorption, decomposition or incorporation. 

^ ~ - kinc fP] (4-13) 

The incorporated organic I being formed irreversibly from R or P, its site balance 

^inct^l ^inc 1-^1 (4.14) 

4.6.3 Gas-phase conservation equations 

The site balance for surface species are further coupled with the gas-phase 

conservation equations for species whose concentrations are experimentally measured. 

All the desorbing organics were catalytically oxidized and measured as carbon dioxide. 

Therefore, the carbon dioxide produced can be stoichiometrically related to the gas-pha.se 

concentration of the desorbed organics, which in this case are gas phase IPA. propene and 

the decomposed fragment B. The reactor geometry allowed good mixing of the gas and 

is: 

dt 
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was assumed to be differential in nature. The balance for carbon dioxide during the 

desorption plus thermal ramp cycle could then be represented through the conservation 

equations for its contributors. 

dCgC02 -, dCgiPA dCgP dCgB , 
—— =3{—— + -7^ + —;—} (4.15) 

dt dt dt dt 

where, 

=Q|-CglPA) - A{k, CgfPA:^ - kj [R]) (4.16) 
dt XO 

= Q l - C e P | - A l k „ ^ C g P ; ^ - k .  [ P ] )  + V k K o ^ Q i P A  ( 4 . 1 7 )  
dt ^ XO 

=Q(-C|B| + A| k„„[R)+ k„„[Pl| (4.18) 
dt 

In the gas phase. IPA is consumed by adsorption onto the surface and through 

homogenous decomposition. It is added to the gas phase by desorption of adsorbed IPA. 

Similarly gas-phase propene is consumed by adsorption onto the surface while it is 

produced by homogenous decomposition of IPA and by desorption of adsorbed propene 

P. 

Similar to the earlier models, this model was fitted to the experimental data using 

EASY-FIT. The PCOMP code is described in appendix A3. 
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4.6.4 Model results 

The fit of the model to the experimental desorption data at 700 °C is shown in 

Figure 4.30. The parameters were estimated from fits at three different temperatures for 

SC l-last and HF-last surfaces. Table 4.2 shows the values of the kinetic constants for the 

two surfaces at 800 °C. The calculated activation energies for the associated processes 

are also included. 

Rate constant Symbol Units 
Value at 

800 "C 

E, 

kcal/gmol 

Value at 

800 "C 

E, 

kcal/gmol 

SC 1 -last surface HF-last surface 

Adsorption cmVmin 7.9 x 10 '- 1.1 4.7 x 10"'- 1.2 

Desorption l^dR 1/min 1.3 x 10""' 1.6 1.6 x 10"°' 1.8 

Carbon 

incorporation 
kinc 1/min 4.1 x 10"®- 32.9 5.2 x 10""-' 30.9 

Surface 

decomposition 
^^rxn i/min 6.5 x 10 "- 16.5 7.2 x 10""- 13.7 

Table 4.2 Estimated kinetic constants and activation energy for SCI-last and HF-

last surfaces. 

The activation energies of adsorption and desorption of IFA on silicon were very 

low for both types of surfaces since it was only physisorbed. Similarly, physisorption of 

gas-phase decomposition product was not highly activated. 
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Figure 4.30 Fit of model to the isothermal experimental data. 



252 

The rate constant of adsorption was lower and that of desorption was higher for IPA on a 

HF-last surface. This was in agreement with the lower adsorption and retention of 

isopropanol on HF-last surface. Surface decomposition had high activation energy as 

expected. Activation energy of carbon incorporation reaction was almost same for both 

types of surfaces and was of the same order as the Si-Si bond strength. This can be 

expected because formation of SiC would involve breaking of the Si-Si bond. However, 

the rate constant for carbon incorporation was higher for HF-last surface reflecting the 

possibility of direct bonding between carbon and silicon. The calculated activation 

energies suggest that the energy barrier for the incorporation reaction can be easily 

overcome during high temperature annealing and thermal oxidation of silicon. 

The model presented here has several lumped parameters and some of the 

processes such as surface decomposition of adsorbed organics cannot be accurately 

accounted for unless in-situ surface analytical capabilities are available. More studies 

need to be performed to calculate the kinetic constants for unsaturated compounds on 

wafer surfaces at high temperatures. However, such a model can certainly be a starting 

point towards getting a better understanding of the dynamics of behavior of organics 

during thermal oxidation. 

4.7 CONCLUSIONS 

The fundamentals of organic contamination leading to carbon incorporation in 

silicon wafer substrates during high temperature process were studied. A novel method 

ba.sed on catalytic oxidation of organics was developed to monitor the kinetics of the 
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outgassing of organics during thermal oxidation. The influence of process parameters 

such as gas-phase concentration, surface state of wafers, presence of moisture, 

temperature ramp rate, and ramp-up ambient on organic adsorption and carbon 

incorporation during thermal oxidation was investigated. An SCI-last wafer attracted 

more polar organics than an HF-last surface. This also resulted in more carbon retention 

during oxidation. However, an HF-last surface retained a greater percentage of adsorbed 

carbon. This was attributed to the likely chemisorption of unsaturated compounds, 

resulting from thermal dissociation, on silicon dangling bonds. 

Defects in the oxide caused by carbon incorporation were analyzed as carbon by 

Auger depth profiling, by equivalent surface roughness detected by TAFM and through 

defect density obtained by Gate Oxide Integrity tests. Moisture enhanced adsorption of 

polar organic molecules due to attractive forces via hydrogen bonding. At higher organic 

challenge concentration, the amount adsorbed on the surface increased. The increase in 

carbon incorporation with challenge concentration was linear, in the concentration range 

under study. Processing conditions such as temperature ramp rates and ramp-up ambient 

in thermal oxidation were shown to play an important role in determining the fate of 

adsorbed contaminants. A slower ramp rate helped in desorption of more organics and 

resulted in lesser carbon incorporation. The results obtained in this study indicated that 

ramp-up in an oxidizing ambient was effective in removing organics from silicon surface, 

but could not completely eliminate incorporation of organics. A model capturing the 

dynamics of flow and the possible mechanisms of organic interactions with wafer surface 

was proposed to predict defect formation due to organics. Based on the competitive 
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processes of desorption, readsorption, decomposition, oxidation and chemical reaction of 

the adsorbed organic, the model was validated by fitting experimental data. 
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CHAPTER 5 

INTERACTIONS OF MOISTURE AND ORGANIC CONTAMINANTS WITH 

SILICON OXIDE AND ZIRCONIUM OXIDE GATE DIELECTRIC nLMS 

5.1 ZIRCONIUM OXIDE AS A HIGH-K GATE DIELECTRIC CANDIDATE 

The application of silicon oxide as the gate dielectric in MOSFET devices is 

rapidly approaching its limitations. The main concerns restricting its use as gate 

dielectric for the 100 nm generation are associated with the material and electrical 

properties at thickness less than 30 A. At such low thickness, the leakage current through 

silicon oxide increases significantly due to direct tunneling of electrons [8, 102]. High 

leakage currents cause a serious problem for modem day electronic devices that are 

expected to run at low power and have a higher lifetime. As described in Section 1.2, the 

low gate oxide thickness also results in higher boron penetration, poly silicon depletion 

effects and reliability issues. 

In order to continue scaling of devices beyond 100 nm, alternative dielectric 

materials with higher dielectric constants and comparable electrical and material 

properties are being actively explored for replacing silicon oxide [6. 8, 103]. Zirconium 

oxide, hafnium oxide, tantalum oxide and aluminum oxide are among the few candidates 

being given high considerations as the next high-k dielectric. These materials are 

expected to provide an equivalent gate oxide thickness of 15 A or less at much higher 

physical thickness values because of their high dielectric constant. Extensive research is 
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being carried out in order to solve the problem of integrating these films with silicon. 

Additional concerns include fundamental limitations such as fixed charge, dopant 

depletion in the poly silicon gate electrode, dopant diffusion characteristics, failure 

mechanisms and reliability of the potential candidates [6]. 

Contamination of new gate dielectric candidates is potentially a serious issue 

because the interfaces at the gate dielectric level need to be highly pristine for reliable 

MOS performance. The issue of contamination of a potential high-k candidate, 

zirconium oxide, has been addressed in this chapter. Moisture and organics being the 

more prominent air-borne contaminants in cleanrooms, an understanding of their 

adsorption properties on zirconium oxide thin films can provide valuable information 

regarding its contamination behavior. One of the major concerns in using zirconium 

oxide is its high diffusivity for oxygen [104]. Any annealing treatment having an excess 

of oxygen, can lead to rapid oxygen diffusion through the oxide, resulting in silicon 

oxide/ silicate formation at the interface. This in turn will decrease the effective 

dielectric constant of the film, due to the lower dielectric constant of silicon oxide or 

silicate. Moisture adsorption on zirconium oxide, therefore, becomes an imponant issue. 

If moisture contamination causes a high amount of adsorption on the zirconium oxide 

film, subsequent thermal treatment could potentially lead to diffusion of water through 

the film and silicon oxide formation. Equally important is organic contamination of these 

films. It would be necessary to understand the behavior of organics adsorbed on 

zirconium oxide under thermal treatment. If like silicon oxide, it leads to carbon 
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incorporation, tiien organic contamination on zirconium oxide before poly deposition can 

damage the quality of the dielectric film. 

In this chapter, adsorption characteristics of ppb-level moisture and isopropanol 

(IPA) on 5 nm zirconium oxide films are presented. Also discussed is a comparison of 

the kinetics and energetics of their adsorption on zirconium oxide and silicon oxide 

surfaces. Such a comparison can provide a detailed understanding of their sensitivity to 

common contaminants. More importantly, based on the extensive knowledge already 

available for silicon oxide as the gate dielectric, it can help predict the potential impact of 

contaminants on the quality of the high-k gate dielectric. 

5.1.1 Properties of zirconium oxide 

The application of zirconium oxide films as high-k gate dielectric has emerged 

only recently. However, zirconium oxide has long been used as a catalyst and a catalyst 

support [105]. Zirconium oxide has remarkable mechanical, chemical and thermal 

stability. In fact, it is known to be the only pure metal oxide to possess four different 

chemical properties on its surface; acidic and basic, as well as oxidizing and reducing 

properties [106]. Its other important applications include column-packing material for 

high-performance liquid chromatography (HPLC), diffusion barrier coatings in nuclear 

reactors, oxygen .sensors and in optical filters. Due to its high melting point of 2700 °C, 

zirconium oxide powder also finds use in abrasive applications. 

