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ABSTRACT 

For the fabrication of ultra large scale integrated (ULSI) circuits, the silicon 

surface should be free of metallic and particulate contamination and be atomically smooth. 

Heavy metal contaminants have detrimental effects on the yield of microelectronic 

processing and reliability of solid state devices by increasing the junction leakage current, 

degrading the integrity of gate oxide and reducing the oxide breakdown voltage. It has 

been demonstrated that the surface contamination level for most metals has to be 

controlled below 10'° atoms/cm^ for sub-quarter micron processing. 

Some transition and noble metal ions such as copper, silver and gold are known to 

deposit on silicon surfaces in acidic fluoride based solutions. Among them, copper has 

been the focus of most research due to the widespread use of copper in microelectronic 

industry. To investigate the mechanisms by which copper deposits on silicon surfaces in 

HF and BHF solutions, different electrochemical techniques were used, including dc 

electrochemical polarization techniques and electrochemical ac impedance spectroscopy 

(EIS). The results of electrochemical measurements, in conjunction with various surface 

characterization techniques, such as TXRF, AFM and TEM, reveal the rates of reactions 

that occur at silicon/solution interface can be affected by many factors, such as silicon 

dopant type and doping levels, ionic strength of electrolytes, illumination conditions and 

the use of additives. It was found that illumination affects the reaction rate significantly. 

In the absence of illumination, the amount of copper deposition is nearly one order of 

magnitude less than the amount deposited under illumination for p-type silicon in both HF 
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and BHF solutions and n-type silicon in HF solutions. Under dark conditions, very high 

polarization resistance is measured for charge transfer across the inter&ce. In BHF 

solutions, n-type silicon is very close to its flat band condition where illumination plays 

little role. These effects can be interpreted by understanding the silicon/solution interface 

structure which consists of bulk silicon, silicon space charge region, Helmholtz double 

layer region and electrolyte solution. In principle, the reaction rate is determined by the 

charge transfer across the interface, including the carrier concentrations, the relative 

energy levels of mobile carriers in silicon and the redox potentials of solution redox 

species. The addition of copper ions in BHF solutions not only causes metal 

contamination, but also generates severe surface roughness due to the masking effect of 

copper on the anisotropic etching of silicon in BHF solutions. Local etching rate of 

Inm/min was measured on the silicon sample prepared in 100 ppb Cu^~ BHF solutions. 

Some additives such as surfactants and hydrochloric acid can effectively reduce the 

reaction rates of silicon corrosion and copper deposition by either blocking the active 

reaction sites or form copper ion complexes. 
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Chapter One 

INTRODUCTION 

Surface contamination on silicon wafers during wet processing presents a major 

reliability problem in the performance of ultra large scale integrated (ULSI) devices [1.1-

5]. Contamination is often responsible for more than 50% yield loss. For example, any 

defects within a fraction of the minimum feature size could be detrimental to the 

performance of devices. Table 1 is the Roadmap of Semiconductor Industry Association 

(SIA) on the wafer surface preparation for the front end of line (FEOL) processes [1.6], 

It gives detailed specifications regarding the contamination of particulate, metallic, 

organic and the surface roughness. 

Table l.I SIA roadmap on wafer surface preparation 

Front End of Line Processes 1997 1999 2001 2003 2006 
(before metal lines applied) 250 nm 180 nm 150 nm 130 |im 100 nm 
Particle Size (nm) 125 90 75 65 50 
Critical metals (atms/cm^)' 5x10' 4x10' 3x10' 2x10' Ixio'  
Other metals (atms/cm^)" 5x10'° 2.5x10'° 2xlO'° X o lxl0'° 
Organics (C atms/cm^) 1x10'^ 7x10'^ 6x10'-' 5x10'^ 3.5x10'-' 
Oxide residue (0 atms/cm") 1x10" 7x10'^ 6x10'^ 5x10'^ 3.5x10'-' 
Surface Roughness (nm)' 0.15 0.1 0.1 <0.1 <0.1 

Note; 1. DRAM requirement for Ca, Co, Cu, Cr, Fe, BC, Mo, Ma, Na, Ni, W 
measured post critical clean for a gettered wafer, 
2. DRAM requirement for Al, Ti, V, Zn (Ba, Sr, and Ta if present in the 
factory measured post critical clean for a gettered wafer); 
3. RMS value Ixl^m AFM; power spectral density required, initial and 
pre-gate. 
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As shown in Table 1.1, as the minimum feature size becomes smaller and smaller, 

the requirement on wafer surface preparation becomes more and more stringent. By the 

year 2001, for the 150 nm processing, the roadmap requires that the metallic 

contamination such as Cu, Fe and Ni be less than 3x10® atoms/cm^ and the root mean 

square (RMS) surface roughness as measured in 1x1 ^ area be less than 0.1 nm. 

Of the various metal contaminants, copper is of special importance. On the one 

hand, copper is the best choice of material to replace aluminum alloy as metal 

interconnects, thanks to its high electrical conductivity and its higher resistance to 

electromigration effect compared to aluminum [1.7-10] On the other hand, copper is one 

of the most notorious contaminants due to the fact that copper is a fast diffiiser in silicon 

and it provides efficient traps for electron-hole generation-recombination [1.11,12], The 

chances of bringing copper impurities into processing will be magnified with the 

introduction of copper as metal interconnects in the future. 

Wet cleaning based on Radio Corporation of America (RCA) clean has been the 

cornerstone of microelectronic fabrication for the last three decades. Developed by Kern 

at RCA thirty years ago [1.13,14], it is the only viable means to eflBciently remove both 

metallic and particulate contamination. It consists of an alkaline solution clean to remove 

particle contaminants and metals, and an acidic solution to remove remaining metals. HF-

last clean has been developed to remove native or chemically grown oxide and the 

impurities enclosed in oxides and form a hydrogen terminated layer on silicon surfaces 

[1.15]. 



Interestingly, the wet cleaning processes developed to remove contaminants from 

silicon sur&ce can introduce some contaminants if not used properly. For example, 

transition or noble metal ions such as copper and gold are known to deposit on the silicon 

surface during immersion in dilute HF and buffered HP solutions. Rough surfaces will 

also be generated during this deposition process. 

Copper deposition on silicon from HF based solutions are generally known to 

occur via an electrochemical plating mechanism. The reaction rate will be determined by 

various factors, including the nature of the silicon substrate, the nature of the solution 

type and the charge transfer across the silicon-solution interface. Further understanding 

of the reaction mechanism will require the understanding of the structure and properties 

at silicon/electrolyte interface. However, most previous studies on copper deposition 

have been focused on the deposition kinetics and deposit morphology using various 

instrumental characterization techniques such as TXRF, AFM, ICP MS, etc. [1.16-18]. 

The electrochemical aspects of copper deposition have been neglected by most 

researchers. 

In order to successfully suppress the copper deposition, it is essential to 

understand the structure and interactions at the silicon/electrolyte interface. The objective 

of this project was to study the mechanisms by which the copper deposition occurs at the 

silicon surface using electrochemical techniques combined with different surface 

characterization techniques. By interpreting the experimental data and phenomena, a 

model was developed for the reaction mechanisms. Many factors such as illumination, 

substrate doping, solution pH, ionic strength, etc., were investigated. The effect of some 
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additives such as surfactants, hydrochloric acid ^Cl) on the copper deposition and 

silicoa etching were studied. 
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Chapter 2 

BACKGROUND 

In the background section, some basic principles of wet chemical cleaning will be 

briefly reviewed. The sources of different impurities, especially metallic impurities and 

their detrimental eflfects on the yield of microelectronic processing and performances of 

silicon devices will be discussed. Finally, the electrochemical aspects of semiconductor/ 

liquid junctions and the electrochemical methods will be introduced. 

2.1 WET CHEMICAL PROCESSING 

Although there is a push to replace wet processing by dry processing based on 

environmental considerations, wet chemical cleaning is the only eflBcient technique in 

removing various contaminants, especially metallic contaminants. For example, high 

levels (up to lO'" atoms/cm^) of metallic contaminants such as iron, nickel and copper 

were found on silicon surface during plasma etching and ion implantation [2.1,2]. These 

contamination effects are inherent to dry processes due to the bombardment of high 

energy plasma on equipment chambers [2.3], It does not appear that wet chemical 

processing will be replaced by dry processing; on the contrary, it is expectable to play 

more important roles as the IC dimension goes down to less than a quarter micron. 
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2.1.1 RCA Cleaning Procedures 

Wet chemical processing is very important in the manu&cturing of sub-

micrometer silicon devices to remove particulate and metallic contaminants. For almost 

thirty years, the most commonly used cleaning procedures for wafers without any metal 

layers (front end of line, or FEOL) are based on standard RCA cleaning [2.4, 5]. Usually, 

a preliminary treatment with H2SO4: H2O2 (4:1) mixture (Piranha) is used to clean organic 

contaminants, such as photoresist residues after the dry etching and a HF dipping follows 

to strip oxide and remove impurities trapped inside chemically grown oxides formed 

during Piranha cleaning. A mixture of NH4OH: H2C)2: H2O (5;1;1), known as RCA 

standard clean 1 (SCI), is used to remove particles. Group IB and IIB metals and several 

other metals including gold, silver, copper, nickel, cadmium, zinc, cobalt and chromium 

can be dissolved and removed by complexing effectively with ammonium hydroxide. 

Copper, for example, dissolves in ammonia based solutions and forms Cu(NH3)4^* amine 

complexes. 

The acidic mixture made from HCl: H2O2; H2O (6:1:1) is called RCA standard 

clean 2 (SC2). Treatment of wafers in this solution can remove some metal ions such as 

Fe^*, Al" and Mg^' which form insoluble hydroxides in SCI solutions. A thorough DI 

water rinsing is used to remove all chemical residues and is followed by drying. 

RCA cleaning uses large amounts of chemicals and generates chemical wastes. It 

has been under constant modification and new cleaning strategies have been explored. In 

addition to the efiforts to reduce the cost of ownership from chemicals used, wafer 

cleanliness and smoothness requirements continue to grow tighter. Cleaning based on 
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dilute chemistries have been developed. For example; dilute SCI (dilution ratios of 0.25-

0.05:1:1) chemistry was introduced after a better understanding of the particle removing 

mechanism by SCI. Satis&ctory particle removal efficiency and less sur&ce roughness 

generation are achieved by optimizing the SCI composition [2.6,7]. 

Meuris et al [2.8] at IMEC developed a new clean concept, called IMEC clean, 

for metal and particle removal. IMEC clean grows oxide first using a 03/sulfuric acid 

mixture and removes oxide in the subsequent HF/HCl dipping. A room temperature 

cleaning strategy was proposed by Ohmi et al [2.9]. Ozone, or other oxidants, is injected 

into DI water or chemicals to obtain solutions featuring high positive potential which is 

suflScient to oxidize metals and dissolve them at room temperature. Surfactants are 

introduced to modify zeta potentials for better particle removal eflBciency. Megasonic 

energy is used to provide suflRcient energy for particle removal. The consumption volume 

of liquid chemicals and ultrapure water has been reduced less than 1% and 5%, 

respectively, compared to that of traditional RCA clean. 

In any of these cleaning procedures, HF-last step is ususally required prior to the 

growth of gate oxide to generate a reference surface state. This procedure is designed to 

strip the sacrificial oxide layer and form a hydrogen terminated silicon surface. 

2.1.2 HF and BHF Solutions 

The abi!it>' of silicon to easily form oxide and the effectiveness of fluoride 

containing solutions to attack silicon oxide are the cornerstones for modem silicon 

technology. Both dilute HF and buffered HF are used in microelectronic processing. 
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Dilute HF is used to etch and strip Si02 films, pre-diffiision and pre-metal-deposition 

surface preparation. It is a weak acid which is prepared by mixing concentrated HF (49 

%) with DI water in different ratios. In dilute HF solutions, the following equilibrium are 

well established; 

HF = H' + F Ki =6.85x10^ mol/l [2.10] [2.1.2.1] 

HF + F = EF2 K2 = 3.963 l/mol [2.10] [2.1.2.2] 

2HF = H2F2 K3 = 2.71/moI [2.11] [2.1.2.3] 

Ki, K2 and K3 are the equilibrium constants of equations 2.1.1.1, .2 and .3 

respectively at 25 °C at infinitely dilute solutions. Table 2.1.1 lists some commonly used 

dilute HF solutions and their HF concentrations [2.12]. The typical etching rates of 

undoped thermal oxide (TOX) in different HF solutions are also shown in Table.2.1.1. 

Table 2.1.1 Some fi-equently used DHF, their concentrations and Si02 etching rate. 

Dilution RationH20: HF [HF] 
(M) 

Si02 Etch Rate@21°C 
of Undoped TOX (A/min) 

1:1 HF 12.25 2465-2540 
10:1 HF 1.17 235-250 
50:1 HF 0.52 45-65 

100:1 HF 0.27 20-40 

Buffered HF is a mixture of 40% ammonium fluoride (NHJF) and 49% 

hydrofluoric acid (HF) in different ratios. Ammonium fluoride is added to protect the 

fluoride solution against changes in pH. Buffered HF solutions are more compatible with 

photoresists and do not promote undercutting (lateral etching) of the oxide under a 
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photoresist layer. They etch oxide more uniformly and considerably faster than 

unbufifeied solutions. Ammonium fluoride is a strong electrolyte; it dissociates 

completely to form cations and F anions, as shown in eq. 2.1.2.4. 

NH4F ^ NH4"+ F [2.1.2.4] 

Hydrogen fluoride combines with F to form hydrogen bifluoride ions, HF2', as shown in 

eq. 2.1.2.2. The presence of high concentrations of hydrogen bifluoride ions is 

considered to be responsible for the much higher etching rate of SiCb in BHF solutions 

[2.13-15]. Table 2.1.2 lists some frequently used BHF solutions, mixing ratio, 

concentrations of HF and NH4F, and the etching rate of undoped thermal oxide in these 

BHF solutions [2.12]. 

Table 2.1.2 Some frequently used BHF, their concentrations and SiOa etch rate. 

NHtFiHF Concentration (M) Si02 Etch Rate@2l''C 
Ratio [NH4F] [HF] Undoped TOX (A/min) 
7:1 10.51 3.50 760-830 

10:1 10.79 2.55 520-590 
20:1 11.37 1.33 260-330 
50:1 11.66 0.533 115-165 

The dissolution of Si02 in HF and BHF solutions has been studied extensively 

[2.13-15]. The reaction rate is found to depend on the concentration of undissociated HF 

species and solution pH values. The overall chemical reaction involved during the etching 

of silicon dioxide \\ith HF based solutions is normally understood as; 

Si02 + 6HF = 2H* + SiFg^- + 2H2O [2.1.2.5] 
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or Si02 + 4HF = SiF* + 2H2O [2.1.2.6] 

The etching reaction stops at the silicon surfece and leaves the surfece hydrogen 

passivated. The resulting surface is hydrophobic, electronically inactive [2.16] and has 

very low density of interface states [2.17], 

2.1.3 Hydrogen Passivation of SOicon Surface 

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

intensive investigations. There have been some early suggestions that the resulting near 

perfect chemical stability of the silicon surface is due to F-passivation [2.18]. Such an 

argument was initiated by the fact that the Si-F bond energy (w 582 kJ/moI) is far greater 

than that of Si-H (« 323 kJ/mol) [2.19]. Fluorine terminated surface should be 

hydrophobic which resembles the PTFE surface. However, a wide variety of 

experimental techniques have established convincingly that the chemical stability of these 

surfaces is, in fact, due to surface passivation by hydrogen [2.20-30]. Gmndner and 

Jacob [2.25] analyzed the etching of p-type silicon in aqueous HF using x-ray 

photoelectron spectroscopy (XPS). They found that the Si(lOO) surface after etching 

consisted of only small amounts of oxygen and fluorine. The fluorine on the surface 

ranges from 3x10^' cm"^ to IxlO'"* cm"^ for HF concentrations of 0.1% to 40%. The 

surface coverage of fluorine is well below a monolayer and could not contribute to the 

hydrophobility of the silicon surface. High resolution electron energy loss spectroscopy 

(HREELS) and infrared radiation (IR) spectroscopy investigations have also shown that 
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the silicon sur&ce produced after HF etching is covered by Si-hydrides. The hydrophobic 

nature of silicon suri&ce is therefore mainly due to the non-polar nature of the St-H bond. 

The mechanism for the observed H termination was first proposed by Ubara et al 

[2.20] on the basis of IR measurements of HF treated microciystalline silicon samples. It 

is illustrated in Fig. 2.1.1. They postulated that F-terminated silicon complexes are 

unstable in HF solutions due to strong polarization of the Si-Si back bonds (e.g. =Si^-

Si®^3) fecilitating their attack by HF (or HFj* or H2F2) dipoles. This results in reactions 

such as: 

sSi-SiFs + HF =SiH + SiF4 [2.1.3.1 ] 

Silicon fluorides are released into solution, leaving a H-terminated surface behind. 

Highashi et al [2.30] calculated the activation barriers for these types of reactions using 

first-principle quantum chemical methods. They found that the above reaction is 

exthermic by approximately 2.0 eV with an activation barrier of ~1.0 eV. Their results 

supported Ubara et afs hypothesis. In addition, the question of why the Si-H bonds 

formed are not attacked by HF is also answered by quantum chemical studies. The 

principal reason is found in a reaction such as 

=Si-H + HF ^ =SiF -i- H* [2.1.3.2] 

This reaction, although also exothermic by ~ 1.4 eV, has an activation barrier of 1.2 eV 

which is about 0.2 eV higher than that for the Si-Si bond cleavage reaction as shown in 

eq. 2.1.3.1. This larger barrier implies that the rate constant for reaction 2.1.3.2 is three 
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orders of magnitude smaller than that of reaction 2.1.3.1, assuming that two reactions are 

Arrhoiius type with similar pre-exponential factors. The hydrogen terminated surface 

remains stable in HF solutions. Different forms of H termination (mono-, di-, tri-hydride) 

have been observed &om ER studies. The final structure depends not only on the initial 

structure of the Si/Si02 interface, i.e. the orientation of the crystal plane, but also on the 

pH of the fluoride solutions. By studying the vibration modes of different Si-H bonds, 

Nowano et al [2.27] found that HF-treated n-type Si (111) surfaces are terminated with a 

mixture of monohydride, dihydride, and trihydride, whereas NHtF (40%, pH=8) treated 

Si (111) surfaces are dominantly terminated with isolated monohydride [2.29], This is 

consistent with the results reported by Higashi et al [2.29] for p-type (111) Si prepared in 

high pH BHF solutions (pH=9-10). For Si (100), treatment in NH4F produces a surface 

in which the dihydride mode is enhanced compared to HF treatment. Table 2.1.3 

summarizes the modes of hydrogen termination of n-type (100) and (111) silicon in HF 

and BHF solutions. 

Table 2.1.3 Hydrogen termination modes of n-type (100) and (111) silicon in HF 
and NHjF solutions. 

HF (5%) NH4F (40%) 
(100) Si mixed mode of mono-, mixed mode of mono-, 

di-, and tri-hydrides di-, and tri-hydride, 
with dihydride mode 

enhanced 
(111) Si mixed mode of mono-, monohydride 

di-, and tri-hydride 
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The stability of hydrogen terminated silicon surfaces was studied both in air and in 

water [2.31-34]. From X-ray photoelectron spectroscope (XPS) studies, it has been 

found that there is an induction period before rapid oxidation begins. This induction time 

is approximately 5 days and 1 hour for NHiF-treated samples exposed to air or water, 

respectively. For samples treated in HF, the induction time is 7 days and 2 hours in air 

and water, respectively. This high stability of HF treated silicon sur&ces is essential for 

high yield processing. 

It was also shown from scanning tuimeling microscopy (STM) that aqueous HF 

solutions induce microscopic roughness on both Si (100) and Si (111) [2.22, 2.35, 2.36]. 

The pH value of the BHF solution was modified (pH = 9-10) to produce ideally 

terminated Si (111) surfaces that are microscopically smooth [2.29]. This phenomena is 

explained by the coverage of the surface with isolated silicon monohydride (=Si-H) 

oriented normal to the surface. 
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2.2. CONTAMINANTS IN MICROELECTRONIC MANUFACTURING 

Several different types of contaminants have to be considered for clean processing 

and reliable device performance as defined by Semiconductor Industry Association (SIA) 

roadmap [2.37]. There are organic contaminants, metallic contaminants, particulate 

contaminants, etc. [2.5]. Organic contaminant films on wafer surfaces can mask effective 

cleaning or rinsing, cause poor adhesion of deposited layers, and lead to harmful 

decomposition products. Particles may cause blocking in photolithography and during 

etching or rinsing, and lead to shorts if they are conductive and located adjacent to metal 

lines. They are considered potential killer defects if their size exceeds one tenth of the 

line width. Particles that are present during film growth or deposition may lead to 

pinholes, material voids, cracks, or the generation of defects. 

2.2.1 Metallic Contamination and MOSFET 

Of the various contaminants, metallic contamination is a major concern during the 

processing of Metal-oxide-silicon (MOS) devices. Fig.2.2.1 schematically illustrates the 

structure of a MOS FET (field effect transistor) (2.2.1a) and its typical C-V characteristic 

(2.2.1b) [2.38]. Metal contaminants can affect Si, SiOz and/or Si/Si02 interface in 

different ways. For example, alkali metal ions, such as sodium and potassium ions in the 

gate oxide, have a catastrophic effect on the device performance due to their high 

mobility, therefore forming mobile charges inside the oxide [2.38]. This will distort the 

C-V characteristic and shift the flatband potential as well as the threshold voltage of 

MOSFET, shown as the dotted lines in Fig. 2.2.1b. 
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This hazard has been greatly reduced by using chemicals essentially free of sodium and 

potassium ions (ppb). On the other hand, heavy metal elements such as gold, copper, 

nickel and iron might be introduced from storage and processing. If they stay in the bulk 

of silicon in ionic form, they might have an effect similar to alkaline metals. In fact, most 

heavy metal impurities exist in atomic forms or metallic silicides. They have almost no 

effect on C-V characteristics [2.39]. However, they affect the performance of devices in 

several different ways [2.40]. 

2.2.2. Mid-gap Energy Traps and Carrier Life Time 

Heavy metal elements can provide deep trap energy levels [2.38,40]. Fig.2.2.2 

shows the energy levels of some elemental impurities in silicon [2.38], Copper and iron 

have trap energy levels (Ej) very close to silicon intrinsic Fermi level Ei. These two 

elements can be easily introduced from processing equipment or chemicals due to their 

ubiquitous presence in manufacturing. They form effective mid-gap traps which are the 

efiBcient recombination-generation centers. The recombination-generation rate, U, based 

on the Shockley-Hall-Read (SHR) model [2.38, 41], is closely related to the energy 

difference Et - Ei by the following equation; 

np - Hi" 
U= [2.2.2.1] 

tno [ p + Hi exp(Ei-ET)/kT ] + tpo [ n+ n; exp(ET-Ei)/kT] 

The symbols n and p are electron and hole concentrations respectively; n; is the intrinsic 

electron concentration and equals to I0'° cm"' for silicon at room temperature; Xno and 



38 

Si< 

U Sb P As Bi Ni S Mn Ag PI Hg 

tm S5i ao« aoS aoGS o.ia 

037 0^ 03i ~ 

Gapen^ — 0.55 g=g 
--0.52 A-055 

0 40 0J6 OM OJ, OJZ 9^ — Mi — 
0 

028 0^4 
0.16 

OPg 

!t£S Qjg 

0.057 0045 103 

B Al Ga In Tl Co Zn Cu Au Fe O 

Figure 2.2.2; Trap energy levels (ET) of some elemental impurities in silicon 
[2.38]. 

Co Cu 

Mn 

CM 

Zn ICT' 
> 0] 3 
Q icr® 

10-' 
1000 1200 800 600 

Temperature [®C] 

Figure 2.2.3; Diffusivity of some common impurities in silicon [2.40]. 



39 

Tpo are the minority carrier life times of electrons and holes respectively. Th^ depend on 

the density of traps Nr, the electron and hole capture cross-section areas Op and an and 

the average thermal velocity (vt) of carriers, as shown in the following equations: 

Equations 2.2.2.1 and 2.2.2.2 show that the recombination rate through a 

recombination center is a function of the trap densities Nt as well as specific properties of 

the recombination sites. The most effective recombination centers will have Ex close to 

E,-. For example, copper has three acceptor levels in the middle of the silicon bandgap at 

0.24, 0.37 and 0.52 eV, with respect to the valence band. Occupancy of these deep levels 

in the silicon bandgap will cause a reduction of carrier lifetime [2.42-46], which is evident 

as a leakage current in the reverse biased junction isolating contact and substrate 

[2.47,48]. Polignano et al [2.45] measured carrier lifetime using several methods such as 

surface photovoltage (SPV) and microwave deflection(|i-PCD). They found that the 

effective lifetime of excess carriers decreased from ~1 ms for clean wafers to -0.1 ms for 

samples with Cu or Ni concentration of lO" atoms/cm^. 

Isolation of devices in an integrated circuit is frequently realized by reverse-biased 

p-n junctions [2.38]. In the depletion region of a reverse biased junction, carrier 

concentrations are very small, i.e. n« n; and p« n;, and hence generation of electron-

hole pairs occur. If one assumes that energy traps have the same cross section for 

[2.2.2.2a] 

and Tpo = 1/vtCTpNt [2.2.2.2b] 



40 

electrons and holes, and Xno = too = To, then the net generation rate may be calculated from 

the following equation: 

- H i  

U = [2.2.2.3] 

To cosh[(Ei-ET)/kT] 

The leakage current of a reverse-biased junction is caused by the generation of 

electron-hole pairs. For traps with an energy level at Ex, cosh[(Ei-ET)/kT]= 1, 

U = -Hi/To. [2.2.2.4] 

The generation current is given by 

Jg = -qUAW = -qAniW/To [2.2.2.5] 

Here q is electron charge, A is the junction area, and W is the width of the space 

charge region. The smaller the minority carrier lifetime To, the higher is the generation 

current Jg. This generation current is evidented as the large leakage current of the MOS 

capacitors (2.52) and diodes (2.47) when metal impurities such as Cu, Ni, or Fe are 

presented. For example, Miyazaki et al (2.47) reported a leahage current of 10"' A for 

diode with Cu concentration of lO'^ atoms/cm^ compared to that of a clean junction 

of 2x10-'' A. 