Zirconium oxide occurs in four forms: amorphous, monoclinic, tetragonal and 

cubic. The crystallographic forms can transform in the following way: 
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.  I I 7 0 C  .  ,  2 6 8 0 C  . .  
monoclinic< > tetragonal < > cubic 

The transition between these phases is largely dependent on the temperature as well as 

the time of thermal treatment. 

Zirconium oxide films have been reported to have a dielectric constant of 20-25 

and a large energy band-gap (reported value from 5.16 to 7.8 eV). Zirconium oxide 

films of 50 A have been calculated to have an equivalent oxide thickness (EOT) of 13 A. 

The leakage currents of MOS structures using zirconium oxide as gate dielectric have 

been reported to be orders of magnitude lower than that of silicon oxide for the same 

EOT [104, 107]. Promising electrical properties exhibited by zirconium oxide make it a 

very good candidate for the alternate high-k dielectric materials being explored. 

Zirconium oxide thin films can be deposited on silicon using a variety of techniques. 

These include reactive electron beam evaporation, sputtering, ion-assisted deposition, 

pulse laser deposition, atomic layer chemical vapor deposition and sol-gel processing 

[108-110]. The micro-structural properties of the deposited films are highly dependent 

on the deposition conditions [111]. In general, polymorphous films with varied 

proportions of monoclinic and tetragonal phases have been more commonly reported. 

The type of zirconium oxide film used in this study and the reactor design are 

described in the next section. 
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5.2 EXPERIMENTAL DESIGN 

5.2.1 Reactor design and experimental setup 

A 50A thick zirconium oxide film was deposited on 8-inch p-type, 10-80 Q-cm. 

Czochralski (Cz) grown, double-side polished, (lOO)-oriented silicon wafers by 

ALCVD™ (Atomic Layer Chemical Vapor Deposition) on a Pulsar® 2000 reactor at 300 

°C and approximately 2 torr total pressure. Deposited zirconium oxide was 

polycrystalline, mostly tetragonal with some monoclinic crystallites. 

The design of the experimental reactor was identical to that described in Section 

3.2.2. The wafers were diced into coupons, loaded onto nickel coated stainless steel 

springs and packed into a Pyrex reactor. The surface area of the wafers was 3140 cm", 

representing 85% of the total reactor area. 

For the experiments of moisture challenge on silicon oxide, the same reactor used 

for BHT studies (Section 3.2.2) was used. 

Moisture was challenged using a G-Cal moisture permeation device. The 

permeation rate of the device was 92 ng/min at 50 °C. Moisture concentration could be 

calculated by the relation; 

C is moisture concentration in ppm, P' is the permeation rate in ng/min. F is the flow rate 

through the device in cmVmin and K is the permeation constant, having a value of 1.358 

for the device. 



260 

The source of IPA was a certified gas mixture of 96 ppm IPA in balance nitrogen. 

The APIMS was used for gas-phase analysis of the contaminants. The gas distribution 

system had been described in Section 2.2.1. It allowed dilution of the gases to ppb levels 

at the reactor. The system had no dead volumes and the delivery line between the reactor 

and the APIMS was extremely short and heated in order to minimize moisture memory 

effects. 

5.2.2 Experimental procedure 

The experimental procedure consisted of the same basic steps as described in 

Section 3.2.4. It involved pre-purge and bake, contaminant challenge until equilibration 

followed by desorption and successive bake-outs. For moisture, the maximum bake-out 

temperature was limited to 300 °C. The Pyrex reactor is capable of being heated upto 500 

°C. By 300 °C, permeation of moisture through the Pyrex reactor begins and the rate 

increases rapidly with increasing temperatures. Moreover, desorption and baking at the 

lower temperatures was carried out until concentration reached background range. Such 

a procedure resulted in very less desorption at 300 °C and beyond. Hence, baking was 

done only until 300 °C. Similarly, baking in case of isopropanol was limited to 250 °C as 

higher temperatures resulted in insignificant desorption. 
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5.3 MOISTURE CONTAMINATION ON SILICON OXIDE AND ZIRCONIUM 

OXIDE 

5.3.1 Chemistry of moisture adsorption 

It is known that moisture dissociatively chemisorbs on most metal oxides. On a 

silicon oxide surface covered with siloxane bridges water forms surface hydroxy! or 

silanol groups [66-69]. The silicon oxide surface can have different surface hydroxyl 

species depending on the preparation method that may affect moisture adsorption and 

desorption kinetics. For example, single (or isolated) and bridged silanol species can 

exist on the silica surface. The fractional coverage of bridged silanol species may be a 

function of the surface preparation method and is reported between 0 and 100%. On 

silicon oxide grown thermally on Si (100), the single silanol form is reported to be the 

more stable surface species. The number of surface hydroxyl groups on such a surface is 

agreed to be about 4.6 x lO'"* per cm". Molecular adsorption of water directly on a 

siloxane bridge is possible, but the extent of this type of interaction is small. After 

hydroxylation of the surface, additional molecular moisture can adsorb through hydrogen 

bonding to the silanol groups to form multiple layers. The siloxane group is inert 

compared to the silanol surface, which has the hydroxyl functional group having high 

chemical reactivity. 

Most of the characterization for zirconium oxide has been done on porous 

zirconia particles due to its extensive applications in chromatography. As in the case 

with silica, there are large variations in the structural prop)erties due to difference in 

preparation techniques, sample porosity as well as in crystallographic orientations. A 



thorough review of the chemistry of zirconia, as applied to chromatography, has been 

performed by Carr et al. [112]. Most of the zirconia samples used in chromatographic 

applications have a monoclinic crystalline structure. The average concenu-ation of 

zirconium atoms on such a surface has been reported to be 7.3 x lO'"* per cm". In 

similarity to silicon oxide, water dissociatively chemisorbs on zirconia surface. The 

existence of two different surface hydroxyl groups has been confirmed in many IR 

studies. These correspond to a bridged hydroxyl and single, isolated hydroxyl groups. In 

some studies, an additional type of bridged hydroxyl, in which the hydroxyl oxygen is 

bonded to three zirconium atoms has also been reported. The surface concentration of 

hydroxyl groups as suggested by literature, mainly on monoclinic zirconia, is about 1.5 x 

lO'^ per cm". It is to be noted that the exact site density would depend on the 

crystallographic orientation as well as the method of preparation of zirconium oxide. 

There have been no reports of moisture adsorption done on thin films of zirconium oxide 

deposited by sputtering or sol-gel processing. Additional adsorption of moisture to the 

hydroxyl groups on the surface occurs mainly by hydrogen bonding, followed by 

physical adsorption in the higher layers. The heat of adsorption for the dissociative 

adsorption of water on a dehydroxylated surface is calculated to be 180 kJ/gmol. 

Irreversible molecular adsorption to Zr^ coordinatively unsaturated sites is reported to be 

in the range of 90-120 kJ/gmol and to hydrogen bonded water molecules in the first 

hydrated layer in the 50 to 90 kJ/gmol. Physical adsorption of water has a heat of 

adsorption of about 44 kJ/gmol. 
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5.3.2 Energetics of moisture adsorption on silicon oxide and zirconium oxide 

Figure 5.1 shows the concentration of moisture at the reactor for the entire 

adsorption-desorption and bake-out cycle of the experiment for zirconium oxide. The 

amount of adsorbed moisture can be calculated from the area above the adsorption curve. 

The areas under the desorption and bake-out curves represent the amount of moisture 

desorbing at the corresponding temperatures. From the baking cycle, it can be 

recognized that the background is increased due to moisture permeation at 300 and 350 

°C. Also, the area under the peak at 350 "C is noticeably small. As a result, subsequent 

bake-outs were performed only until 300 °C. The contribution of moisture from 

permeation was appropriately subtracted while calculating the desorption loading. 

Figure 5.2 compares the total amount of moisture adsorbed on zirconium oxide 

and silicon oxide surfaces as a function a temperature. For the same challenge 

concentration, the amount of moisture adsorbed is greater on zirconium oxide than on 

silicon oxide at a given temperature. The greater rate of change in adsorption amount 

with respect to temperature for zirconium oxide suggests that zirconium oxide is more 

temperature sensitive to moisture adsorption than silicon oxide. The high temperature 

sensitivity in turn signifies that moisture adsorption is more activated on zirconium oxide 

than on silicon oxide. 

The relative attraction of moisture to zirconium oxide and silicon oxide can be 

gauged from their polarities. Zirconium oxide as a molecule is more polar than silicon 

oxide. The Pauling's electronegativity difference between oxygen and silicon is 1.7, 

whereas, the difference between oxygen and zirconium is 2.1 [113], 
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Figure 5.1 Moisture concentration profile for a typical experimental cycle on ZrO^. 
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Figure 5.2 Comparison of total moisture adsorbed on SiO: and ZrO: surfaces at different 

adsorption temperatures. 
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The higher electronegativity difference for the zirconium-oxygen system suggests that it 

should have a higher propensity for moisture. However, higher moisture adsorption could 

also be due to the greater number of sites available for zirconium oxide, based on the 

average site density. The amount of moisture adsorbed on both the surfaces was certainly 

less than a monolayer, at the conditions investigated. A comparison of the fractional 

surface coverage would be more appropriate in such a case. Such a comparison indicated 

that the value was still higher on zirconium oxide. The equilibrium constant for the 

hydroxylation of the two surfaces can be related to the surface coverage (refer Appendix 

D). This analysis in turn suggests that the equilibrium constant for moisture adsorption 

must be higher on zirconium oxide. Thus the adsorption of moisture on zirconium oxide 

appears to be more favorable than on silicon oxide. 