2.2.3 Degradation of Gate Oxide Integrity 

Many transition metals have high difilision coefficients at processing temperatures 

[2.40,49,50], Fig. 2.2.3. shows the diflEusivity of some common impurities in silicon at 

elevated temperatures. Copper is the fastest diffiiser in silicon and diffuses via an 
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interstitial diffusion mechanism. Its difiusivity is given as 4.7xl0''exp(-0.43eV/kT) cmVs 

over the temperature range of 300-700 °C [2.50], It has been found that metal impurities 

such as Cu and Ni applied on the backside of silicon can be detected at the frontside after 

rapid thermal annealing at 1200 °C for 30 seconds [2.51]. Due to the limited solubility of 

Cu in Si at low temperatures and the steep temperature dependence of solubility [2.40], 

copper impurities will out-difiElise to the wafer surface after high temperature annealing 

and segregate at the SiOi/Si interface and near-inter^ce region, causing oxidation 

induced stacking faults and degrading the integrity of ultra-thin gate oxides [2.52-58]. 

While copper does not diffuse as quickly in Si02 as it does in Si, it does drift 

readily under the influence of an electric field [2.59]. An activation energy of 1.82 eV 

and diffusion coeffident of 1.2x10*" cmVs has been reported for the diffusion of Cu in 

SiOi under electrical bias over a temperature range of 350-450°C. The presence of Cu in 

the dielectric layer can cause two significant problems. The first is a threshold voltage 

shift when present in gate oxides due to the drift of Cu ions in Si02 and the second is a 

parasitic leakage current in the upper level metallization where the presence of Cu in the 

oxide will allow conduction via an electron-hopping mechanism. 

For some 3d transition metals, there is a good match between the lattice constants 

of silicon and metal silicides. For example, copper can react with silicon to form CusSi 

and/crCusSi silicide. and this could cause a variety of detrimental efifects. For example, 

gate oxide areas with low breakdown fields of about 2-3 MV/cm have been identified in 

systems where copper was added intentionally [2.53], It is found that the failure 
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mechanism of gate oxide breakdown is related to the fixnatioii of Cu-ridi precipitates at 

the Si02/Si interface. 

2 .̂4 Surface Microroughness 

For the growth of ultra-thin gate oxides, the silicoa surface has to be extremely 

smooth. One kind of oxide breakdown ^ihire, which is not directly related to the metallic 

contamination, is indeed affected by the sur£ice microroughness. For microelectronic 

processing of devices with feature size less than a quarter micron, the thickness of the 

gate oxide is only a few nanometers. This requires that the silicon sur^ce prior to the 

oxide growth is atomically smooth. An increase of surface microroughness of a few 

angstroms has been confirmed to aflfect oxide growth [2.60], severely degrade the 

breakdown electric field intensity (EBD) and the charge to breakdown (QBD) characteristic 

of thin oxide films having a thickness of 8-10 nm and to simuhaneously decrease channel 

electron mobility [2.61]. An increase of surface microroughness has been demonstrated 

to originate fi'om wet chemical cleaning processing based on RCA cleaning concept, 

particulariy the ammonium-hydrogen peroxide cleaning step [2.61], Buffered HF 

treatment of silicon surface is another source of surface microroughness generation [2.62, 

63]. 
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2.3. SEMICONDUCTOR ELECTROCHEMISTRY 

The semiconductor/electrolyte interface is the essential part of semiconductor-

based electrochemical reactions. It is of central importance in wet etching and cleaning 

steps in semiconductor microelectronics in which silicon comes into contact with a 

solution. The basic principles that govern the interactions at the inter&ce between 

semiconductor materials and electrolyte solutions containing redox couples will be 

discussed in this section. 

2.3.1. Semiconductor Band Structure 

In order to describe the electron transfers to and from a semiconducting solid 

electrode, it is desirable to utilize the concept of band structure. The results and concepts 

of band theory were extrapolated from the discrete energy states available to electrons in 

isolated atoms. The interactions between atoms lead to the formation of the energy band 

regions of allowed electron energies when the atoms are brought into close proximity in 

forming crystals. The highest energy band containing electrons at temperatures above 

absolute zero is identified as the conduction band. The next low-lying band, separated 

from the conduction band by an energy gap in the order of a few electron volts for 

semiconducting materials and mostly filled with electrons at temperatures of interest is 

identified as the valence band. Ideally, electrons cannot exist in the forbidding band gap. 
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23.1.1. Fermi Statistics and Density of Carriers [2.38, 64] 

The carriers involved in charge transport or current flow are associated with filled 

states (electrons) in the conduction band and empty states (holes) in the valence band. 

Carrier concentration can be manipulated by intentionally introducing impurities, or so-

called dopants, into semiconductors. For example, the addition of niA elements such as 

B, A1 into Si makes hole-rich p-type silicon while the addition of VA elements such as P, 

As or Sb makes electron-rich n-type silicon. Those additives are called donors, or 

acceptors, for p- or n-type silicon respectively. For practical purposes, dopants with 

concentrations of more than lO'"* cm"^ are usually introduced. At room temperature, 

dopant concentration is much higher than the intrinsic carrier concentration (ni = 

1.45x10"' cm'^ for Si at 298 K), and the carrier concentration is determined only by the 

doping levels; i.e. 

n = Nd For n-type and [2.3.1.la] 

p = N, for p-type [2.3.1.1b] 

Fermi distribution function describe the distribution of electrons and holes among 

the available energy states in a solid. The Fermi function is the probability that a state at 

energy E is occupied by an electron. It is given by; 

1 
f= [2.3.1.2] 

1+ exp(E-EF/kT) 

Where Hp is Fermi energy level. It is the electrochemical potential of electrons in silicon. 

For a non-degenerate semiconductor at room temperature, Ef is related to the carrier 

concentrations by the following equations; 
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Ef = Ei - kT/q In(p/ni) p-type Si [2.3.1.3a] 

Ef = Ei + kT/q In(n/nj) n-type Si [2.3.1.3b] 

Density of energy states in conduction (ge) or valence (gv) bands is expressed as in 

the foQowing equation: 

m(2mE)'^ 
gc.orv(E) = [2.3.1.4] 

TcV 

WTiere m is the effective mass of carriers, h is Plank's constant. 

The equilibrium distributions of carrier are: 

n (E) = gc(E)f(E) for electrons and [2.3.1.5a] 

p(E) = gv(E)[(l-fCE)] for holes: [2.3.1.5b] 

Fig. 2.3.1 shows the Fermi function, distribution of energy states, distribution of 

carriers for intrinsic, p- and n-type semiconductors. It is worth pointing out that most of 

the carriers are grouped energetically in the near vicinity (within a few kT) of the band 

edges. 

When the doping level is above approximately lO'® cm'\ a degenerate 

semiconductor is obtained. A degenerate semiconductor will have a Fermi level very 

close (less than 3kT) either below conduction band or above valence band or inside 

energy bands. It is normally considered as a semiconductor but is quasimetallic because 

of the low resistivity. 
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carriers for (a) n-type, (b) intrinsic, and (c) p-type seniiconductors [2.64]. 
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Semiconductor electrochemistry usually deals with non-equilibrium cases where 

the sample is illuminated by photons of energy greater than the bandgap. Then electrons 

are excited from the valence to the conduction band, leading to an excess of both 

electrons and holes. To describe the energy level of carriers under ncxi-equlibrium 

situations, the concept of quasi Fermi level has to be introduced: 

aEp =Ei + kT/q In (n/nj) [2.3.1.6a] 

pEp = Ei- kT/q In (p/n;) [2.3.1.6b] 

where n = oo+An [2.3.1. 7a] 

p = po+Ap [2.3.1.7b] 

Ho and po are the equilibrium concentrations for electrons and holes, and 

An and Ap are the amounts of excess electrons and holes over the equilibrium 

states respectively. 

Non-equilibrium can also be caused by carrier injection from a p-n junction near 

the surface or carrier injection by certain oxidizing or reducing agents in solution at the 

surface or by applying voltage to the semiconductor. 

2.3.1.2 Surface States 

There are some allowable energy states inside forbidden gaps of a semiconductor. 

These are called surface states. There are several sources of surface state energy levels. 

Intrinsic surface states are the dangling bonds at the surface caused by the termination of 

repeatable lattice structure. The other two kinds of surface states are the adsorbed 
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species and non-adsorbed species. Ions in solution can be considered to be non-adsorbed 

surface states in the sense that ions within tunneling distance from the surface can 

exchange electrons with the bands of the solid [2.65], 

Energy levels at the surface have a dominating influence on both the chemical and 

physical properties at the liquid/solid interface. The space charge double layer that often 

controls the rate of semiconductor electrode reactions is induced in part or totally by 

charges on surface states. The capturing of carriers at surface states is a dominating step 

in electrochemical reactions. For hydrogen passivated silicon surface treated in HF, the 

concentration of surface states can be as low as 10'° states/cm-eV [2.17], 

2.3.1.3 Semiconductor Space Charge Layers 

Even in a vacuum, the semiconductor surface will almost inevitably develop a 

space charge layer near the surface, simply because some of the bulk carriers near the 

surface will be captured by surface states. When silicon is exposed to the atmosphere or a 

solution, the charges in the space charge region may change further because, (i) the 

surface states will be affected by their interaction with the solution, and/or (ii) ions in a 

solution with appropriate energy levels will inject or extract electrons from the 

semiconductor. These two situations occur at open circuit state. Also, at applied 

external voltage (V), the charges (Q,) and the width (xa) of a space charge layer will 

change with applied voltage according to eq. 2.3.1.8 and 2.3.1.9. 

Q.=V[2qeJ^d(V+(|)i)] [2.3.1.8] 
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xa = V [2(V+tJ);)eyqNd] [2.3.1.9] 

In the above equations, ({>,- is the built-in voltage, s. is the permitivity of silicon, and 

Nd the dopant concentration. 

There are three forms of space charge layers that can be obtained on a 

semiconductor. They are illustrated in Fig. 2.3.2 for n-type semiconductors; 

i) Depletion layer - majority carriers (electrons) are extracted in moderate 

amount; 

ii) Accumulation layer - majority carriers (electrons) are injected into the silicon 

from the surface; 

iii) Inversion layer - majority carriers (electrons) are extracted excessively. All 

electrons in the conduction band are extracted. Some electrons have to come 

from the valence band by exciting electron-hole pairs. The n-type 

semiconductor is inversely changed to p-type semiconductor at the surface. 

The ability to intentionally change the voltage in the semiconductor space charge 

region by controlling the applied voltage is one of the key characteristics used in 

semiconductor electrochemistry. Any of the surfece layers can be produced in principle 

at will by varying the electrode potential. It is shown schemetically in Fig. 2.3.3. If a 

voltage is applied to make the semiconductor very negative relative to the solution, the 

bands bend down at the surface. With an n-t^pe semiconductor, an accumulation layer is 

induced (Fig. 2.3.3a); with a p-type semiconductor, an inversion layer is induced 
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(Fig.2.3.3b). If a voltage is applied to make the semiconductor very positive, the bands 

bend up at the surface. With an n-type semiconductor, an inversion layo' is induced (Fig. 

2.3.3c); with a p-type semiconductor, an accumulation layer is induced (Fig.2.3.3d). 

2.3.2. The Electrolytes 

2.3.2.1 Electrochemical Potential 

The electrochemical potential of a species i can be described as; 

^i = ^t°+RTlnCi + RTlnY + ZiF<j) [2.3.2.5] 

Where n" is ±e standard chemical potential, Ci is the concentration yi is the 

activity coefiBcient, Z\ is the number of charges involved, F is the Farady constant, 4> is the 

electric field. 

For a redox reaction involving a reducing species Ai (coefiBcient Vi) and an 

oxidizing species A2 (coefficient V2): 

V2A2 + ne= ViAi [2.3.2.6] 

AG = -nFE and [2.3.2.7] 

EA = (-l/nF) AG = (-l/nF) (InAO [2.3.2.8] 

The parameter EA (in volts) is a property of the redox couple A1/A2 and describes 

its tendency to inject or extract electrons from the electrode. 

The Fermi level of an redox couple in a solution is determined by the tendency of 

the couple to inject electrons (EA) and by a term reflecting the relative activities (or 

concentrations) of the reducing agents and oxidizing agents and by a third term reflecting 
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any potential applied to the solution (j>ui. 

Ef = qEA - (kT/n) InCCaA^'VaA."'}- q+i [2.3.2.9] 

4>ni reflects the choice of the zero potential which is defined as the potential of the 

hydrogen electrode at standard state (SHE). Therefore, 

Ef = qEA® - (kT/n) InCCaAz'VaA,"'} [2.3.2.10] 

Where Ea" is the standard potential of the Ai/Az redox couple with respect to SHE 

potential. Standard potential of Ai/Az redox couples is calculated firom their thermo

dynamic date, as shown in equation 2.3.2.7. A high negative reduction potential indicates 

that the couple will tend to give electrons to the solid while a high positive potential 

indicates that the couple will tend to extract electrons fi"om the solid. 

2.3.2.2. Fluctuation of the Solution Energy Level [2.65] 

The description of the energy levels of ions associated with the solvent molecules 

is complicated because of the effect of surrounding polar solvent molecules on electronic 

levels of ions. In an aqueous system, the dipoles associated with the H2O molecules are 

able to move and to rotate much more easily than what is normally found in solids. The 

polarization of the solvent affects the potential and the energy of thermal fluctuation of 

ions. The energy level of an ion will fluctuate around its most probable value. 

Fig. 2.3.4 shows the fluctuation on energy levels of ions in solution. The energy is 

plotted against the probability of finding the energy level of an ion at that energy. The 

term Eox indicates the most probable energ\' level of an oxidizing agent. A Gussian 
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function is sketched, centered at Eqx, that shows the probability of finding the ion at 

another energy level due to the thermal fluctuations of the dipoles of the solvents. The 

probability function is related to the energy E by the following equation: 

W(E) = (47cXkT)-'^ exp [-(Et-Ef/4XkT] 

[2.3.2.10]Where X is the reorgnization energy as defined in Eq. 2.3.2.11: 

X = q^/87ieoa(kop-'-k,*') [2.3.2.11] 

Where kop is the optical dielectric constant of the solvent representing high 

fi-equency polarization, k, is the static dielectric constants of the media which includes the 

slow dipole movement, eo is the vacuum permitivity, a is the ionic radius. 

Et is the mean energy of the surface states. Et equals Eox for oxidizing agent or Enrf 

for reducing agent. If the value of X is the same for the oxidized and reduced species, 

then 

Eox-E™, = 2X [2.3.2.12] 

The magnitude of the reorganization energy is usually in the order of one electron 

volt as estimated fi-om Eq. 2.3.2.11. 

An 'effective Fermi energy' is defined in the solution containing one dominant 

redox couple as Etcdox-

E^ox = '/2(E^ + EO.) [2.3.2.13] 

At equilibrium for a simple redox system with equal concentrations of oxidizing 

and reducing agent present, the Fermi energy in the solid is at an energy half-way between 
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the energy level of the oxidizing agent and the energy level of the reducing agent. 

233 Semiconductor/Electrolyte Interface 

When a semiconductor is immersed in an electrolyte, potentials will develop at the 

interface. In order for electronic equilibrium to be achieved across the phase boundary, 

the difference in electrochemical potentials of the electrons in the solid versus the 

electrolyte has to be compensated by the charge transfer across the interface. The related 

change in electrical potential at the inetrface in combination with the formation of 

electrical double layers must compensate for the original potential difiference between the 

electrode and the solution redox couple. However, a more detailed view of contact 

formation at semiconductor/electrolyte interfaces requires a detailed knowledge of the 

structure of the phase boundary (e.g. the structure of the silicon surface and the interfacial 

composition of the electrolyte) as well as of the spatial and energetic distribution of 

electron states from the interior of the silicon to the interior of the electrolyte [2.64, 67-

73], These details are indispensable for the understanding of the elementary steps of 

contact formation as well as of the charge transfer kinetics. 

2.3.3.1. Double Layers 

Charged planes of space charge layers almost inevitably form at any interface 

including the solid/liquid interface. They lead to electrical double layers, consisting of 

layers of positive and negative charges, and regions of high elearical fields between or 

within the charged layers. Such double layers are dominant in controlling the electrical 
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and chemical properties of the surface. They control both physical properties such as 

carrier recombination and photovoltaic efifects, and chemical properties such as electrode 

reactions involving charge exchange with the solid. 

Three distinct double layers appear at the solid/liquid inter&ce, each involving 

charged planes or space charge layers, and each characterized by a double layer voltage. 

Fig. 2.3.5 schematically illustrates the double layers at solid/liquid interface. It consists 

of: i) a semiconductor space charge double layer, ii) a Helmholtz double layer between 

the solid and the center of Helmholtz plane which is the distance of closest approach of 

non-adsorbed ions to the surface, and iii) the Gouy-Chapman double layer in the solution 

near the liquid. The Gouy-Chapman layer is caused by the fact that in dilute solutions, the 

ions attracted to the OHP may not suflBce to compensate for all the charges on the 

electrode, and the residual electric field directed normal to the surface results in a charged 

diffuse layer. In concentrated solution (with ionic strength above 0.1 M), the Gouy-

Chapman layer is extremely thin and is indistinguishable from the Helmholtz layer. Only 

the semiconductor space charge layer and Helmholtz double layer need to be considered. 

A space charge layer can be considered as a capacitor. The charge stored at the 

space charge regions is related to electrical capacitance C by the following equation; 

C = dQ/dV = AEok/d [2.3.3.1] 

Where dQ is the differential increase in stored charges in the layers, dV the 

differential voltage change across the double layer, A is the area of the interface, d is the 

distance separating the charges being stored, or the thickness of the double layer. 
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For the Helmholtz double layer, the value of d is less than 5 x 10'"* m or only a 

few As, and the dielectric constant k of water is around 80. However, due to the 

electrical field at the Helmholtz double layer, water dipoles can not easily move, so a 

dielectric constant of about 5 is usually taken. Therefore, the double layer capacitance for 

the Helmholtz double layer Cdi is around several lO's of |iF/cm^ The thickness of a space 

charge layer for a medium doped semiconductor (10^^ cm'^) is usually 1000 A, as 

calculated from equation 2.3.1.8. The dielectric constant k for silicon is 11.8. Then the 

capacitance for the silicon space charge layer Ck is around several lO's to 100 nF/cm^. 

Since Cai and C*: are in series, the one with smaller capacitance has the most potential 

drop. Therefore, the majority of the voltage drop will occur in the semiconductor space 

charge layer. The potential drop at the Helmholtz double layer region will be negligible in 

most cases. 

In reality, double layers of a polarization electrode are quite different from an ideal 

capacitor. With a change in applied voltage, the major fraction of the voltage change 

occurs across one of the double layers and causes the variation of the stored charges, but 

some current can also flow. It is represented in Fig. 2.3.4b as a capacitor in parallel with 

a resistor. This basic RC element is the most important single element for semiconductor/ 

solution interface analysis. 



60 

233.2 Charge Transfer at Interface 

By comparing the energy levels of the bands of the silicon with the energy levels 

of the redox species in solution, it can be easily determined whether the hole or electron 

transfer b^ween the solid and the solution is feasible. In order to make the comparison, a 

physicist's concept of the energy scale of electrons in a solid has to be related to the 

concept of an electrochemist's scale of redox potential. The physical scale is based on the 

woric function, i.e. the energy involved in removing electrons from the energy levels in a 

solid to the vacuum level. The vacuum level is the reference point. The electrochemical 

scale is based on an arbitrarily chosen reference, i.e. the standard hydrogen electrode 

(SHE). The connection between these two scales is given by the wortc fimction for the 

removal of an electron from the Fermi level of the SHE to the vacuum level. The Fermi 

level of SHE is around 4.5-4.7 eV below the vacuum level as measured by different 

techniques. In contrast to the work function which represents an ionization energy, the 

redox potential scale represents an electron afiSnity. The result is a conversion of the sign 

of two scales. Fig. 2.3.6 shows the conversion of these two energy scales. 

Since the energy states in a semiconductor exist only below valence band or above 

conduction band, the electron transfer at semiconductor electrodes has to be split into 

two parts. One part covers the energy states in the conduction band and the other covers 

the states in the valence band. For a redox reaction 

+ (occupied states)RED„^ + (vacant states)[2.3.3.2] 

The current flow can be obtained by following equations: 
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Where Docc(E) and Dv«c(E) are the densities of occupied and vacant electronic states 

respectively, as defined in equation 2.3.1.5 and Fig. 2.3.2; Wax(E) and W^iCE) are 

probability distributions of energy states in oxidizing and reducing species respectively as 

defined in equation 2.3.2.10 and in Fig. 2.3.4; jo is a parameter related to the 

concentrations, the cross sections of the reaction species and the fi-equency of the nuclear 

modes in the activated complex of oxidizing or reducing species. 

Equilibrium between the semiconductor electrode and a redox system in solution 

can result in a situation where the Fermi level is located in the band gap of the 

semiconductor. In such a case, the exchange current density is extremely small. Only if 

the redox potential of the redox system is located close to the band edges of a 

semiconductor, can a considerable electron transfer occur. This is illustrated for three 

situations in Fig. 2.3.7 for an n-type semiconductor in contact with three different redox 

couples. 

In Fig. 2.3.7, redox system 1 has a Fermi level E^^ close to the conduction band 

edge. The semiconductor band edge should be in flat band or accumulation condition. 

Electrons are therefore largely available at the surface and a high rate of electron 

exchange can be expeaed. In contaa with redox system 2, the semiconductor has 

formed a depletion layer. Electrons are not available at the surface for reducing of the 
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Figure 2.3.7: Equilibrium between a semiconduaor electrode and a redox 
system in solution under various situations. Fermi level located (1) close to the 
conduction band, (2) in the bandgap; (3) close to the valence band [2.69]. 



oxidized species, nor can the electrons in reduced species reach the conduction band 

energy by thermal activation. Electron exchange is therefore very difficult in this case. In 

contact with redox system 3, the barrier height for electrons is even higher. This totally 

excludes electron exchange with the conduction band. However, the energy levels of the 

oxidized species overlap with the valence band, and electron exchange is now possible 

with the valence band. This can be better described as an exchange of holes. The surface 

becomes p-type at such a contact. But the electrode still blocks the current in spite of a 

possible 'high rate' of hole exchange. The reason is that the electrons in the bulk are 

separated from the holes on and next to the surface by the energy barrier of the inversion 

layer. The externally measurable exchange current is negligible. Only if a high enough 

negative overvoltage is applied, which reduces the barrier height to such an extent that 

electrons can reach the surface range and recombine with holes, can a current begin to 

flow. 

Under non-equilibrium conditions, if the voltage applied changes only the 

potential drop in the space charge layer, the electron transfer rate depends only on the 

surface concentration of carriers n, or p,. Current produced via the charge transfer in the 

conduction band is given by: 

Jc = kc". Nc. N,«,- kc*. n.. Nox [2.3.3.3a] 

WTiere n, = noexp(q(J),/kT) is the surface concentration of electrons 

Current produced via the charge transfer in the valence band is given by: 
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jv = kv'.p..N„-kv'.Nv.Nox [2.3.3.3b] 

Where p, = poexp(q<j>AT) is the sur&ce concentration of holes. 

The physical meaning of these kinetics is that the rate of electron transfer from an 

n-type semiconductor to the redox system depends only on the surface concentration of 

electrons, while the electron injection into the conduction band from a redox system 

remains constant and is independent of the voltage applied. The inverse correlation is 

valid for hole transfer and the hole injection b^ween a p-type semiconductor and a redox 

system. The current-applied voltage (i-V) rdationship has the same form as in Bulter-

Volmer equation in classical electrochemistry but with a different interpretation. This 

makes it possible to study semiconductor/electrolyte systems using electrochemical 

polarization techniques which will be discussed in the following section. 
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2.4. Electrocfaemical Methods 

Electrochemical methods measure the responses of a system to electrical 

stimulations. Based on the stimulation signals applied to the systems, both direct current 

(dc) and alternating current (ac) will be introduced in this section. 

2.4.1. Dc Polarizatioii Techniques [2.74, 75] 

2.4.1.1. Bulter-Volmer Equation 

The oirrent response of an electrode under applied potential can be described by 

the Bulter-Volmer equation: 

i = i, - ic = io exp [ouiFti/RT) - io exp (-(l-A)nFr|/RT] [2.4.1] 

Where io is the exchange current, i, is the anodic current, ic is the cathodic current, 

a is the anodic charge transfer coefficient, rj is the overpotential which is the difference 

between the applied and corrosion potentials, n is the number of electrons, F is Faraday's 

constant which equals to 96,480 C/equivalent, R is the gas constant, 8.314 J/mol.K, and 

T is the temperature, in K. 

2.4.1.2 Tafd Plots 

When a positive overpotential rj, with a magnitude a few times more than noF/RT 

mV is applied to the the sample, the cathodic current is negligible, and i equals i. When a 

negative overpotential tie with a magnitude a few times more than noF/RT mV is applied 
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to the the sample, the anodic current is negligible, and i equals ic- The current responses 

at large overpotentials are related to the overpotentials by Tafel equations: 

Tl. = p. log i/iccr [2.4.2a] 

71c = 3clOgiAlc„ [2A2b] 

Where 3i and Pc are the anodic and cathodic Tafel slopes respectively, and icor is 

the current density at steady state. 

Experimentally, a Tafel plot is obtained by polarizing the sample about 300 mV 

anodically and cathodically from the Ecoa- The resulting current response can be plotted 

on a logarithmic scale versus applied potential, as shown in Fig. 2.4.1 a. The corrosion 

current icoir is obtained by extrapolating the linear portion of the anodic and/or cathodic 

curves to Ecotr, as shown in Fig 2.4.1a. If the extrapolating lines of the anodic and 

cathodic curves do not intersect at Ecotr, then the most linear Tafel plot should be used to 

determine icon- [4.1 ]. The corrosion rate is related to the ico«r based on Faraday's law: 

Corrosion rate = (icoo-.t/ F). (MW/nd) x 10"* A [2.4.3] 

For Si, d=2.3g/cm3, n=4, MW = 28 g/mol. Corrosion rate = lA/min for icon- = 10 nA/cm^ 

2.4.1.3. Linear Polarization 

When the applied potential is very small (within ±20 mV of Ecotr), the current 

response is linear to the applied potential. Fig. 2.4.1b shows a linear polarization plot. 

The polarization resistance, Rp, as determined by the slope of the E-i curve, is related to 

the icoir by the Stem-Geary equation: 
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(a) Tafd plot. 

V 

Ro= dV/di 

1 

(b) Linear polarization curve. 

Figure 2.4.1; The dc current response of an ideal electrode under applied 
voltage (a) Tafel plot; (b) linear polarization curve. 
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Rp = AE/AI = p.pc/2.303ico„(p. + 3c) [2.4.4] 

The Rp value can provide useful informadoa about the relative ability of a material 

to resist corrosion. Since Rp is inversely proportional to the corrosion current, the 

materials with the highest Rp have the highest corrosion resistance. 