5.3.3 Comparison of desorption kinetics of moisture adsorbed on zirconium oxide 

and silicon oxide surfaces 

Figure 5.3 compares desorption isotherms of moisture on zirconium oxide and silicon 

oxide surfaces at different temperatures. Normalized moisture concentration is plotted as 

a function of time during the desorption cycle. It was found that the desorption of 

moisture from zirconium oxide is much slower than from silicon oxide at the same 

temperature. This means that the desorption constant of moisture must be lower on 

zirconium oxide. This is in agreement with the observation that the equilibrium constant 

is higher on zirconium oxide. It further confirms that interaction of moisture is more 

favorable on zirconium oxide than on silicon oxide. 
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Figure 5.3 Moisture concentration profiles during desorption from ZrO. and SiO 

surfaces at different temperatures. 
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5.3.4. Moisture retention in zirconium oxide Films 

The strength of moisture adsorption on the two surfaces can be further explored through 

Figure 5.4. It plots the fraction of adsorbed water molecules that were desorbed during 

the isothermal desorption cycle for both zirconium oxide and silicon oxide surfaces. It 

was observed that, at the adsorption temperature, a much higher percentage of the 

adsorbed amount could be desorbed from the silicon oxide surface. This further 

highlights the fact that at a particular temperature, zirconium oxide binds moisture much 

strongly than silicon oxide. Simple purging in nitrogen ambient at temperatures up to 50 

°C can hardly remove 20 % of the adsorbed moisture from zirconium oxide while up to 

45 % can be removed from silicon oxide. It should be recalled that the moisture coverage 

being considered here is of the order of one tenth of a monolayer. The numbers may be 

different for higher moisture contamination levels (ppm range) where multiple layers of 

moisture can easily form and desorption would be less dependent on the type of surface. 

However, it is apparent from this low-level contamination study that heating would be 

extremely necessary in order to remove trace level of moisture contamination before any 

critical processing. But as shown in the next paragraph, simply heating to high 

temperatures may not be the complete solution. 

Since not all water molecules get desorbed during the isothermal desorption cycle, 

high temperature bake-outs were carried out to facilitate removal of moisture. The total 

desorption loading was calculated as the sum of moisture desorbed during the isothermal 

desorption and bake-out cycles. For zirconium oxide the desorption loading was always 

lower than the adsorption loading. 
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Figure 5.4 Strength of moisture adherence on ZrO: and SiOi surfaces. 
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In case of silicon oxide most of the adsorbed moisture could be recovered. As mentioned 

earlier, baking was performed until 300 °C and negligible moisture was observed to 

desorb until heating upto 350 °C. Therefore, it was concluded that the zirconium oxide 

surface retained some moisture. Figure 5.5 shows the percentage of moisture retained by 

zirconium oxide as a function of the temperature at which adsorption was performed. 

The secondary axis denotes the amount of moisture left on the surface for each condition. 

The difficulty in eliminating adsorbed moisture by purge and bake can be realized by 

recalling from Figure 5.1 that desorption and baking cycles typically lasted for at least 36 

hours. It may be possible that this retained moisture could be recovered. A much higher 

temperature than 350 °C would be needed to desorb the moisture, if it is possible at all. 

Based on its high diffusivity for oxygen, if zirconium oxide can be expected to have a 

high rate of diffusion of moisture as well, then moisture retention can be deleterious 

during subsequent thermal processing. Since the zirconium oxide films used for 

dielectric applications would be 50-100 A thin, at high temperatures moisture could 

quickly diffuse to the interface with silicon and form silicon oxide. This in turn would 

degrade the film quality by decreasing the overall dielectric constant. 



271 

1000/T (challenge temperature) 

Figure 5.5 Extent of moisture retention on ZrO:. 
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5.4 ORGANIC CONTAMINATION ON SILICON OXIDE AND ZIRCONIUM 

OXIDE 

Adsorption of organics on silicon and silicon oxide surfaces has been discussed in 

details in Chapter 1. In the latter chapters, with IPA and BHT as model organic 

contaminants, it was shown that they have a high tendency to adsorb on silicon oxide 

surfaces. The presence of moisture results in further enhancement of adsorption of polar 

organics. This has been attributed to hydrogen bonding with the polar hydroxylated 

surface resulting from moisture chemisorption. In a study conducted by Verghese, it was 

shown that alcohols adsorbed on hydroxylated silicon oxide films can undergo an 

esterification reaction to form alkoxy groups [54, 65]. The rate of this reaction is lower at 

room temperatures but increases significantly at elevated temperatures, resulting in a 

majority of the adsorbed IPA getting chemisorbed by 250 °C. 

5.4.1 Role of zirconium oxide as catalyst 

Zirconium oxide on the other hand is a known catalyst support. It is also known 

for its ability to catalyze reactions such as C-H bond cleavages of methyl groups, 

hydrogenation of olefins and aromatic carboxylic acids, and for its high selectivity for the 

synthesis of a-olefin from sec-alcohol. Zirconium oxide is in fact characterized to be the 

only metal oxide that possesses explicitly four chemical properties on the surface; acidic 

and basic as well as oxidizing and reducing properties [105]. Zirconium oxide has been 

reported to be highly active in the H-D exchange between the methyl group of adsorbed 

2-propanol-d8 and the surface OH group, suggesting its acid-base bifunctionality. Such a 
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behavior refers to a catalytic activity in which the acid site (Zr"^ in the case of ZrO:) acts 

as an active site in one step of a reaction and a basic site (O ") as an active site in another 

step. Other industrially important reactions include synthesis of ketones from aldehydes, 

alcohols, carboxylic acids and esters by use of zirconium oxide and its mixed oxide as 

catalysts. However, the activity of bifunctional catalysts is highly dependent on the 

orientation of the acid-base pair sites. These are dictated largely by the preparation 

method, the pretreatment condition and the addition of small amounts of other metal 

oxides. Zirconium oxide films for dielectric applications are themselves deposited by 

several different methods and have different microstructures. As a result, it is difficult to 

predict the behavior of such zirconium oxide films. It should also be noted that many of 

the catalytic applications of zirconia involve use of mixed oxides, which in turn could 

influence the reaction properties. 

A surface chemical study on well-defined phases of zirconia powders was 

performed by Hertl [114]. The chemical behavior of 1-propanol vapor with monoclinic 

and tetragonal zirconia was similar: they formed alkoxy groups by reacting with the 

surface hydroxyl groups. These alkoxyl groups were found to slowly hydrolyze on 

exposure to ambient water vapor. Above 200 °C, propionate groups were detected on the 

surface. This reaction was thought to occur due to reaction with the lattice or sorbed 

oxygen, or with an adjacent OH group. Amorphous zirconia, on the other hand, did not 

react with propanol vapors at any temperature. 

In a similar study, acetone was reported to form formate and acetate species on 

the surface [115]. Formate species could be removed by evacuation at 200 °C while 
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acetates could only be removed by addition of oxygen and by evacuation at 500 °C. This 

definitely indicates the strength of chemisorption of acetate groups on zirconium oxide. 

In the same study, isopropanol-ds was found to exchange protons forming 0-D groups. 

The adsorbed alcohol was stable upto 300 °C and most of it decomposed by 400 °C. The 

composition of the decomposition product was propylene: alcohol: acetone = 100: 10: 1. 

In contrast to the observation made earlier for 1-propanol, no carboxylate species were 

observed on the surface. 

As can be noted, no studies have yet been carried out to characterize adsorption of 

organics on thin zirconium oxide films that are relevant to dielectric applications. The 

reaction properties of zirconium oxide being highly dependent on preparation method and 

presence of additives, it would be interesting to observe properties of zirconium oxide 

films as used for gate dielectric applications. The results discussed below are for 5 nm 

zirconium oxide films deposited by ALCVD™. 

5.4.2 Behavior of IPA on zirconium oxide 

The first set of experiments was performed on unhydroxylated surfaces. There 

were remarkable differences in the adsorption of IPA on silicon oxide and zirconium 

oxide. As observed for moisture, a higher amount of IPA was adsorbed on zirconium 

oxide than on silicon oxide. However, there was a major difference in behavior of IPA 

on the two surfaces at elevated temperatures. In case of silicon oxide, the adsorption 

loading of IPA decrea.sed with temperature, as expected. But on zirconium oxide. IPA 

underwent thermal decomposition at temperatures exceeding 150 °C. Figure 5.6 shows 
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the raw APIMS response in CPS (counts per second) to the various ions (not including 

the main ions such as 28, 42, 44 that are formed from the carrier gas and are largely 

dependent on the impurity concentrations) that suffered a change with temperature, for 

constant IPA challenge concentration. These ions are assigned as follows: 

m/e 45 43 41 40 39 

fragment ; CH3CHOH* C3H7^ CHJCO^, C.^HS^ C3H/ 

The peak at m/e 45 is the main peak for IPA. In Figure 5.6, the counts at 30 °C are for 

zero-gas and at the rest of the temperatures for an IPA concentration of 100 ppb. The 

APIMS has a very good noise level as seen by the extremely low counts for m/e 39, 40, 

45. The high background peak at 43 arises from the carrier gas (N3'^ isotope). The ion 

distribution shown at 100 °C for IPA challenge indicates that the peaks at m/e 43, 41, 40, 

39 can all be produced from ionization of IPA at the APIMS source. However, at 200 °C 

it can be noticed that peak at m/e 45 has been reduced significantly. On the other hand, 

peaks at 41, 40, 39 and even 43 all have increased in intensity. This suggests that IPA is 

most likely fragmenting into products such as propene and acetone. By 300 °C. even m/e 

41 and 43 start decreasing while 39 keeps on increasing indicating further decomposition 

into subsequent fragments. It should be mentioned that homogenous decomposition of 

isopropanol does not occur until, at least, 400 °C. Therefore, zirconium oxide definitely 

plays an active role in decomposition of IPA. 
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Figure 5.6 APIMS response for adsorption of IPA on ZrOi at various temperatures. 
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Such a behavior is not surprising, because zirconia is known to be an active 

catalyst support and is also known to catalyze a few reactions [105-106]. In fact, 

zirconium oxide is characterized to be the only metal oxide that possesses explicitly four 

chemical properties on the surface; acidic and basic as well as oxidizing and reducing 

properties. Tanabe et al. had observed the decomposition of isopropanol on monoclinic 

and tetragonal oriented zirconia powders [115]. They reported that above 300 °C, 

isopropanol decomposed to propene: acetone: isopropanol in the ratio 100; 10: I. The 

catalytic behavior of zirconia, however, is highly dependent on the method of 

preparation, which determines the orientation of its active groups. The catalytic behavior 

of IPA on zirconium oxide thin films in the present study has been observed at 

temperatures as low as 150 °C. In comparison, silicon oxide does not show such a 

behavior. 

In absence of accurate calibration standards, the determination of the product 

composition was not attempted. Subsequent experiments were carried out at adsorption 

temperatures only up to 100 °C. Baking was performed successively up to 250 or 300 °C. 

This resulted in very small contribution from m/e 45 as most of the IPA remaining on the 

surface would be converted to a different product. The amount of adsorbed IPA could 

still be accurately calculated from the adsorption curves. However, the amount of IPA 

remaining at or within the surface, if any, could not be determined due to IPA conversion 

during the baking cycle. 
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5.4.3 Energetics and kinetics of IPA interactions on zirconium oxide and silicon 

oxide 

Figure 5.7 shows the amount of IPA adsorbing on silicon oxide and zirconium 

oxide surfaces at various temperatures. According to the TTRS, organics need to be 

controlled below 4.5x lO'^ carbon atoms/cm" for the 90 nm node and 2.8 x lO'^ 

atoms/cm" for the 60 nm node (refer Table 1.1). This study indicates that at room 

temperature, up to 1.1 x lO'"* atoms/cm" carbon can be adsorbed on silicon oxide just 

from 100 ppb IPA in the ambient. 

As in the case of moisture, adsorption of IPA is greater on zirconium oxide. For 

zirconium oxide, the contamination is up to three times worse than for silicon oxide. It is 

also more activated on zirconium oxide as inferred by the sensitivity of adsorption 

amount to temperature. Figure 5.8 shows the normalized concentration of IPA during the 

isothermal desorption cycle for silicon oxide and zirconium oxide at two different 

temperatures. The slow desorption of IPA from zirconium oxide is distinct from the 

curves, further reflecting its strong adherence. Since IPA too is a polar molecule, the 

effect could be attributed to the higher polarity of the Zr-O bond. Furthermore, of the 

adsorbed IPA, 38% could be desorbed at the adsorption temperature of 30 °C from silicon 

oxide while only 21% from zirconium oxide. This further indicates the difficulty in 

removing adsorbed IPA at lower temperatures from the zirconium oxide surface. 
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Figure 5.7 Comparison of IPA loading on ZrOi and SiOj surfaces as a function 

temperature. 
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Figure 5.8 IP A concentration profiles during desorption from ZrOi and SiO 

surfaces at different temperatures. 
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5.4.4 Effect of amount of organic contamination on adsorption on zirconium oxide 

Another interesting observation was made related to the extent of IPA adsorption 

on zirconium oxide. The amount of IPA adsorbed on zirconium oxide as a function of 

the challenge concentration is plotted in Figure 5.9. The concentration of IPA was varied 

from 25 ppb to 200 ppb. An eight-fold increase in IPA concentration did not lead to a 

corresponding increase in adsorption loading. It is apparent that contamination on 

zirconium oxide tends to reach a saturation level at about 1.7 x lO'"* molecules/cm". Such 

a behavior bears more resemblance to the Langmuir type of adsorption. In such an 

adsorption, the surface gets saturated at a certain monolayer coverage beyond which no 

more adsorption takes place. It is also known to occur mainly for reactions that are 

highly activated, such as chemisorption reactions. 

Therefore, IPA appears to have high affinity for the zirconium oxide surface. The 

effect of change in IPA concentration on silicon oxide surfaces was not investigated at 

low contamination levels and, hence, cannot be commented upon. 
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Figure 5.9 IPA loading on the ZrO; surface as a function of challenge concentration. 



! 

283 

5.5 EFFECT OF MOISTURE PRE-ADSORPTION ON ADSORPTION OF 

ORANICS ON SILICON OXIDE AND ZIRCONIUM OXIDE 

5.5.1 Summary of moisture pre-adsorption on IPA adsorption on silicon oxide 

Moisture being a universal contaminant that can readily adsorb on most oxide 

surfaces, it becomes important to icnow the influence of moisture on other impurities. 

The hydroxyl groups formed on silicon oxide and zirconium oxide serve as potential sites 

for attracting polar molecules through hydrogen bonding. This was found to be the case 

for IPA adsorption on silanol (SiOH) groups formed by moisture pre-adsorption on 

silicon oxide. Ppb-level of moisture pre-adsorption (first equilibrating moisture with the 

silicon oxide surface and then challenging IPA) was found to cause an increase in the 

adsorption of IPA. Using isotopic labeling studies, it was reported by Verghese et al. that 

IPA can exchange the hydrogen of its hydroxyl group with the surface hydroxyl groups 

[54], It was also demonstrated that at higher temperatures an esterification reaction can 

occur between the adsorbed alcohol and the surface hydroxyl groups. These results are 

tabulated in Table 5.1. 

Temperature IPA H2O IPA IPA % 
"C challenge pre-adsorbed adsorbed desorbed retained 

(ppb) (ppb) #/cm' #/cm^ on surface 
20 107 0 1.2 X LO'-" 1.2 X 10'^ 0 
20 107 56 1.6 X LO'-* 1.1 X LO'-" 31 
100 107 0 3.0 X 10" 2.7 X 10" 10 
100 107 56 4.8 X 10'-' 2.0 X 10" 58 
250 107 0 7.2 X 10" 6.6 X 10" 8 
250 107 56 2.5 X 10" 1.5 X 10'- 94 

Table 5.1 Effect of pre-adsorbed moisture on IPA adsorption on silicon oxide. 
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An increase in temperature led to an increase in the extent of esterification as well as an 

enhancement of IPA retention on the silanol groups as evidenced by the increase in extent 

of percentage retention. 

5.5.2 Eniect of moisture pre-adsorption on zirconium oxide 

On the contrary, the results were quite different for moisture pre-adsorbed on 

zirconium oxide surfaces. It was observed that in presence of hydroxyl groups formed by 

pre-adsorbed moisture, the amount of IPA adsorption in fact decreased for both 50 ppb 

and 107 ppb IPA challenge levels. Figure 5.10 shows the adsorption curve for IPA only 

and pre-adsorbed moisture followed by IPA challenges, expressed by normalized 

concentration of IPA. In case of pre-adsorbed moisture, equilibrium is approached 

rapidly. It should be noted that the adsorption curve is S-shaped which is characteristic to 

the reactor system. It is associated with the flow effects within the mixed reactor and is 

not necessarily related with any intrinsic kinetic effects. Figure 5.11 shows the 

normalized desorption curves for IPA only and pre-adsorbed moisture followed by IPA 

challenge. Again, desorption is faster in presence of moisture suggesting that moisture is 

not attracting IPA at all. 
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Figure 5.10 IPA conceniration profile during adsorption on ZrO: with and without pre-

adsorbed moisture. 
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Figure 5.11 IPA concentration profile during desorption from ZrOi with and without pre-

adsorbed moisture. 
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Figure 5.12 shows the experimental response during the adsorption cycle. At 

first, 56 ppb moisture is pre-adsorbed on the surface until about 20.6 hours. At that time, 

50 ppb IPA is added along with 56 ppb moisture in the challenge gas. The IPA cylinder 

also had some water, hence, the final moisture level is higher than that for the initial 56 

ppb moisture. However, the initial phase of IPA adsorption causes a rapid increase in 

moisture concentration at the APIMS (from 20 to 30 hours). This phenomenon was seen 

to occur during many repeat experiments. Since all the tubing parts were under constant 

flow, such a large amount of moisture could not be released during the adjustment of 

mass flow controllers. Moreover, an increase in moisture challenge concentrations would 

most likely result in its adsorption on the surface. Therefore, a slow rise similar to the 

initial moisture pre-adsorption curve would be expected. Eliminating moisture from the 

delivery lines as a factor, the source for the observed spike in moisture concentration 

upon [PA challenge was attributed to a potential displacement of the pre-adsorbed water 

molecules by IPA. IPA had been observed to interact strongly with bare zirconium oxide 

surface and result in rapid saturation of the adsorption loading. If adsorption on 

zirconium oxide was indeed site saturated, the pre-adsorbed moisture would reduce the 

sites available for IPA adsorption. Upon IPA challenge, some of the IPA molecules 

could then displace adsorbed water molecules or undergo an esterification type reaction 

where it would adsorb as an alkoxy compound and liberate a water molecule in the 

process. Either of the process could account for the observed rise in peak of water during 

the initial phase of IPA challenge. 
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Figure 5.12 Moisture and IPA concentration profiles during pre-adsorption of moisture 

followed by IPA adsorption on the ZrO: surface. 
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To further check the validity of the assumption of saturation of available sites, a mass 

balance was performed to calculate the total amount of water and IPA molecules 

adsorbed on the surface. It was found that their sum indeed turned out to be about 1.65 x 

I ^ •) 

10 molecules/cm" (after subtracting the amount of displaced water), the approximate 

range in which IPA coverage was believed to saturate. Figure 5.13 shows the amount of 

IPA adsorbed on the zirconium oxide surface and also the total amount of water plus EPA 

adsorbed when IPA was challenged on zirconium oxide having pre-adsorbed moisture. It 

should be mentioned that the coverage of moisture on zirconium oxide at the 

concentration level studied was slightly lower, so an upper limit to its adsorption was not 

apparent from the moisture experiments. However, the IPA and moisture plus IPA 

results do indicate that ppb level contaminant adsorption on zirconium oxide, either water 

or IPA or its mixture, reaches a saturation level. 

The following explanation is offered for the observation that moisture does not 

enhance IPA adsorption on zirconium oxide but it does so on silicon oxide. IPA 

adsorption itself is much stronger on bare zirconium oxide as noticed by its rapid 

saturation and relatively higher adsorption capacity than on silicon oxide. Hydroxylated 

sites can promote adsorption of IPA by hydrogen bonding if its inherent attraction to the 

bare oxide is not stronger than the hydrogen bond itself. This seems to be the ca.se on 

silicon oxide, where adsorption of IPA is not so activated. Since IPA bonds strongly with 

bare zirconium oxide, it does not require assistance of moisture in hydrogen bonding to 

the surface. 
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Figure 5.13 Effect of pre-adsorbed moisture on IPA and total impurity (IPA + 

moisture) coverage on the ZrO^ surface. 
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Since the exact amount of organics that could be desorbed by baking could not be 

determined due to IPA conversion on the surface at high temperatures, the implications of 

organic contamination during thermal processing of zirconium oxide are difficult to 

comment on. It is quite possible that a significant amount of IPA may still be left on the 

surface or might have diffused within the film. If that is the case, then organic 

contamination could cause problems to performance of the dielectric film. Zirconium 

oxide deposition by CVD or sol-gel synthesis using organic pre-cursors often result in 

carbon incorporation within the deposited films [110, 116, 117]. As much as 10% carbon 

has been reported to be present in zirconium oxide films grown at 500 °C using zirconium 

tetra-tert-butoxide [116]. High temperature treatment of zirconium oxide films 

contaminated with organics can, therefore, be expected to cause problems in device 

performance through carbonaceous defects. Films grown using ALCVD™ do not use 

any organic pre-cursors and are free of any carbon contamination. Future studies should 

be aimed at addressing issues such as effects of organic contamination on thermal 

processing of zirconium oxide films. 