2.4.2 Electrochemical Impedance Spectroscopy (EIS) [2.74, 76] 

Compared to dc polarization techniques, EIS techniques offers the advantage of a 

small perturbation of the system. Low conductivity of the electrolyte does not affect the 

accuracy of the EIS measurement. In addition, mechanistic information can be obtained 

by analysing the impedance date 

In EIS measurements, a sinusoidal potential perturbation of very small amplitude 

(5mV) (to ensure that the measurement is performed in the linear region of the system) is 

applied at various frequencies: 

E(t) = AE sin(2:rft) [2.4.5] 

AE is the amplitude of the ac signal, f is the frequency, t is the time. 

Current through the electrode is measured; 

i = Ai sin(27rft+4)) [2.4.6] 

Ai is the amplitude of the current, (j) is the phase angle. 

Fig. 2.4.2. shows a typical sinusoidal potential perturbation as well as the 

alternating current response of an electrode separated by a phase angle (j). The impedance 

Z is determined by the derivative of potential over current dE/di: 
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Z = dE/(li = Z-jZ" [2.4.7] 

Where Z is the real component of the impedance, and Z is the imaginary 

component of the impedance response of this circuit over a frequency range. 

The phase shift is calculated by the following equation; 

<j) = -tan-^(z7z') [2.4.8] 

The magnitude of the impedance is obtained as in the following equation; 

Izhcz'^ + z"^)*^ [2.4.9] 

To completely describe the behavior of an electrochemical system, the impedance 

responses of the electrode have to be measured over a range of frequencies. The data can 

be plotted in different forms. The Nyquist plot, also called the complex plane plot, is the 

most widely used one. It plots real component Z, versus the imaginary component Z , at 

different frequencies. Fig. 2.4.3a shows a simple Randle circuit [Ro(RpCdi)]. The Nyquist 

plot of impedance response of this circuit is shown in Fig. 2.4.3b. From the Nyquist plot, 

the solution resistance Ro and polarization resistance Rp can be easily determined by the 

interceptions of the plot with the real axis. 

Most often, the experimentally obtained plots are more complicated than the ones 

shown in Fig. 2.4.3. Then, a physical model has to be proposed based on the structure 

and properties of the interface. The fitting of impedance data to the proposed circuit can 

give rise values to components in the circuit. The most frequently encountered electrical 

circuit elements are summarized in Table 2.4.1. 
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Figure 2.4.2: A typical sinusoidal potential perturbation as well as the 
alternating current response of an electrode. 
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Figure 2.4.3: Illustration of (a) A simple Randle circuit; and (b) Nyquist plot 
The phase shift is calculated by the following equation; 
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In addition to the basic elements used in electric circuit R, C, and L, two new 

concepts, constant phase element (CPE or Q) and Warburg Impedance (W), may 

introduced to better describe the impedance response of the electrode/solution system. 

The CPE element is used to account for the depression of semicircles in the Nyquist plot. 

It is probably caused by the inhomogeneous surface states on the impedance response. 

The impedance of the CPE is given by: 

Z=[Yo027rf)T' [2.4.10] 

Where Yo is a general admittance function, and n is an empirical exponent. When 

n equals 0, there is no imaginary component and the impedance is represented by a real 

resistance lA^o. When n equals 1, the impedance is best described by acapacitor and 

Yo=C. 

Table 2.4.1. Common elements in equivalent circuits for EIS technique 

Circuit Element Symbol Impedance 
Resistor R 
Capacitor C 
Inductor L 
Constant Phase Element Q 
Warburg Impedance W 

R+jO 
0-jl/(27cfC) 
0+j(27rfL) 

[YoQlid)"]-' 
Rw-jl/(27rfCw) 

*n is in the range of 0 to 1. For n=0, Q is a pure resistor Yo"'; 
for n=l, Q is a pure capacitor 1/ [Yo0*27rf)]. 

For the case of n equals 0.5, an impedance relation known as the Warburg 

impedance is applicable. This impedance is used to describe the effect of diffusion of the 

reactants to the impedance response. 
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Chapter 3 

Literature Review 

3.1. METAL CONTAMINATION DURING WET CLEANING 

The chemicals that the microelectronic industry use have a high purity level with 

metal contents below 1 ppb. However, there are many process conditions which are 

confronted to the various metal contamination of the sur&ce by trace impurities. These 

impurities can build-up in cleaning solutions. The metallic impurities may deposit on the 

silicon surface in wet processing, depending on the type of metal, type of the solution, 

and the type of the substrate [3,1-5]. There are three main mechanisms by which metallic 

contamination can be introduced during wet cleaning: (I) hydroxide precipitation; (2) 

Si02 film inclusion; and (3) electrochemical deposition. In SCI solution, metals such as 

iron, aluminum and magnesium are likely to form metal hydroxides and precipitate on the 

silicon oxide surface. The metal hydroxide deposited on the silicon surface can be easily 

dissolved in acidic solutions such as SC2. For the second type of contamination, metallic 

impurities close to the silicon surface are trapped into the oxide when the silicon surface 

is chemically oxidized by H2O2 when SCI or H2SO4: H2O2 mixtures are used. This type 

of deposition is more like a mechanical inclusion. Metal inclusions inside oxides can be 

easily removed by etching the oxide with DHF. 

The third type of contamination is the deposition of metals of low ionization 

tendency on the bare silicon surface via electrochemical reactions. Noble metals or some 

transition metals such as copper, silver and gold, have been known to deposit or 'plate 
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out' on the silicon surface from PIF solutions via an electrochemical reaction [3.1, 2, 5-

10], The cathodic and anodic reactions involved in the metal plating process can be 

represented by the following equations: 

Nf" + ne->M° [3.1.1] 

Si + 6HF->SiF6^- + 6H' + 4e [3.1.2] 

When the ions are reduced, the silicon substrate is oxidized and consequently 

dissolves in fluoride solutions. Earlier radiochemical study by Kern [3.1] has revealed 

that high concentration of Cu and Au can deposit on the silicon surafce from HF 

solutions. More recently, TXRF has been developed as an powerful tool in detecting 

metallic contamination on the silicon surface. Noble metals, such as Cu, Ag, Au and Pt 

have been shown to deposit on the silicon surface in high concentration via the 

electrochmical mechanism [3.6-9]. 

3.2. COPPER DEPOSITION FROM HF AND BHF SOLUTIONS 

3.2.1. Copper Deposition Kinetics 

Copper deposition on silicon from HF based solutions has been studied 

extensively [3.1,2, 5-10]. A series of radiochemical tracer studies by Kem [3.1] 

suggested that metal deposition on the silicon surface depends on the immersion time, 

temperature and the chemical composition of the solutions. More recently, Hsu et 

a/. [3.6] found that the extent of copper deposition on n-type silicon was linearly related to 

the concentration in both DHF and BHF solutions in the range of 50-500 ppb Cu^'. 

Yonehige et al [3 7] studied copper deposition at different temperatures and found that 
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the deposhion process is characterized by two distinct activatioii energy barriers 

depending on the extent of copper deposition. Chyan et al [3.8] used AFM to measure 

the number and volumes of copper nuclei as a fiinction of time in 4.9 % HF solutions 

containing S.IO ppm Cu, and concluded that the total integrated volume of copper was 

linearly proportional to the square root of time, and proposed that copper deposition was 

diffusion limited. A comparative study of copper deposition on p- and n-type silicon 

surface was also carried out by Torcheux et al [3.9], They also found no major difference 

in the deposition profiles on n-type and p-type silicon; however, more copper was found 

to deposit fi-om 100:1 HF solutions than fi-om 40:1 BHF solutions. Less amounts of 

copper deposition in BHF were also reported by Parks et al [3.6], but they reported that 

there were trace amounts of unidentified surfactants in the BHF. 

The effect of substrate doping and illumination on copper deposition onto silicon 

fi-om HF solutions has been investigated to a limited extent. For example, Yoneshige et 

al [3.7] found that the deposition rate of copper on silicon immersed in buflfered HF 

solutions was independent of dopant type and doping level. The effect of illumination on 

copper deposition from dilute HF solution was investigated by Teerlinck et a/ [3.10]. It 

was found that the copper deposition behavior on both p- and n-type silicon from 100:1 

dilute HF was almost identical, and illumination enhanced copper deposition significantly 

on both p- and n-type silicon. 
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3.2.2. Electrochemical Aspects 

The deposition of copper onto silicoa from dilute or buffered HF solutions is 

electrochemical in nature. Electrochemical reactions are illustrated in the following 

equations; 

Anodic: Si + 6HF —> PtSiFfi+4ir + 4e (silicon dissolution) [3.2.1] 

Cathodic: 2H' + 2e->Ffe (hydrogen reduction) [3.2.2] 

Cu^ + 2e -> Cu (copper reduction) [3.2.3 ] 

Electrochemical methods have been used to investigate the characteristics of silicon 

dissolution [3.11-14] and copper deposition in fluoride containing acidic solutions 

[3.15,16]. Jeon et a/.[3.15] studied copper deposition onto p-type silicon from dilute HF 

solution using a dc electrochemical polarization method. It was found that the corrosion 

current density and corrosion potential were very sensitive to the Cu^* concentration in 

the solution. However, the extent of copper deposition was much smaller than that calculated 

from corrosion current density values. The cathodic current attributed to copper deposition as 

calculated from TXRF results was less than 1% of the total cathodic current, indicating that 

Cu^* ion reduction was not the dominant cathodic reaction. The role of copper contaminants 

on the corrosion characteristics of silicon in HF and BHF solutions remains unknown. 

Although dc electrochemical techniques can provide information about reaction rates 

and kinetics, they do not yield information on the reaction mechanisms such as inductive or 

capacitive behavior of reactions that occur at the silicon/solution inter&ce. Electrochemical 

Impedance Spectroscopy (HIS) is capable of providing such information. In the HIS 
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technique; the measured impedance of the soGd/sohition inter&ce is anafyzed iLsing equivalent 

circuits to calculate inter&cial resistance, capadtance, and iixiuctaoce [3.17]. The rdative 

magoitude of these components provides an insight into the reaction merfianism at the 

electrode/solution intei&ce. The oxidation and dissolution of ^con in pure HF based 

solutions has been previously investigated using the electrochemical impedance technique 

[3.18-20]. In a stucfy of the anodic dissohidon of ^con in HF solutions, characteristic 

capadtive and inductive impedances were observed as a function of potential and dopant 

concentrations [3.19]. The capadtive loops were related to the space charge layer, the 

Helmholtz double layer, and the oxide film formed on the silicon surface. The inductive loop 

was considered to arise due to the injection of electrons firom a decomposition intermediate 

spedes into the conduction band [3.20]. In the system for copper deposition on the silicon 

surface, it would be benefidal if a similar electrochemical model can be developed to simulate 

the interface structure. 

Most previous studies on copper deposition and silicon corrosion have focused on 

the uniformly doped silicon wafers which are of importance for fi-ont end of line (FEOL) 

cleaning. However, semiconductor devices usually are very complex structures consisting 

of silicon substrates with different dopant type or doping level or different metal 

interconnects, especially for the back end of line (BEOL) processing. If there is a 

potential difference between two different substrates immersed and connected in a 

solution, a current can flow from a low potential area to a high potential area. This might 

cause selective oxidation and/or reduction. For example, the selective deposition of 

metals is one of the most common techniques used for the delineating of the p-n junction 
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and measuring the junction depth [3.21], Torchoix et al [3.9] reported the 

electrochemical coupling effects on the corrosion of silicon in HF. A spontaneous 

potential difference between Pt-Si contacts and poly-silicon electrodes enhances the short 

circuit current. A TEM cross section of the polyemmitter indicated that pitting corrosion 

of the poly-silicon occurred while the surrounding structure remained intact. 

3.2.3. Surface Morphology Studies 

It is well known that copper deposition from fluoride containing solutions can 

cause not only metallic contamination but also particle contamination and induce surface 

roughness. For example, in dilute HF solutions, copper deposits on the silicon surface as 

particles with sizes of the order of a few tens nanometers. These particles can be 

observed using either scanning electron microscopy (SEM) [3.15, 22] or atomic force 

microscopy (AFM) [3.8]. For example, Chyan et al [3.8] used AFM to measure the 

number and volumes of copper nuclei as a function of time in 4.9 % HF solutions 

containing 5.10 ppm Cu. They found that the number of copper nuclei did not increase 

after a short immersion time but the growth of the nuclei increased with increasing time. 

A roughe surface was obser\'ed as the result of copper deposition. Jeon et al [3.15] 

found that the surface roughness of silicon increased from 0.1 nm to 0.44 nm after 

immersion in 50:1 HF containing 100 ppb Cu^' for 30 minutes. From SEM studies, 

Morinaga et el [3.22] found many etching pits on the silicon surface after copper deposits 

were removed by H2SO4: H2O2. The number of pits was almost the same as that of Cu 
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deposits before removal. They concluded that the silicon sui&ce beneath the copper 

particles was etched away to form soluble SiF^^' and a pit was formed. 

Even in the absence of any metal impurities, BHF solutions produce a much rough 

surface than HF solution [3.23]. A surface roughness of 2.1 nm was reported for a silicon 

surface immersed in BHF solution with 100 ppb Cu for 25 minutes [3.7]. It is worthwhile 

to mention that an equivalent amount of Cu deposition was detected from either HF or 

BHF solutions based on TXRF measurements. The morphology of copper deposited 

from BHF solutions has not been investigated in detail. 