Another related problem with quality of the gate dielectric can be expected to 

arise during the deposition of high-k films on the silicon substrate. As shown in Chapter 

4, the silicon surface is highly prone to contamination from organics unless stored under 

UHP nitrogen. Organics adsorbed on the surface, especially heavy molecules, are 

unlikely to be desorbed completely at temperatures typically used in deposition of high-k 

films (ALCVD of zirconium oxide is performed at 300 "C). A large amount of organics 

can potentially get trapped within the deposited high-k films. They may then affect the 
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interface or bulk properties of the gate dielectric film. Since the performance of gate 

dielectric films is highly sensitive to its quality, organic contamination of high-k films 

could be problematic and should be addressed adequately in future research. 

5.6 CONCLUSIONS 

Adsorption-desorption characteristics of moisture and IPA on silicon oxide and 

XM ALCVD deposited zirconium oxide thin films were investigated. Zirconium oxide 

surface adsorbed higher amounts of moisture compared to silicon oxide under similar 

conditions. Moisture adsorption loading on zirconium oxide was more sensitive to 

changes in temperature than on silicon oxide. The rate of desorption of moisture from 

zirconium oxide was slower than from silicon oxide at the same temperature. This 

confirmed that adsorption of moisture was more favorable on zirconium oxide surface. 

Baking until 350 °C did not desorb all the adsorbed moisture on zirconium oxide. Such 

moisture retention can be detrimental to thermal processing of zirconium oxide gate 

dielectrics. The higher amount of adsorption and the slower kinetics indicated that IPA 

adsorption was also favored on zirconium oxide. At high temperatures, zirconium oxide 

was observed to catalyze decomposition of IPA. Moisture enhanced adsorption of IPA 

on silicon oxide. At higher temperatures, it led to chemisorption of IPA by forming 

alkoxy groups. Adsorption on zirconium oxide was found to be site limited. On 

zirconium oxide, moisture pre-adsorption led to reduction in IPA adsorption due to 

blocking of adsorption sites. IPA led to release of water either by direct displacement or 

through an esterification reaction. 
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CHAPTER 6 

CONCLUSIONS AND FUTURE WORK 

6.1 CONCLUSIONS 

Growth of a high-quality defect-free ultra-thin silicon oxide film for application 

as the gate dielectric is essential for MOS devices. Organic contamination prior to 

thermal oxidation for gate oxide formation or polysilicon deposition can degrade device 

performance. This is due to the incomplete removal of adsorbed organics during thermal 

processing. The contamination of wafers results from exposure to the cleanroom air, 

storage in plastic storage boxes, residual contamination from previous processing steps or 

from elongated storage in vacuum. The fundamentals of the incorporation of carbon in 

ultra-thin silicon oxide films during thermal oxidation were investigated in this research. 

By intentional contamination of representative polar organic contaminants IPA and BHT, 

the kinetics and mechanism of defect formation in gate oxide due to organics were 

studied. The role of various processing parameters was also determined. 

The specific accomplishments and conclusions of this research are: 

1. An experimental system for studying the adsorption-desorption properties of 

controlled levels of organics and moisture on actual silicon wafers was developed. 

The test reactor used pieces of silicon wafers (coupons) in a configuration that 

allowed it to be modeled as a well-mixed reactor. 



2. Exposure of ppm-level BHT resulted in monolayer level coverage on silicon oxide. 

3. Moisture adsorbed on silicon oxide in the form of hydroxyl groups increased the 

attraction of polar organic molecules BHT and IPA through hydrogen bonding. 

For sub-monolayer coverage of silanol groups resulting from ppb-level moisture 

exposure to silicon oxide, two additional BHT molecules were attracted to the 

wafer surface for each silanol group. 

4. A test reactor allowing pre-gate oxidation cleaning, controlled contamination as 

well as thermal oxidation of silicon wafers was designed. 

5. A method based on catalytic oxidation of organics was developed to detect real

time kinetics of the outgassing of organics from silicon wafers during thermal 

oxidation. It also allowed quantification of the total amount of carbon adsorbed, 

desorbed and incorporated on the wafers during exposure of organics, purge and 

thermal oxidation. 

6. A higher amount of polar organics was adsorbed on the hydrophilic SCI-last 

wafers than on the hydrophobic HF-last wafers. 

7. The amount of carbon adsorbed on the wafers was proportional to the amount of 

organic contamination present in the ambient. 

8. A greater fraction of the adsorbed organics was incorporated into HF-last wafers. 

9. An oxidizing ramp-up ambient of 0.5 to 1% oxygen in nitrogen resulted in less 

carbon incorporation as compared to an inert ramp-up ambient of 100% nitrogen. 

10. A similar trend was observed for 30 A grown on 6" wafers in a VTR. Carbon 

incorporation within the oxide was observed as carbon through Auger depth 
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profiling. The carbonaceous defects resulted in local non-uniformity in the gate 

oxide as interpreted by TAF^. Electrical deterioration was characterized by 

increased defect density obtained by ramped-voltage GOI tests. In an inert ramp-

up ambient, HF-last wafers had a much higher GOI defect density as compared to 

SCI-last wafers. 

11. Isopropanol, a polar organic was detected to undergo thermal decomposition 

primarily to propene, an unsaturated compound. Most organic compounds can be 

expected to dissociate and form some unsaturated fragments. 

12. In an inert ambient, unsaturated compounds were observed to chemisorb on HF-

last wafers when they lose their hydrogen termination above 530 °C and form 

silicon 100-(2xl) dimers with dangling bonds. The adsorption was insignificant 

on SCI-last wafers. 

13. Slower ramp rates resulted in lower carbon incorporation due to increa.se in the 

time available for thermal desorption before reaching high temperatures favoring 

chemisorption. 

14. A model based on the competitive processes of readsorption, desorption, thermal 

decomposition, oxidation and chemisorption of adsorbed organics was proposed to 

represent the kinetics of organic behavior during thermal oxidation. 

15. Zirconium oxide adsorbed greater amounts of moisture and IPA as compared to 

silicon oxide. Adsorption on zirconium oxide was more temperature sensitive than 

on silicon oxide. 
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16. Complete removal of moisture from zirconium oxide was not possible by heating 

upto 350 °C. Such moisture retention can potentially lead to formation of 

undesired interfacial silicon oxide during subsequent thermal processing. 

17. Zirconium oxide played an active role in decomposing IPA to acetone and propene 

at temperatures as low as 130 °C. 

18. At sub-monolayer coverages, adsorption on zirconium oxide reached saturation. 

19. Adsorbed moisture did not increase attraction of IPA to zirconium oxide. IPA 

displaced moisture by replacement or by an esterification reaction. 

Based on the experimental results and analysis, the following recommendations 

can be made to reduce the impact of organic contamination on gate dielectric quality. 

Contamination should be first regulated at the source, if possible. A lot of information is 

available today about the nature of organic molecules adsorbing on different wafer 

substrates and their sources that can assist in contamination control. For instance, 

charcoal filters can effectively reduce outgassing of DOP from overhead HEPA/ ULPA 

filters used in cleanrooms. A better choice of polymers used for storage boxes can reduce 

contamination during storage. Efficient cleaning procedures and reduced time of 

exposure to cleanroom air before thermal processes can certainly reduce contamination. 

If long storage times cannot be avoided, wafers should be stored in a nitrogen-purged 

ambient. 

Processing parameters can be tailored to increase the removal of adsorbed 

organics. If permissible, oxygen can be used in the ramp-up ambient to volatilize 
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organics. If loading of wafers into the furnace is done at lower temperatures (less than 

the conventional temperature of 650 °C), loss of hydrogen termination can be prolonged 

and more time allowed for thermal desorption of organics. Desorption of organics 

without detrimental chemisorption can be attempted by using a thermal desorption unit. 

The wafers can be heated to about 300-400 °C in nitrogen for a short time to desorb 

organics without any oxide formation. 

In case of zirconium oxide, atmospheric contamination can be expected to be a 

serious issue. This may in turn deteriorate its dielectric properties. Further tests are 

necessary to determine the impact of moisture and organic contamination on zirconium 

oxide gate dielectric films. 

6.2 FUTURE WORK 

Organic contamination is still a largely unexplored topic and many interesting 

studies can be designed. In particular, the following areas can be investigated: 

1. Adsorption of various high molecular weight organic compounds: Heavy organic 

compounds are typically difficult to desorb because of their low vapor pressures. It would 

be interesting to compare the high temperature behavior of common contaminants such as 

BHT, DOP, n-butyl benzene sulfonamide and tris(2-chloroethyl) phosphate. The best way 

to obtain controlled and accurate contamination levels would be to challenge them through 

custom-made permeation devices. Such a study would provide valuable information for 

controlling the undesired effects of organic contamination. 
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2. Refine the carbon incorporation model: While solving the current model, 

adsorption of dissociated compounds on the wafer surface was not considered. This may 

not be true for HF-Iast surfaces that can chemisorb unsaturated compounds. Studies on 

individual decomposition products can be performed to determine their adsorption, 

desorption and reaction constants. In addition, the model can be upgraded to include the 

oxidation term for oxidation performed in an oxidizing ramp-up ambient. The model can 

then be a powerful tool in predicting the effects of various processing conditions. This 

would further enable process optimization to minimize carbon related defects within gate 

oxides. 

3. Oxygen concentration required for ejficient volatilization of organics: Tests can 

be done with varying levels of oxygen in the ramp-up ambient. This would assist in 

determining the optimum concentration of oxygen in an oxidizing ramp-up ambient 

required to effectively bum-off organics. 

4. Optimum conditions for storage of wafers: It would be interesting to know the 

extent of adsorption of organics on wafers as a function of exposure time to cleanroom 

air. With the catalytic oxidation setup, the total amount of carbon adsorbed on wafers as 

a function of time can be determined. This information can be useful in designing 

process cycles as well as determining if extra precautions need to be taken to reduce 

contamination from organics. 

5. High concentration moisture and organics on zirconium oxide: The level of 

contamination studied in the present study was in ppb range. Studies in the ppm as well 

as the percentage range would give complete data for creating adsorption isotherms over 
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a full range of contamination. Such information can be effectively applied for predicting 

the amount of contamination under any given process condition. 