3.3. APPLICATION OF SURFACTANTS 

Surfactants, or surface active agents, are a group of materials which modify 

interfacial interactions by way of enhanced adsorption at interfaces [3.24-26]. When 

present in relatively low concentrations, surfactant molecules will adsorb at the interface 

and replace the higher energy bulk phase molecules, resulting in a net reduction in the free 

energy of the system. Surfactants have been widely used in silicon wafer cleaning and 

wet etching [3.27-3.33], For example, surfactants are added to buffered hydrofluoric 

acid (BHF) solutions to improve the wettability of the silicon surface and improve the 

uniformity of etching [3.30] Addition of some nonionic and ionic surfactants to BHF 

solutions has also been shown to reduce particulate contamination and microroughness of 

silicon wafers [3.31, 33]. 

Some surfactants have been shown to inhibit copper deposition from HF solutions 

[3.15,29]. The mechanisms for the inhibition effect of a surfactant on silicon corrosion 
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and copper deposition are not very clear. Some speculations are; i) a sur&ctant covers 

the silicon surface to locate itself between the copper ion and the silicon and aSect the 

oxidation/reduction reaction between the copper ion and the silicon; ii) anionic surfactant 

may be effective in complexing copper ions [3.29]. 

In spite of the growing use of surfactants in the microelectronic industry, there is 

limited fundamental information available relating the surfactant structure to 

adsorption/desorption behavior or to cleaning and etching performance. A fundamental 

understanding of the physical chemistry of surfactants, their properties and phase behavior 

is essential to the efiBcient application of surfactants in the microelectronic industry. 

Moreover, an understanding of the basic phenomena involved in the application of 

surfactants such as adsorption/desorption, structure of the adsorbed layer on the silicon 

surface is of vital importance in arriving at an optimum composition, and control of the 

system. 

Of the various types of surfactants, non-ionic surfactants are of particular interest 

to the microelectronics industry, mainly due to the relatively weak, non-chemical 

interactions between surfactant molecules and the silicon substrate. Surfactants weakly 

adsorbed can be rinsed-off easily to avoid organic contamination. Polyethylene oxide 

based nonionic surfactants have been shown to prevent surface roughness generation of 

silicon in alkaline solutions. The adsorption/desorption behavior of these surfactants has 

been investigated using the ATR-FTIR technique [3.31,32]. 

OHS surfactant is high purity polyglycidol based nonionic surfactant, under the 

trade name OHS", has been found to improve the wettability of Si when added to BHF 
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solutions. Kovach et al [3.34] reported that when OHS** sur&ctant was added to HF and 

BHF solutions at a concentration close to its CMC, contact angle of the solution on 

silicon was brou^ down from approximately 90® to ~0°. Fourier transform IR studies 

showed that the adsorption of OHS surfactant onto silicon was quite rapid and most 

adsorbed surfactant can be removed by subsequent DI water rinsing. TXRF and AFM 

measurement showed that the addition of OHS* surfactant to 50:1 DHF solution was 

eflfective in depressing the amount of copper deposition onto the silicon surface and the 

generation of surface roughness [3.15]. The effect of OHS® surfactant in buffered HF 

was not in these studies. 

Certain anions appear to have an effect on the copper deposition from HF 

solutions. Ohmi et al [3.35] studied the effect of trace amounts of CI" ions (lOOppb) on 

the copper deposition and reported that no copper deposition occurred when no CI' ion 

was present in HF solution. They claimed that copper deposition was induced by the 

presence of small amounts of CI" ions in the solution. Recently, many studies have shown 

that the addition of a higher concentration of (0.1-10%) of HCl can effectively prevent 

copper deposition from HF solutions [3.36,37]. Adding HCl to the HF also suppressed 

the silicon surface roughness generation due to copper deposition. However, the 

mechanism for these effects are not clear. There are speculations that adding HCl might 

raise the electrochemical potential of the system [3.37] or form copper-chloride 

complexes [3.38], therefore make the copper deposition more difficult. 
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3.4 OBJECTIVES 

There were several objectives for this research project. 

1. Investigate the electrochemical behavior of phosphorus and boron doped silicon 

in HF and buffered HF sohitions contaminated with Cu^" ions. 

2. Conduct EIS measurements to characterize the silicon/solution intei&ce in the 

absence or presence of Cu^ ions in HF and BHF solutions. 

3. Study surface morphology of silicon in pure and contaminated BHF and HF 

solutions using transmission electron microscopy (TEM) combined with AFM 

4. Explore the possibility of inhibiting the corrosion of silicon in HF and BHF 

solutions through the use of surfactants. 

5. Probe the mechanisms by which HCl addition to HF inhibit copper deposition. 
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Chapter 4 

MATERIALS AND METHODS 

4.1 MATERIALS 

4.1.1. Silicon Wafers 

Single side polished CZ grovm silicon wafers with different types of dopant and 

diflFerent doping levels were used. The samples include the following: (i) boron doped 

p(lOO) silicon with resistivity I-10 Q*cm and heavily doped p^lOO) silicon with 

resistivity 0.02-0.005 Q^cm; and (ii) phosphorus doped n(lOO) silicon with resistivity 2-4 

Q*cra and heavily doped n'(lOO) with resistivity 0.01-0.005 Q*cm. For electrochemical 

measurements, the wafers were diced into 15 x 15 mm squares. For deposition 

experiments 4" wafers were used. These wafers were donated by TI and Motorola 

respectively. 

4.1.2. Chemicals 

High purity (ppb grade) 50:1 dilute HF (50 volumes H2O, 1 volume 49% HF) and 

low crystallization point buffered HF (LCP BHF) (148 volumes 40% NH4F, 1 volume 

49% HF, 221 volumes H2O) were provided by Olin Microelectronic Materials. The 

purity date on these chemicals are given in Appendix 1 and 2. 

Concentrated sulfuric acid (H2SO4, 98%), nitric acid (HNO3 60 %), hydrochloric 

acid (HCI 35%) and hydrogen peroxide (H2O2, 30%) were all of electronic grade and 
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were provided by Olin Microelectronic Materials. These chemicals were used for the 

cleaning of silicon samples, the test cell and other lab wares. The de-ionized (DI) water 

used for rinsing and cleaning had a resistivity of 18 MQ.cm. It was generated from a 

Milli-R04 system (MillQ-4 bowl). 

4.1^. Additives 

A copper stock solution (1000 ppm Cu ICP/AA standard in ~1% HNO3) was 

purchased from Aldrich. It was used to prepare HF solutions with different Cu^^ 

concentrations. 

The nomonic surfactant OHS®, an alkyl-phenyl-glycidol, was provided by Olin 

Microlectronic Materials. The structure of OHS is schematically shown in Fig. 4.1.1a. 

Although the exact structure of the alkyl group and the number of glycidol groups are 

proprietary, the approximate molecular weight of OHS® was state to be 960. It came as a 

20% solution in water with some potassium bicarbonate. A 2% OHS® stock solution in 

DI water was prepared from the concentrate. 

Fluowet PL-80 was purchased from Hoechst Celanese Co. It is an ammoniacal 

fluorinated compound, used as a defoamer when other surfactants are used. FC 93'^ is a 

type of anionic fluorocarbon surfactant marketed by 3M Co. It has a fluorocarbon chain 

(CnFjn-i) with a sulfonate head group (SO3*) and an ammonium counter ion, as shown in 

Fig. 4.1.1b. FC 93' has a very low metal impurity level and is widely used in 

microelectronic industry- as an etching bath additive. 
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Figure 4.1.1: Illustration of structures of (a) OHS® nonionic surfactant; and 
(b) FC 93® anionic surfactant. 
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4.2. SAMPLE PREPARATIOPf 

Prior to conductmg the electrochemical experiments or preparing samples for 

sur&ce analyses, test samples were cleaned in 4; 1 H2SO4; H2O2 solution in a quartz bowl 

for 10 minutes (T= 90°C) to remove organic contaminants, then rinsed in DI water for 10 

minutes. The samples were then dipped in 50:1 dilute HF solution for 30 seconds, rinsed 

with DI water for 10 minutes, and finally dried using filtered nitrogen gas. 

For TXRF measurements of copper contamination on silicon or microscopic 

observation of surface morphology, 4" silicon wafers or diced 1 x 1 cm squares were used 

respectively. The clean samples were immersed in HF or BHF solutions of interest for 

various durations of time. The wafers were then rinsed with DI water for 10 minutes and 

dried in blowing nitrogen gas. 

All the lab wares including beakers and volumetric cylinders used in handling HF 

solutions were made fi^om either Fluoroware or high density polyethylene. They were 

cleaned in piranha and immersed in dilute HNO3 solution several times to ensure the 

cleanness of the lab wares. The Eocp of p(100) silicon in 5:1 DHF was taken as the blank 

to evaluate the cleanness of the cell. 

4.3 ELECTROCHEMICAL MEASUREMENTS 

4.3.1. Experimental Set-up for Electrochemical Measurements 

The experimental set-up for electrochemical measurements is schematically shown 

in Fig. 4.3.1. The cell body was constructed from high density polypropylene (HDPP) 

with a volume of 150 ml. Silicon samples with an artive area of ~1 cm^ as defined by a 
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Vtton® o-iing were used as the working electrode. A platinum foO was used as the 

counter electrode, and a double junction epoxy body Ag^AgCl electrode was used as the 

reference electrode. A commercial 100 W bulb was positioned ~I ft above the 

electrochemical cell in all experiments carried out under illumination. For experiments 

without illumination, electrochemical tests were conducted in a sealed, "light-tight" box. 

For galvanic corrosion experiments, the experimental set-up was modified based 

on the one shown in Fig. 4.3.1. Two end plates were used to assemble two samples 

consisting of a galvanic couple. The sample that showed a less noble Eocp was usually 

connected to the working electrode, and the sample with a more noble Eocp was 

connected to the ground. 

4 J.2 Dc Electrochemical Measurements 

Dc measurements were conducted using an EG&G 263 Potentiostat/Galvanostat 

with M352 software. Prior to conducting each experiment, except in Econ- and galvanic 

corrosion measurements, the working electrode surface was first conditioned in the test 

solution at open circuit potential for 10 minutes. 

4.3.2.1. Steady State Measurements 

4.3.2.1a Change of Corrosion Potential (Econ-) with Time 

When a sample is in contact with liquid, it develops a potential relative to the 

solution. This potential is termed as the corrosion potential (Econ-). At the corrosion 
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Figure 4.3.1: The three electrode set-up for electrochemical measurements. 
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potential, the catbodic and anodic reactions proceed at the same rate and no net current 

flow through the sample. For most electrodieimcal measurements, especially linear 

polarization and EIS measurements, a stable Eco^ is required prior to the accurate 

determination of the corrosion rate. Hence, the change of Ec<»r with time was recorded at 

a rate of 1 point/second for 30 minutes. 

4.3.2.1b Galvanic Corrosion 

When two samples with different Ecor are exposed to the same solution and 

electrically contacted, the potential difference between the two samples will cause a flow 

of an electric current. Galvanic corrosion current and potential were measured between 

different couples in HF and BHF solutions using EG&G M352 software. 

4.3.2.2. Polarization Techniques 

4.3.2.2a. Tafel Plots 

Tafel plots were obtained by subjecting silicon samples to cathodic or anodic 

potentiodynamic polarization separately, starting from Ecoa to +250 mV or -250mV with 

respect to Ecotr at a scan rate of 0.5 mV/second. The values of ic^ were obtained by 

extrapolating the linear regions of the Tafel plots. Cathodic and anodic Tafel slopes be 

and b, were obtained by using the line fitting with M352 Corrosion software. 
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4.3.2.2b. Linear Polarization 

Linear poiaization curves were obtained by polarizing the sample from -20 mV 

with respect to Ec^ to +20 mV with respect to at a scan rate of 0.1 mV/ second. 

The values of Rp were obtained by using the line fitting with M3S2 Corrosion software. 

4.3.2.2c. Cyclic Voltammetry (CV) 

CV measurements can provide information on the reversibility and the formal 

potential of the redox couple. Using EG&G M250 Corrosion software, CV curves were 

obtained by appling a potential ramp to silicon samples at a scan rate of ICQ mV/second, 

starting from Ecocr to +1 V with respect to Hear, reverse scanned to -I V with respect to 

Ecotr, and then back to Ecoit-

Table 4.3.1 summarizes the different dc polarization techniques, the scan rate, the 

scan range and information obtained from these measurements. 

Table 4.3.1. Summation of different dc polarization techniques, their scan rate, 
scan range and information obtained from these measurements. 

Technique Scan Rate Scan Range Information Obtained 
(mV/sec) with respect to Ecocr 

Tafel 0.5 r 0.25-0.5 V IcOtTi EcOfTi Plj 3c 
Linear polarization 0.1 ±20 mV Rp 
Cyclic Voltammetry 100 ± IV reversibility 
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4.3.3 EIS Measurements 

EIS measurements were conducted iiq'ng an EG&G modd M6310 dectrocbemical 

impedance response analyzer. The ac perturbation signal was a sine wave of ±S mV spanning 

the frequency range of 10^ to 10*^ The impedance data were fitted to equivalent drcuits 

u^g an EQUIVCRT software (version 4.51) which uses a nonlinear least square fit (NLLSF) 

technique [4.1]. The goodness of fit was evahjated from the chi-square values. 

4.4 SURFACE CHARACTERIZATION TECBQVIQUES 

4.4.1 Atomic Force Microscopy (AFM) 

Atomic Force Microscopy (AFM) images a sample surface by measuring atomic 

forces acting between a force-sensing-tip and the sample surface. The AFM 

measurements were performed on 1.5x1.5 cm square samples in the "tapping mode" with 

"Dimension 5000" by Digital Instruments. The values of root-mean square (RMS) 

surface roughness of silicon samples conditioned in HF or BHF solutions were obtained. 

Images of these surfaces were taken. 

4.4.2 Total Reflection X-ray Fluorescence (TXRF) 

Total Reflection X-ray Fluorescence (TXRF) is a non-destructive analytical 

technique which measures trace quantities of middle to high atomic number metal 

impurities on a mirror's surface. An X-ray beam hits the surface at an angle below 

glazing angle (<0.10 for 20 KeV radiation) and a standing wave is generated above and 

below the sunace. Surface analysis of deposited copper was performed by TXRF using a 
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Rigaku 3700 system with a minimum detection limit of 2x10^ atoms^cm^ The 

efifecdveness of various sur&ctants on depressing copper deposition was also verified 

using TXRF. 

4.43 Transmission Electron Microscopy (TEM) 

Cross sectional samples for Transmission Electron Microscopy (TEM) 

examinations were prepared by sandwiching two samples face to face with an epo^ glue. 

The sample preparation included mechanical polishing, dimpling, and ion milling. Ion 

milling was performed using the GATAN Duo Mill operation at 6kV and 1 mA. The 

microscope used was a Hitachi H-8100 TEM operated at 200 kV. The point to point 

resolution was 0.23 nm. The etching phenomena for the silicon surface was revealed in 

the cross sectional images. A series of comparisons between the samples treated by 

different Cu^~ concentrations in BHF solutions were performed. 

4.5. Others 

4.5.1. Potential-pH Diagrams 

For the construction of potential-pH (Pourbaix) diagrams, a PC-based computer 

program developed at the University of Arizona was used. This program, known as 

ROSOF, uses thermodynamic data (free energy of formation AG") to calculate and map 

regions of stabilitj' using a linear optimization technique. At total number of twenty-four 

chemical species (both aqueous and solids) including electrons, protons, and water can be 

considered. 
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4.5^. Inductively Coupled Plasma Mass Spectroscopy (ICP MS) 

Inductively Coupled Plasma Mass Spectroscopy (ICP MS) was used to determine 

the metal impurity concentrations in solutions. The ICP MS measurements were carried 

out on a Peridn-Elmer Elan 5000A Spectrometer. 

4.53. pH Measurement 

The pH values of fluoride containing solutions were measured using a HF-

resistant pH electrode purchased from Pheonix Electrode Company. This electrode 

consists of a PVC housing incorporating a non-glass reference element and an organic 

membrane pH sensor. This electrode eliminated the problems caused by the deterioration 

of a glass pH electrode. For pH measurements, the electrode was connected to an Orion 

Model SA 520 pH/mV meter. The calibration was carried out in the mV mode using pH 

4 and pH 7 buffers. Within a pH range of 2-7, a slope of -60 mV/decade was obtained. 
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Chapter 5 

AQUEOUS CHEMISTRY OF HF, SILICON, AND COPPER 

5.1 DISSOCIATION AND SPECIES IN HF AND BHF SOLUTIONS 

Aqueous HF is a weak acid which is prepared by mixing concentrated HF (49%) 

with DI water in different ratios. In dilute HF solutions, the following equilibrium are 

well established: 

HF = H^ + F Kt = 6.85x10^ mol/I [5.1.1] 

HF + F = HFj" Kz = 3.963 1/moI [5.1.2] 

2HF = H2F2 K5 = 2.71/mol [5.1.3] 

The equilibrium constants Ki, K2 [5.1] and K3 [5.2] are values at 25 °C for infinitely dilute 

solutions. The calculated distributions of floride species in HF solutions of different 

dilutions are listed in table 5.1.1. 

The ionic strength of the DHF solution which is also shown in Table.5.1.1, was 

obtained by the equation; 

[5.1.41 

Zi is the number of charges and Ci the concentration of each ionic species. 

From Table 5.1.1, it can be seen that only a small fi-action of HF dissociates to 

form free ions H" and F. The ionic strengths of HF solutions are very low compared to 

the total fluoride concentration [HF]°. Undissociated HF and H2F2 dimers are the 
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Table S.l.l Concentration of species in different DHF solutions 
and the pH values and ionic strengths of DHF solutions. 

Concentration Ratio of H2O: HFf49%) 
(M) 100:1 50:1 20:1 10:1 1:1 

[HF]° 0.28 0.52 1.17 2.23 12.25 
[Hi 0.013 0.017 0.025 0.035 0.08 
[T] 0.008 0.009 0.010 0.011 0.012 

[HFjT 0.005 0.008 0.015 0.024 0.068 
[HF] 0.147 0.224 0.374 0.548 1.407 

[H2F2] 0.058 0.135 0.378 0.811 5.345 
Calculated pH 1.89 1.77 1.60 1.46 1.10 
Ionic strength 0.013 0.017 0.025 0.035 0.08 

dominant species in DHF and the concentration of bifluoride ions [HFzT is relatively 

small. For a better comparison of the extent of dissociation at different dilution ratios, 

fractions of some species of interest were obtained by dividing the concentrations of each 

species with the total fluoride concentration [HF]°. Figure 5.1.1 shows mole fractions of 

H', F, HF2', HF, H2F2 in HF solutions at different total fluoride concentration. It may be 

seen from this figure that the higher the total fluoride concentration, the smaller the 

fraction of [FT] and [F]. This indicates the extent of HF dissociation decreases as the 

HF: H2O ratio increases. On the other hand, as the total fluoride concentration increases, 

the fraction of [HF] decreases and that of [H2F2] increases which indicates a higher extent 

of dimerization at high HF concentrations. 

Buffered HF solutions contain large amounts of NH4F (40%). In addition to the 

equilibria in equations 5.3.1-3 that exist in HF solutions, the dissociation of NH4' has to 

be considered: 
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NH«^ = NHj+H" pKi,f'-'^ = 9.54 [5.1.5] 

By considering the mass balances of fluoride and ammomum and charge balance in 

the system, the distributions of each species in difierent BHF solutions were obtained. 

Table 5.1.2 lists the calculated concentrations of each species and the pH value, ionic 

strength, of some commonly used BHF solutions. 

Table 5.1.2 Concentrations of species in different BHF solutions 
and the pH values and ionic strengths of these solutions. 

Concentration(M) 7:1 BHF 10:1 BHF 20:1 BHF 50:1 BHF LCPBHF 
[HF]° 3.50 2.55 1.33 0.553 0.07 

[NH4F]'' 10.51 10.79 11.37 11.66 4.32 
[Hi 1.007x10"^ 5.516x10^ 1.996x10"® 6.974x10*^ 6.098x10"^ 
[F] 7.179 8.332 10.068 11.098 4.245 

[HF2T 3.33 2.457 1.299 0.551 0.071 
[HF] 0.108 0.069 0.03 0.012 0.04 

[H2F2] 0.032 0.013 2.43x10"^ 3.90x10^ 1.72x10-' 
[NH4*] 10.509 10.789 11.366 11.649 4.316 
[NH3] 0.001 0.001 0.004 0.011 0.004 

Calculated pH 5.00 5.26 5.70 6.16 6.22 
Measured pH 4.6 5.0 5.1 5.6 
ionic strength 10.509 10.789 11.366 11.649 4.316 

Fig. 5.1.2 plots the concentrations of H", F, HF, HFi", and H2F2 for BHF 

solutions of different NH4F (49%): HF (49%) ratios. From Table 5.1.2 and Fig. 5.1.2, it 

is seen that in BHF solutions, the concentration of HF2' is much higher than that of HF 

anf H2F2. Ail BHF solutions have very high ionic strengths which were approximately 

equal to the initial concentration of ammonium fluoride [NH4F]. The higher the mixing 

ratio ofNHtF (40%) to HF (49%), the lower is the concentration of [HF2*]. This perhaps 
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is the reason for the smaller etching rate of SiOz in BHF solutions contaim^ large amount 

ofNH4F, as demonstrated in Table 2.1.2. 

In LCP BHF, concentrations for HF2*, HF, H2F2 are very qnall which is 

consistent with the small etching rate of SiO^ in LCP BHF (—20-30 A/min). The pH value 

of the BHF solutions increase as NHtF/HF mixing ratio increases; for example, a 7:1 BHF 

solution is characterized by a pH value of 5 while a LCP BHF solution which has a NEI4F: 

HF ratio of 148:1 has a pH value of 6.22. 

The pH values of some BHF solutions were measured using the HF-resistant pH 

electrode. The measured values are also tabulated in Table 5.1.2. The calculated pH 

values are about half a unit higher than the measured pH values. The discrepancy 

between the measured and the calculated pH values is most likely due to the high ionic 

strength of the BHF solutions. Additionally, the dissociation constants reported in the 

literatures are for dilute systems. 

5.2 AQUEOUS CHEMISTRY OF SILICON 

Silicon is a non-metallic element. The most important valence state in an aqueous 

solution is +4. Divalent silicon species are thermodynamically unstable under normal 

conditions. For example, SiF2 is the intermediate species during silicon anodic dissolution 

in fluoride solutions at low overpotential. It rapidly undergoes a disproportionation 

reaction and forms SiF4 and amorphous silicon [5.3]. 

2SiF2-> SiF4 + Si [5.2.1] 
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The equilibrium potential for the reducing of SiC)2 to Si: 

Si02-!-4ir+4e- Si + 2H20 [52.2] 

is characterized by a standard potential ranging from -0.888 to -0.91S V, based on the 

form of Si02- Although the potentials are very negative, the oxidation of silicon in a non-

fluoride aqueous solution is slow under normal conditions. A thin oxide layer is formed 

on the surface and protects the silicon from oxidation. Silica is only slightly soluble in 

acidic conditions to form orthosilicic acid. It dissolves readily in alkaline solutions to 

form silicate. 

Fig. 5.2.1a is the potential-pH diagram for a Si-H20 system considering an activity 

of 10"® M of all soluble silicon species. The free energies of formation used for the 

construction of this diagram and other Si-related diagrams are listed in Table 5.2.1. As 

can be seen from Fig. 5.2.1a, H4Si04 is the thermodynamically stable species. H4Si04 is 

formed when Si02 dissolves in water and combines with two H2O molecules. The 

orthosilicic acid dissociates at approximately pH 8, and forms Si(0H)30'. At higher 

solution pH values, Si(0H)2O2^' becomes the dominant species. 

SiOz + 2H2O H4Si04 (aq) 

H4Si04(aq) -)• Si(0H)50- + Hr pKi=9.27 

Si(0H)30" -> Si(0H)202^" + FT pK2=I2.43 

[5.2.3] 

[5.2.4] 

[5.2.5] 

In solutions of silicic acid, polymeric species may also be formed, as shown below: 

2H4Si04(aq) ^ Si203(0H)4^* + H2O + 2ir [5.2.6] 

4H4Si04(aq) Si406(0H)6'*-4H2O + 4ir [5.2.7] 
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soluble silicon species 10"® M; (b) activity of ail soluble silicon species 10'^ M. 
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Table 5.2.1 Sandard free energies offormatioa (AG^f inKcal/mol) for 
^)ecies related to the silicon aqueous system at 298 K [5.2]. 

Species AG°f(Kcal/moO 
IT 0 
H2O -56.69 
OH" -37.6 
HP -70.57 
F -66.64 
HFz* 138.18 
Si 0 
SiCb (glass) -197.13 
SiCb (quartz) -197.80 
SiOs^' -211.92 
HzSiOs(aq) -240.55 
HSiOs" -228.28 
Si(0H)4 -304.86 
Si(0H)30- -292.29 
Si(0H)202^" -275.4 
Si408(0H)4'' -948.46 
Si406(0H)6^- -974.75 
Si203(0H)4'- -528.3 
SiFfi^' -525.7 
SiF4(aq) -384.2 

The potential-pH diagram for a Si-HzO system at an activity of 10'^ M for all 

soluble silicon species is shown in Fig. 5.2. lb. When the activity of soluble silicon species 

is increased, SiOi becomes the thermodynamically stable species in acidic conditions due 

to the limited solubility of Si02 in water. 

In the presence of fluoride ions in solution, silicon is more reducing and the 

oxidation product is hexafluoro silicate ions, SiFe^'. Equations 5.2.8 and 5.2.9 show the 

elctroode reactions of silicon in high and low pH fluoride solution respectively. 

SiF6^" + 4e^ Si + 6F Eo =-1.45 V [5.2.8] 
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or SiFfi^* + 6Br+ 4 e ^ S i  +  6 H F  E  =  - 1 . 4 5 -  0 . 0 5 9 x 1 . 5  p H  V  [ 5 . 2 . 9 ]  

The potendal^H diagram for Si-HF-HiO system is shown in Fig. 5.2.2 for total 

fluoride concentration of IM at an activity of 10^ M for all soluble silicon species. It can 

be found from this figure that at an acidic pH, SiFe^' anions are the thennodynamicalfy 

stable species. At a high pH where enough hydro?gd ions are available, the 

thennodynamic stability domains are the same as in a Si-HiO system. 