6. Does moisture desorb from zirconium oxide beyond 350 "C?: Adsorption of 

moisture on zirconium oxide can be done in a quartz reactor to determine if moisture 

indeed diffuses within the oxide or it desorbs in the 400-800 °C. High resolution TEM of 

the zirconium oxide film exposed to high moisture concentrations and heated to high 

temperatures should be able to detect formation of any interfaciai silicon oxide or silicate 

film at the interface with silicon. 

7. Adsorption of different organic compounds on zirconium oxide: Similar to the 

study on silicon oxide, adsorption of organics with different functional groups can be 

examined. 

8. Effect on electrical properties: The real effect of organic contamination on 

dielectric properties of high-k materials can be investigated by performing GOI and 

TDDB tests on the films. 

9. Do a similar investigation on Hf02: The studies already performed and proposed 

on zirconium oxide can be performed for hafnium oxide, another very promising high-k 

gate dielectric material. Hafnium oxide has similar properties to zirconium oxide. A 

direct comparison of their contamination tendencies would be important in determining if 

there are any major advantages of one over the other from a contamination stand point. 

10. Exposure of ZrOj and HfO: to cleanroom air: After deposition of the high-k 

film, the wafers are usually left exposed to cleanroom air for several hours before a 

polysilicon film is deposited on top. It is, therefore, essential to examine the extent of 
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moisture adsorption on the two films under high humidity ambient. This information can 

be applied towards designing of appropriate purging and desorption cycles for removal of 

unwanted moisture. 
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APPENDIX A 

PCOMP SOURCE CODES FOR INPUT INTO EASYFIT 



302 

A1 

Model BHT43 

C 
C Model name: BHT43 
C Single component multilayer model for BHT interactions on wafer surface 
C Model equations described in Section 3.3.2 
C 
c 
* REAL CONSTANT 

Ar = 2979 
Q = 300 
V =889 
tau = 2.963 
Tm = 316 
SC2 = .061334 
Cg2in = 28 
Cg2b = 0.001 

C 

c 
C Ar : surface area in cm2 
C Q : flow rate in seem 
C V : volume in cm3 
C tau : residence time in minutes 
C Tm : reactor temperature in Kelvin 
C Cg2in : challenge BHT concentration in ppm 
C Cg2b : baseline BHT concentration (in purge gas) 
C X : vacant sites 
C BHT loading on surface will be (1-X) 
C S2 : BHT loading in the higher layers (SBHT) 

C Note: X, S2 are normalized by total surface site density 4.6e+14 
C 
C SC2 : conversion factor (refer equation 3.23) 
C It is the XO/Nav term and also converts concentrations to ppm from gmol/cm3 
C SC2 = 4.6E14*22400*lE6/(6.02E23*273)....use lE6forppm 
C 
C To get ka2, ka5 in cm3/min divide by the factor F 
C F = lOe-6 * (P / RT ) * 6.023e+23 
C kd values are in 1/min (they do not require any conversion) 
C 

C 
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C - Independent variables in the following order: 
C 1. parameters to be estimated (x) 
C 2. variables identifying solution of ordinary 
C differential equations (y) 
C 3. concentration variable, if exists (c) 
C 4. time variable (t) 
C 
* VARIABLE 

kd2, ka2, kd5, ka5 
X, S2 
Cg2,t 

C 
c 
c 
C - Functions defining right-hand side of system of 
C ordinary differential equations: 
C 
* FUNCTION X_t 

X_t = kd2*tau*(l-X) - 2*ka2*tau*Cg2in*Cg2*X**2 
C 
C 
c 
* FUNCTION S2_t 

S2_t = tau*ka5*Cg2*Cg2in*(l-X) - kd5*tau*S2 
C 
C 
* FUNCTION Cg2_t 

Cg2_t =(Cg2b-Cg2)-ArA^*(SC2*Tni/Cg2in)*(-X_t+ S2_t) 
C 
c 
c 
C - Initial values for solving systems of ordinary 
C differential equations (t=0): 
C 
* FUNCTION X_0 

X_0 = (-l+sqrt( l+4*(2*ka2*Cg2in/kd2)))/(4*ka2*Cg2in/kd2) 
C 
C 
c 
* FUNCTION S2_0 

S2_0 = ka5*Cg2in*( l-X_0)/kd5 
C 
* FUNCTION Cg2_0 

Cg2_0= 1.0 
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C 
c 
C - Fitting criteria: 
C 
C 
* FUNCTION Cg2_fit 

Cg2_rit = Cg2 
c 
c 
c 
C - Constraints (if exist); 
C 
* FUNCTION gl 

gl = 0.748 - ( 1 - X_0 + S2_0) 
C 
* FUNCTION BOO 

BOO = 1 - X_0 
C 
* FUNCTION S20 

S20 = S2_0 
C 

c 
C Constraints are as follows: 
C gl matches the calculated BHT desorption loading with the experimental value 
C BOO and S20 provide the equilibrium values of B and S2 in the output file 
C 
^ ^ ̂  ̂  ̂  ^ ^ ̂  ̂  ^ ̂  ̂  ̂  ̂  ̂  4= ^ ̂  ^ 4: ̂  ̂  ̂  ̂  ̂  ^ 4: ^ ^ ̂  4= ^ ̂  ̂  ̂  ̂  ̂  ̂  4:4: ^ :fc ^ 

C 
* END 
C 
C 
c 
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A2 

Model 32-28-43 

C Multicomponent multilayer model for BHT and H20 interactions on wafer surface 
C Model equations described in Section 3.4.2 

C 
* REAL CONSTANT 

Ar = 2979 
Q = 300 
V =889 
tau = 2.963 
Tm = 3l6 
SCI =61.334 
SC2 = 0.061334 
Cglin = 32.19 
Cg2in = 28.0 
Cglb = 0.001 
Cg2b = 0.001 
kal = 1.37E-6 
kdl = .0005 
ka2 = .001 
kd2 = 0.02899 

c 

c Ar: surface area in cm2 
c Q : flow rate in seem 
c V : volume in cm3 
c tau : residence time in minutes 
c Tm : reactor temperature in Kelvin 
c Cglin : challenge moisture concentration in ppb 
c Cg2in : challenge BHT concentration in ppm 
c Cglb : baseline moisture concentration (in purge gas) 
c Cg2b : baseline BHT concentration (in purge gas) 
c X : for vacant sites 
c A : for chemisorbed moisture (SiOH) 
c B : for physisorbed BHT on the surface 
c C : chemisorbed BHT on the surface 
c S1 : moisture in the higher layers (Sh2o) 
c S2 : BHT in the higher layers 
c Note: X, A. B, C. S1 and S2 are normalized by total surface site density 4.6e+14 
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C kr: kfor 
C krr: krev 
C 
C SC1 and SC2 are conversion factors (refer equation 3.68 and 3.69) 
C It is the XO/Nav term and also converts concentrations to ppm (ppb) from gmol/cm3 
C SC2 = 4.6E14*22400*lE6/(6.02E23*273)....use 1E6 for ppm (1E9 for ppb) 
C 
C To get kal, ka2, ka4, ka5 in cm3/min divide by the factor F 
C F = lOe-9 * (P / RT ) * 6.023e+23 
C Note: use lOe-9 for ppb range contaminant and lOe-6 for ppm range 
C All kd values are in l/min (they do not require any conversion) 
C kr and krr are also in l/min (they do not require any conversion) 
C 

c 
C - Independent variables in the following order: 
C 1. parameters to be estimated (x) 
C 2. variables identifying solution of ordinary 
C differential equations (y) 
C 3. concentration variable, if exists (c) 
C 4. time variable (t) 
C 
* VARIABLE 

krr, kr, kd5, ka5, kd4, ka4 
X, A,B,C,S1,S2, Cgl 
Cg2,t 

C 
c 
c 
C - Functions defining right-hand side of system of 
C ordinary differential equations: 
C 
* FUNCTION X_t 

X_t = kdl*tau*A + kd2*tau*B - 2*kal*tau*Cglin*Cgl*X**2 
/ -2*ka2*tau*Cg2in*Cg2*X**2 

C 
* FUNCTION A_t 

A_t = 2*ka 1 *tau*Cg 1 in*Cg 1 *X**2 + krr*tau*S 1 *C/( 1 -X) 
/ - kdl*a*tau - kr*tau*S2*A/( 1-X) 

C 
* FUNCTION B_t 

B_t = 2*ka2*tau*Cg2in*Cg2*X**2 - kd2*tau*B 
C 
* FUNCTION C_t 
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C_t = kr*tau*S2*A/( 1 -X) - krr*C*S I *tau/( 1 -X) 
C 
* FUNCTION Sl_t 

Sl_t = tau*ka4*CgI*Cglin*(I-X) - kd4*iau*Sl 
C 
* FUNCTION S2_t 

S2_t = tau*ka5*Cg2*Cg2in*(l-X) - kd5*tau*S2 
C 
* FUNCTION Cgl_t 

Cgl_t = (Cglb - Cgl) - ArA'*(SCl*Tm/Cglin)*(0.5*A_t + Sl_t) 
C 
* FUNCTION Cg2_t 

Cg2_t = (Cg2b - Cg2) - ArA/'*(SC2*Tm/Cg2in)*(B_t + C_t 
/ + S2_t) 

C 
c 
c 
C - Initial values for solving systems of ordinary 
C differential equations (t=0): 
C 
C 
* FUNCTION X_0 

X_0 = (-1.0+sqrt( 1.0+4.0*((2*ka 1 *Cg 1 in/kd 1 )+(2*ka2*Cg2in 
//kd2)+(2*kr*ka5*kd4*ka 1 *Cg2in/(krr*kd5*ka4*kd I)))))/ 
/(2*((2*ka l*Cgl in/kd 1 )+(2*ka2*Cg2in/kd2)+(2*kr*ka5*kd4*kal 
/*Cg2in/(krr*kd5*ka4*kd 1)))) 

C 
* FUNCTION A_0 

A_0 = 2*ka 1 *Cg 1 in*(X_0**2)/kd 1 
C 
* FUNCTION B_0 

B_0 = 2*ka2*Cg2in*(X_0**2)/kd2 
C 
* FUNCTION SI_0 

S 1_0 = ka4*Cg 1 in*( 1 -X_0)/kd4 
C 
* FUNCTION S2_0 

S2_0 = ka5*Cg2in*(I-X_0)/kd5 
C 
* FUNCTION C_0 

C_0 = (kr*(S2_0)*(A_0))/(krr*(S 1_0)) 
C 
* FUNCTION CgLO 

Cgl_0= 1.0 
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C 
* FUNCTION Cg2_0 

Cg2_0= I.O 
C 
c 
c 
C - Fitting criteria: 
C 
C 
* FUNCTION Cg2_fit 

Cg2_fit = Cg2 
C 
c 
c 
C - Constraints (if exist): 
C 
C 
* FUNCTION g2 

g2 = 1.101 - (B_0 + C_0 + S2_0) 
* FUNCTION g3 

g3 =0.078-(.5*A_0 + S1_0) 
* FUNCTION XOO 

XOO = X_0 
* FUNCTION AOO 

AOO = A_0 
* FUNCTION BOO 

BOO = B_0 
* FUNCTION COO 

COO = C_0 
* FUNCTIONS 10 

S10 = S1_0 
* FUNCTION S20 

S20 = S2_0 
C 
C 

C Functions g2 and g3 match the calculated moisture and BHT loadings respectively 
C with the experimentally measured values. 
C Functions XOO, AOO, B(X), COO, S10 and S20 provide the values of X. A. B, C. SI and 
C S2 at equilibrium (at t = 0) in the output data file. 

c 
END 

C 
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A3 

Model DE800SCN 

C 
C Carbon Incorporation Model for SCl-last wafers in inert (N2) ambient 
C Model equations described in section 4.6 
C This model is for isothermal desorption at 800 C 
C 50 ppm IPA challenged isothermally at 800 C 
C IPA decomposition products are assumed not to adsorb on the surface 
C 
c 
C - Independent variables in the following order: 
C 1. parameters to be estimated (x) 
C 2. concentration variable, if exists (c) 
C 3. time variable (t) 
C 
* REAL CONSTANT 

A = 2738 
Q = 500 
V = 698 
tau= 1.396 
Z = 5.0338 
Ifinal = 0.222 
khom = 23.77 

C 

c 
C A : surface area in cm2 
C Q : flow rate in seem 
C V : volume in cm3 
C tau : residence time in minutes 
C R : adsorbed IPA 
C I: incorporated carbon species 
C CgA : gas-phase concentration of IPA 
C CgP : gas-phase concentration of gas-phase-decomposition product of IPA 
C CgB : gas-phase concentration of surface-decomposition product of R 
C CgCOl: gas-phase concentration of C02 
C CgC02in : challenge concentration of IPA in terms of C02 
C 
C Z = CgCO2in/X0 (XO = 4.6E-(-14) 
C CgC02in (l/cm3) = CgC02in (in ppm)* 10E-6*(273/Temp*22400)* 
C 6.02xl0E-t-23 
C 
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C ka is in cm/min 
C kd, kinc and krxn are in l/min 
C 
^ 4c 4: :tc 4c 4c :f: 4E :)c :|c 4c :|c :|c:|c 4:4:4:4:4:4= 4:4=4= * * 4:4:4:4: ¥^ 4:4:4= 4= 4:4: 4: * * 4:4:4:4: * 4c 4: 4: * 4= ^ 4: * * 4:4: * ^ ̂  4: 

c 
* VARIABLE 

ka, kd, kinc, krxn, RO, 10, CgAO, CgPO, CgBO 
R, I, CgA, CgP, CgB 
CgC02, t 

C 
C Functions defining rhs of system 
C 
C 
* FUNCTION R_t 

R_t =ka*tau*Z*CgA*(l-R) - tau*R*(kd + krxn + kinc) 
C 
* FUNCTION I_t 

I_t = kinc*tau*R 
C 
* FUNCTION CgA_t 

CgA_t = -CgA - (A/Q)*(ka*CgA*(l-R) - kd*R*(l/Z)) 
/ -khoni*tau*CgA 

C 
* FUNCTION CgP_t 

CgP_t = -CgP + khom*tau*CgA 
C 
* FUNCTION CgB_t 

CgB_t = -CgB + (A/Q)*krxn*R*( 1/Z) 
C 
* FUNCTION CgC02_t 

CgC02_t = 3*(CgA_t + CgP_t + CgB_t) 
C 
C—Initial values 
C 
* FUNCTION R_0 

R_0 = RO 
C 
* FUNCTION LO 

I_0 = 10 
C 
* FUNCTION CgA_0 

CgA_0 = CgAO 
C 
* FUNCTION CgP_0 
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Cg_P = CgPO 

FUNCTION CgB_0 
CgB_0 = CgBO 

FUNCTION CgC02_0 
CgC02_0= 1.0 

C 
* 

C 
* 

c 
c 
c 
C - Fitting criteria: 
C 
* FUNCTION CgC02_fit 

CgC02_Fit = CgC02 
C 
C 
c 
C - Constraints (if exist): 
C 
* 

C 
* 

c 
* 

FUNCTION g I 
gl = 0.234 - CgC02 

FUNCTION g2 
g2 = Ifinal -1 

FUNCTION g3 
g3 = .032 - CgC02 

C 
C 

c 
C function g 1 matches the total carbon desorbed from the wafer surface 
C function g2 matches the amount of incorporated carbon with the experimental value 
C function g3 matches the experimental value with model value at an intermediate time 
C 

C 
c 
* END 
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APPENDIX B 

NUMERICAL RESULTS FROM EASY-FIT 



EASY-FIT BHT43 31-May-02 

Ordinary Differential Equation 

General Information: 

Information Single component multilayer model for BHT interactions o 

Model Name BHT43 

Project Number 

Measurement Set 

User Name Niraj 

Date 

Memo 28 ppm BHT desorption at 43C 

Model Data: 

Number of Variables 4 

Number of Constraints 0 

Number of Equality Constraints 3 

Number of Differential Equations 3 

Number of Measurement Sets 1 

Number of Time Values 23 

Number of Concentration Values 0 

Residual Norm 1_2 

Optimization Variables: 

name lower init upper final 

kd2 0.029 0.029 0.029 0.028999999 

ka2 0.001 0.001 0.001 0.001000000 

kd5 0.6 0.6 0.6 0.600000024 
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kaS 0.0065 0.0065 0.0065 0.006500000 

Constraint Function Values: 

no name value time c/x 

1 g1 0.104 0 0 

2 BOO 0.494 0 0 

3 S20 0.15 0 0 

Parameter Estimation Data frc/CmaxI): 

time conc meas data function value error (%) 

0 0 1 1 0 

0.076 0 0.934 0.9287 -0.56 

0.276 0 0.736 0.7777 5.67 

0.337 0 0.708 0.7399 4.5 

0.476 0 0.599 0.6643 10.91 

0.517 0 0.586 0.6445 9.98 

0.599 0 0.52 0.6076 16.84 

0.723 0 0.435 0.5579 28.25 

0.805 0 0.448 0.5284 17.95 

0.887 0 0.425 0.5013 17.95 

1.052 0 0.391 0.4526 15.76 

1.282 0 0.3 0.3955 31.83 

1.405 0 0.295 0.369 25.1 

1.487 0 0.287 0.3528 22.91 

1.986 0 0.212 0.2722 28.39 

2.685 0 0.183 0.1971 7.7 

3.63 0 0.149 0.1371 -7.95 

4.328 0 0.129 0.1107 -14.17 

5.655 0 0.1 0.08206 -17.94 

weight 
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6.641 0 0.073 0.07016 -3.89 1 

7.175 0 0.051 0.06544 28.32 1 

9.312 0 0.035 0.05246 49.9 1 

12.52 0 0.017 0.04022 136.57 1 

User-Defined Parameters: 

Parameter Estimation Method DFNLP 

Maximum Number of Iterations 100 

Maximum Number of Function Calls 20 

Print Flag (0/1/2/3/...) 2 

Termination Accuracy 1 .OOE-07 

First Optimization Tolerance 1 .OOE-01 

Second Optimization Tolerance 2.00E+00 

ODE-Solver RADAU5 

Usage of Derivatives for ODE-Solver 1 

Accuracy for Gradient Approximation 6 

Bandwidth for Jacobian of Right-Hand Side 0 

Absolute Error Tolerance for ODE-Solver 1 .OOE-07 

Relative Error Tolerance for ODE-Solver 1 .OOE-07 

Initial Stepsize 1 .OOE-04 

Scaling Method 0 

Numerical Results: 

Termination Reason 7 

Number of Function Evaluations 7 
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Number of Gradient Evaluations 

Number of OOE-Function Calls _ 

Number of ODE-Gradient Calls _ 

Final Residual Value (scaled) _ 

Sum of Constraint Violations _ 

Calculation Time 

1 

2464 

70 

7.3900E-Q2 

O.OOOOEt-00 

0 h ; 0 min ; 2 sec ; 30 hsec 



EASY-FIT 322843 31-May-02 

Ordinary Differential Equation 

General Information: 

Information Multicomponent multilayer model for BHT and H20 intera 

Model Name 322843 

Project Number 

Measurement Set 

User Name Niraj 

Date 

Memo 32 ppm BHT and 28 ppb moisture desorption at 43 C 

Model Data: 

Number of Variables 6 

Number of Constraints 0 

Number of Equality Constraints 8 

Number of Differential Equations 8 

Number of Measurement Sets 1 

Number of Time Values 36 

Number of Concentration Values 0 

Residual Norm L2 

Optimization Variables: 

name lower init upper final 

krr 0.34 0.34 0.34 0.340000004 

kr 0.0045 0.0045 0.0045 0.0045 

kdS 1.1 1.1 1.1 1.100000024 
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kaS 0.0416 0.0416 0.0416 0.041600000 

kd4 16 16 16 16 

ka4 0.0019 0.0019 0.0019 0.001912500 

Constraint Function Values: 

no name value time c/x 

1 g2 -0.000153 0 0 

2 g3 -0.0063 0 0 

3 xoo 0.448 0 0 

4 AOO 0.0354 0 0 

5 BOO 0.388 0 0 

6 COO 0.129 0 0 

7 S10 0.00212 0 0 

8 S20 0.585 0 0 

Parameter Estimation Data (rCa21t: 

time cone meas data 

0 0 1 

0.188 0 0.935 

0.269 0 0.864 

0.374 0 0.799 

0.493 0 0.671 

0.616 0 0.593 

0.698 0 0.559 

0.862 0 0.464 

1.027 0 0.406 

1.175 0 0.335 

1.38 0 0.308 

1.627 0 0.278 

function value error (%) weight 

1 0 

0.5633 -39.75 

0.4981 -42.35 

0.4505 -43.61 

0.4192 -37.53 

0.397 -33.06 

0.3847 -31.17 

0.3632 -21.73 

0.3436 -15.37 

0.3273 -2.3 

0.3063 -0.56 

0.2831 1.84 
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1.773 0 0.256 0.2704 5.63 

1.92 0 0.244 0.2583 5.87 

2.208 0 0.227 0.2366 4.21 

2.783 0 0.204 0.1996 -2.16 

3.03 0 0.195 0.186 -4.61 

3.27 0 0.186 0.174 -6.47 

3.56 0 0.173 0.1608 -7.08 

3.769 0 0.168 0.1521 -9.47 

4.098 0 0.157 0.1397 -11.01 

4.427 0 0.144 0.1287 -10.61 

4.755 0 0.138 0.119 -13.77 

5.126 0 0.128 0.1093 -14.63 

5.824 0 0.115 0.09404 -18.22 

6.44 0 0.102 0.08329 -18.34 

7.139 0 0.094 0.07344 -21.87 

8.289 0 0.082 0.06119 -25.38 

9.234 0 0.073 0.05371 -26.43 

10.47 0 0.061 0.04624 -24.2 

12.11 0 0.053 0.03892 -26.56 

15.07 0 0.04 0.02981 -25.48 

19.8 0 0.03 0.02049 -31.7 

21.64 0 0.025 0.01786 -28.55 

24.95 0 0.011 0.01407 27.94 

30.33 0 0.007 0.009748 39.25 

User-Defined Parameters: 

Parameter Estimation Method 

Maximum Number of Iterations 

Maximum Number of Function Calls 

DFNLP 

70 

20 
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Print Flag (0/1/2/3/...) 2 

Termination Accuracy 1.00E-05 

First Optimization Tolerance 1 .OOE-01 

Second Optimization Tolerance 2.00E+00 

ODE-Solver RADAU5 

Usage of Derivatives for ODE-Solver 1 

Accuracy for Gradient Approximation 6 

Bandwidth for Jacobian of Right-Hand Side 0 

Absolute Error Tolerance for OOE-Solver 1 .OOE-05 

Relative Error Tolerance for OOE-Solver 1.00E-05 

Initial Stepsize 1 .OOE-03 

Scaling Method 0 

Numerical Results: 

Termination Reason 

Number of Function Evaluations 

Number of Gradient Evaluations 

Number of OOE-Function Calls _ 

Number of OOE-Gradient Calls 

Final Residual Value (scaled) _ 

Sum of Constraint Violations __ 

Calculation Time 

7 

9 

1 

3384 

270 

5.4500E-01 

6.4500E-03 

0 h : 0 min : 2 sec ; 97 hsec 



EASY-FIT DE800SCN 31-May-02 

Ordinary Differential Equation 

General Information: 

Thermal Oxidation - Cartton incorporation model 

DE800SCN 

Niraj 

9/4/00 

Desorption-@800 C - SCI-last - N2 Ramp 

Incorporation Model for N2 RAMP includes homog gas 
phase IPA decomp 

50 ppm @ 800 C 

Isothermal Desorption Profile 

Model Data: 

Number of Variables 9 

Number of Constraints 0 

Number of Equality Constraints 3 

Number of Differential Equations 6 

Number of Measurement Sets 1 

Number of Time Values 15 

Number of Concentration Values 0 

Residual Norm 1_2 

Information 

Model Name 

Project Number _ 

Measurement Set 

User Name 

Date 

Memo 

Optimization Variables: 
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name lower init upper final 

ka 5766 5766 5766 5766 

kd 0.128 0.128 0.128 0.128000006 

kino 0.0041 0.0041 0.0041 0.004120000 

krxn 0.065 0.065 0.065 0.064999998 

RO 0.11 0.4 1 0.109999999 

10 0.19 0.1958 0.22 0.207375438 

CgAO 0.0001 0.01 1 0.13850288 

CgPO 0.0001 0.13 1 0.129999995 

CgBO 0.0001 0.3 1 0.194817473 

Constraint Function Values; 

no name value time c/x 

1 g1 -9.61E-12 1.095 0 

2 g2 1.96E-13 20 0 

3 g3 -1.55E-11 7.824 0 

Parameter Estimation Data (rCaCOZH: 

time conc meas data function value error (%) weight 

0 0 1 1 0 

0.148 0 0.916 0.5129 -44 

0.298 0 0.901 0.4498 -50.08 

0.448 0 0.633 0.3954 -37.54 

1.095 0 0.234 0.234 0 

1.544 0 0.185 0.1688 -8.75 

2.142 0 0.135 0.1158 -14.21 

2.74 0 0.108 0.08538 -20.95 

3.489 0 0.083 0.06414 -22.73 
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4.385 0 0.07 0.05078 -27.46 

6.777 0 0.042 0.03577 -14.84 

7.824 0 0.032 0.032 -0.01 

10.22 0 0.025 0.02525 0.99 

15.3 0 0.01 0.01544 54.45 

20 0 0.00001 0.009815 98054.8 

User-Defined Parameters: 

Parameter Estimation Method DFNLP 

Maximum Number of Iterations 100 

Maximum Number of Function Calls 20 

Print Flag (0/1/2/3/...) 2 

Termination Accuracy 1 .OOE-07 

First Optimization Tolerance 1.00E-05 

Second Optimization Tolerance 2.00E+00 

ODE-Solver RADAU5 

Usage of Derivatives for ODE-Solver 1 

Accuracy for Gradient Approximation 6 

Bandwidth for Jacobian of Right-Hand Side 0 

Absolute Error Tolerance for ODE-Solver 1.00E-07 

Relative Error Tolerance for ODE-Solver 1 .OOE-07 

Initial Stepsize 1 .OOE-04 

Scaling Method 0 

Numerical Results: 

Termination Reason 

Number of Function Evaluations 

0 

33 
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Number of Gradient Evaluations 

Number of OOE-Function Calls . 

Number of OOE-Gradient Calls . 

Final Residual Value (scaled) _ 

Sum of Constraint Violations _ 

Calculation Time 

3 

17798 

341 

4.2500E-01 

2.5100E-11 

0 h ; 0 min ; 2 sec ; 86 hsec 
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APPENDIX C 

ALGORITHM FOR DETERMINING THE OXIDE BREAKDOWN VOLTAGE 

The breakdown field is usually defined as the field at which a sharp increase in 

tunneling current is observed during a ramped voltage test. To insure that the 

determination of the breakdown voltage of an oxide is done in a consistent manner over a 

large number of oxidation runs spread over a large period of time, the algorithm to 

determine the breakdown point must be described without ambiguity. Oxide breakdown 

is a statistical event, so that a large sample size must be measured to accurately determine 

the defect density. Because a large number of capacitors are measured for each 

condition, the algorithm to determine the breakdown voltage must be automated. The 

algorithm must therefore be robust, that is, it must supply the correct result for all 

possible current-voltage curves without the benefit of interaction with an experienced 

person. 

The algorithm to determine the breakdown point was written using a number of 

user-defined variables, which can be tweaked by actual current voltage measurement 

results to ensure that the breakdown point determination is correct. To achieve the 

requirement that the algorithm be robust, a set of regions into which the capacitor current 

may not enter was defined (Figure C.l). This ensures an algorithm which will always 

terminate. The current cannot enter a gray area without triggering breakdown detection. 

These areas are defined by V_max (the maximum voltage), I_max (the maximum 

current), I_leak (the maximum allowable low-field leakage current) and V_leak (the 
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voltage over which the low-field leakage current detection is active). In the dotted region 

near the origin bounded by I_min and V_min, the current is noisy. Therefore an abrupt 

change in the slope does not signal a breakdown event. Within the dotted region, the 

slope detection is, therefore, inactivated. 

c 

Urn 
3 

I max 

V_min V_leak V_max Voltage 

Figure C.l Sketch of a current-voltage measurement indicating parameters of the 

breakdown algorithm. 

Within the white region in Figure C.l, an abrupt change in slope of the current 

voltage measurement indicates a breakdown event. Since the tunnel current is roughly 

exponentially dependent on the voltage, the slope of the curve is best expressed in terms 
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of decades of current per volt. The slope factor S Is defined as the allowable increase in 

tunnel current. Two consecutive current measurements may differ by a factor of S (but 

not more), without triggering breakdown detection. The variables that were used for 

breakdown detection are tabulated in Table C.l. 

Oxide 
thickness 

(nm) 

IJeak 
A 

VJeak 
V 

I_min 
A 

V_min 
V 

I_max 
A 

V_max 
V 

S 
decyv 

3.0 2.5 X 10"^ 2.0 2.0 X 10 " 1.0 0.1 4.6 3.0 

Table C.l Values of the variables in the breakdown algorithm. 
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APPENDIX D 

RELATION OF SURFACE LOADING TO EQUILIBRIUM CONSTANT 

Dissociative chemisorption of moisture on an oxide surface can be represented by 

the following equation: 

H7O+ 2X < )  2X-0H (Dl) 
kd 

H2O represents gas-phase moisture, X represents a vacant site on the surface, and X-OH 

represents the surface hydroxyl group resulting from chemisorption. ka and k<i are the 

rate constants for adsorption and desorption respectively. 

Let the total number of surface sites be Xo. Site conservation gives the relation: 

[X] + [X-OH] = Xo (D2) 

A species balance for the surface hydroxyl group can be expressed as: 

d[X-OH] "^aCg^^QCX]-

dl X 0 
- kd[X-OH] (D3) 

Since adsorption of a water molecule depends not only on the availability of a vacant site, 

but also on the fraction of the sites that are bare, the adsorption rate is assumed to be 
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second order with respect to the surface concentration of vacant sites. The rate of 

adsorption is also directly proportional to the gas-phase concentration of water. The 

desorption rate is first order with respect to the surface hydroxyl site concentration since 

they are assumed to be lightly bound to the surface. Hence, only two adjacent hydroxyl 

groups can combine to form molecule water and the reaction is not second order. 

The equilibrium constant is defined as: 

^ ko 
Keq — " (D4) 

A new constant K can be defined as: 

K = (D5) 

At equilibrium, the rate of adsorption equals the rate of desorption and equation (D3) can 

be equated to zero. This gives, 

lXo][X-OH] 
K = (D6) 

{[XO]-[X-OH]}2 

The fractional surface loading L observed during the experiment can be expressed as; 

[X-OHl ,  

Then the equilibrium constant is related to the fractional surface loading by the relation: 
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,D8, 
\ 1 L. } 

As a result, for the same gas-phase concentration, a higher value of fractional surface 

loading represents a higher value of equilibrium concentration. 
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