It has been reported that SiFs^' ions can be hydrolysed to form SiF4(OH)2^" [5.8] as 

indicated below: 

SiFfi^- + 2H2O = SiF4(OH)2^- +2HF [5.2.10] 

Since there is no thermodynamic data available, SiF4(OH)2^' was not included in 

the construction of the Potential-pH diagram. 

5.3 AQUEOUS CHEMISTRY OF COPPER 

Copper is a near noble metal that is chemically active only in the presence of 

oxidizing agents. It does not readily react with acids unless the acids are oxidizing agents 

or form complexes with the copper. Fig. 5.3.1 is the potential-pH diagram of a CU/H2O 

system constructed for an activity of 10"® M for all soluble copper species. The free 

energies of formation used for the construction of this diagram and other Cu-related 

diagrams are listed in Table 5.3.1. Copper is oxidized to form Cu^~ by releasing 2 

electrons according to the reaction; 

Cu^' + 2e-^Cu [5.3.1] 
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In a humid atmosphere, copper may react with water to form CujQ and CuO, 

both oC:which dissolve in mineral acids, forming the corresponding salts. 

CuO + 2ir + 2e Cu + H2O [5.3.2] 

Cu20 + 2ir + 2e-^2Cu + H20 [5.3.3] 

It can be seen from Fig. 5.3.1 that CuO is not thermodynamically stable compared 

to CU(0H)2 (S) in an aqueous system. The transformation reaction shown below has a 

negative standard free energy changeAG" = -2.01 kcal/mol. 

CuO (s) + H2O -> CU(0H)2 (S) [5.3.4] 

Table 5.3.1 Standard free energies of formation (AG^f in Kcal/mol) for 
species related to the copper aqueous system at 298 K [5.2] 

Species AG°f Kcal/mol 
Cu 0 
Cu* 12.00 
Cu^^ 15.66 
HCUO2' -61.42 
CuOz^' -43.30 
CU(0H)2 -89.10 
CU2O -34.90 
CuO -30.40 
CU(0H)2 aq -59.53 
CuF^ -52.70 
CuFj* -187.46 
CUF2.2H2O -234.60 
CUF2 -118.62 
CuCNHsh' -15.60 
CuCNH,)^* 3.70 
CuCNH.h^* -7.30 
CU(NH3)3'* -17.5 
CuCNHrOa'* -26.6 
CU(NH3)5^* -32.13 
NH4^ -19.00 
NH3 -6.37 
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Di the presence of excess hydroxyl ions, Cu(0H)2 (s) reacts whh Itydroxyl ions 

OH" ions and forms cuprate ions Cu02^*. 

Cu(0H)2 + 20ir^Cu02^-f-2H20 [5.3.6] 

Copper is a 3d transition metal. Like many other transition metals, the ions of 

copper tend to share electrons with many organic or inorganic ligands, which are rich in 

electrons and form complexes. In a HF solution, it can form weak copper fluoride 

complexes, Cu(II)F* or Cu(II)F3* which readily dissociate as the fluoride concentration 

decreases. In a medium containing amines, strong ammine complexes can form. The 

coraplexation reactions of Cu with fluoride and ammonium and the stability constants of 

these complexes are tabulated in Table 5.3.2. 

Table 5.3.2 The complexation reactions of copper ions with 
fluoride and ammonium and stability constants of these complexes [5.1]. 

Complexing Reaction -logK 
Cu^ + 2NH3 = CU(NH3)2* 10.13 
Cu^' + NH3 = CU(NH3)^' 4.14 
Cu^" + 2NH3 = CU(NH3)2^^ 7.61 
Cu^^ -t- 3NH3 = CU(NH3)3^* 10.48 
Cu^" + 4NH3 = CU(NH3)4^' 12.52 

Cu^' + F = CuF^ 0.93 
Cu^* + 3F = CUF3" 1.6 

Fig. 5.3.2 is the potential-pH diagram for a Cu-HF-HzO system in the pH range of 

0 to 8 for a total fluoride concentration of IM at an activity of 10"^ M for all soluble 

copper species. At a pH of less than approximately 3, HF is only partially dissociated. 

The concentration of F is related to the pH value. Therefore, the Ca/CuF' and Cu/CuFa" 
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boundaries are pH dependent with a slope of 0.0591 V/pH. At a pH of greater than ~3, 

the HF dissociation is almost complete and the fluoride ion concentration [F] is 

independent of solution pR Therefore, the Cu/CuFs' boundary is a horizontal line which 

is pH independent at a pH of above 3. 

Fig. 5.3.3. shows the potential-pH diagram for a CU-F-NH3-H2O system 

considering total fluoride and ammonium concentrations of 10 M and 10 M respectively 

at an activity of 10"® M for all soluble copper species. It can be seen from Fig. 5.3.3 that, 

at acidic solution (pH <6), the CU-F-NH3-H2O system resembles CU-F-H2O system. 

Copper ions complexes with F to form CuF at pH values of approximately I and forms 

CuFs" complexes at pH values greater than 1.5. When the pH value of the solution 

further increases. Cuprous and cupric ammine complexes form. In buffered HF solutions 

which have pH values of around 5-6, the dominant copper ionic species should be CuFa' 

in spite of the fact that Cu-ammonium complexes have much higher complexation 

constants than Cu-fluoride complexes. 

5.4 THERMODYNAMICS OF COPPER DEPOSmON 

For the identification of a thermodynamically stable species in copper 

contaminated HF-Si-HzO systems, a thermodynamic stability diagram was generated by 

superimposing a potential-pH diagram for Cu-HF-HiG (Fig. 5.3.3) and Si-HF-H20 (Fig. 

5.3.4) systems in the pH range of 1 to 8. This diagram, shown in Fig. 5.4.1, was drawn 



107 

111 
X 
CO 
> 

c ® 
o d. 

0.8 -

_ 0.4 -

 ̂0.0 -

-0.4 -

-0.8 -

CUjO (s) 

Cu(s) 

Figure 5.3.2: Potential-pH diagram for Cu-HF-HiO system in pH 0-8 for total 
fluoride concentration {F}=1 M (activitity of all soluble Cu species is 10"® M). 

0.8 - • • Li. 
rx 

0 0 CuFj- X 
z 

'3' 
0.4 n 

0.0 - CUjO (s) 

-0.4 - Cu(s) 

-0.8 -

0 1 2 3 4 5 6 7 8  

pH 

Figure 5.3.3: Potential-pH diagram for CU-F-NH3-H2O system for total fluoride 
and ammonium concentrations {F}=10 M and {N}=10 M (activity for all soluble 
copper species is 10^ M). 



108 

for a total fluoride concentration of IM and assuming that the activity of all soluble 

copper and silicon species is 10"® ML The reduction of IT ions to H2 in water is also 

shown in Fig. 5.4.1 as a dashed line. As shown in this diagram, silicon oxidation to SiFe^' 

and Cu^^ reduction to metallic Cu° on silicon are thermodynamically favorable in the 

entire pH range of 1-8 for potentials extending from -1.2 V to 0.1 V. The measured 

corrosion potential (Ecar) of p(100) silicon in 50:1 DHF is very close to zero. This 

potential-pH condition is marked in Fig. 5.4.1 as a single asterisk. The pH value for 

commonly used BHF is around 5 to 6. The Eco»r of p(lOO) silicon in LCP BHF is around -

0.2 V. This condition is marked on Fig. 5.4.1 as a double asterisk. This indicates that 

copper deposition and/or hydrogen reduction onto a silicon surface from HF and BHF 

solutions is thermodynamically favorable. 

The reactions that may occur on a silicon surface in HF/BHF system are 

schematically illustrated in Fig. 5.4.2. At cathodic sites, cations such as PT and Cu^' are 

reduced to form H2 gas or Cu metal, respectively. Meanwhile, silicon is oxidized to 

Si(IV) and complexes with F to form SiFe^' anions. The overall reaction can be 

illustrated in the following equation; 

Si + Cu^* + 6HF -> SiFfi^- + Cu + H2 + 4H* [5.4.1 ] 

This single reaction is the base for studies on copper deposition from HF systems. 
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Chapter 6 

ELECTROCHEMICAL STUDIES OF COPPER DEPOSITION 

Copper deposition onto a silicon surface &om fluoride-based solutions is 

electrochemical in nature. Therefore, electrochemical methods are the most powerfiil 

ways to study interactions occurring at a silicon/fluoride interface. Electrochemical dc 

polarization and electrochemical impedance spectroscopy (EIS) techniques were 

undertaken to characterize the electrochemical behavior of phosphorus and boron doped 

silicon in both dilute HF and buffered HF solutions contaminated with Cu^* ions in the 

presence or absence of illumination. 

6.1 DC POLARIZATION STUDIES 

6.LI Corrosion Potentials (Econ-) 

The change of the Econ- of n(lOO) silicon in 50:1 DHF with immersion time was 

measured for the conditions of no added Cu^* and 100 ppb Cu^". The results obtained are 

shown in Fig. 6.1.1. The Ecotr remained almost constant at -350 mV in 50;1HF solution 

with no added Cu^*. In a 50:1 HF solution containing 100 ppb Cu^', the Ecoir of silicon 

increased sharply from -340 mV to -200 mV within three minutes and then remained 

almost constant. The increase of Ecoir is more likely caused by the copper deposition onto 

the silicon surface which makes the surface more noble. The rapid increase of Econ-

perhaps indicates that the copper deposition is very fast in HF solutions. 
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The corrosion potentials of n(100) silicon in 50:1 HF containing different Cu^ 

concentrations were also measured and the stable Ecw values at each Cu^ concentration 

are plotted in Fig. 6.1.2 against the Cu^^ concentratioiL The results of £«« measurements 

for p(lOO) silicon in 50:1 HF, obtained by Jeon et al [6.1], are plotted in the same figure 

for comparison. The open triangles and open circles represent measured Econ^ values for 

n-type and p-type silicon respectively, and the lines are results fi'om regressions. The 

higher the [Cu^^, the more noble the Eocp. First order regression of gives the relationship 

between Eocp and log [Cu^*] as: 

n(lOO) Si: Econ(mV, SHE) = -319.6 + 59.251og{[Cu^l(ppb)} [6.1.1] 

p(lOO) Si: Eeoa(mV, SHE) = 37.6 + 50.001og{[Cu^"](ppb)} [6.1.2] 

For each [Cu^~], the value of Ecotr for n-type silicon is approximately 350 mV 

more negative than that of p-type silicon. It also can be seen fi-om two regression curves 

that for each decade of Cu^" concentration increase in HF solution, the Ecoa value 

increases 59 mV and 50 mV for n and p-type silicon respectively. The high sensitivity of 

silicon Ecotr to the [Cu^*] in HF solution may be used to develop electrochemical sensors 

for the in-situ monitoring of copper impurities in the HF cleaning bath. 

The change in the Eco«r of n(IOO) and p(lOO) silicon in LCP BHF with no added 

Cu^* or containing 100 ppb Cu^" is shown in Fig. 6.1.3. Similarly to HF solutions, the 

Ecotr of n-type silicon is approximately 350 mV more negative than that of p-type silicon 

even in BHF solutions. However the shift of Ecnr caused by 100 ppb Cu^' is minor 
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compared to that in DHF. For no added Cu^ condition, the Ecor of n-type silicon 

decreased from -0.56 V to -0.63 V in the first three minutes and kept decreasing at a 

slower speed. At 30 minutes of immersion time, the Eco^ of n-type silicon was -0.65 V. 

In the presence of 100 ppb Cu^*, the Hour of n-type silicon decreased initially from -0.52 V 

to -0.63 V in the first three minutes and then increased very slightly to -0.62 V by ten 

minutes immersion and remained almost constant thereafter. Similar trends were 

observed for p-type silicon in BHF, both in the absence and presence of 100 ppb Cu^^. 

The initial decrease of Ecoa in BHF is not well understood. Torcheux et al [6.2] also 

observed the same kind of initial decrease in Econ- for polysilicon in 40:1 BHF solutions 

[6.2]. They explained it as the removal of native Si02 on the silicon surface in BHF which 

made the surface less noble. In this study, silicon samples were intentionally etched in 

DHF right before the test to remove native oxides and hence the drop in Econ- cannot be 

explained by the initial removal of Si02. It is proposed here that the H-passivated silicon 

surface is attacked by fluoride ions in a highly concentrated BHF solution. The 

dissolution of silicon in BHF makes the sample surface less noble and this causes the 

decrease in Eocp of silicon. In the presence of Cu^", the increase of Ecorr after three 

minutes can be understood similarly to that in DHF. The copper deposition onto the 

silicon surface from BHF solutions makes the sample surface more noble. However, the 

extremely small rise in Ecotr in copper containing BHF solution indicates that the cathodic 

reaction responsible for the establishment of Ecorr is perhaps not copper deposition. 
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6AJ1 Cyclic Voltammetiy 

Cyclic voltanunetric experiments were carried out to study copper deposition onto 

the silicon surface from HF and BHF solutions. Silicon samples were scanned from Ecocr 

to -1 V (wrt. Ecotr) and then scanned back to at a scan rate of 100 mV/second. The 

CV curves for n(lOO) silicon in LCP BHF solution containing different Cu^* 

concentrations are shown in Fig. 6.1.4. It is found that as the [Cu^^ increases, the 

current increases. However, for copper concentration less than 100 ppb, no peaks from 

Cu^^ reduction can be observed. When copper ion concentration increased to Ippm, a 

peak was observed in the forward cathodic scan but not in the backward scan. The fact 

that only the Cu^' reduction peak appeared without a copper oxidation peak, indicates 

that the copper deposition is irreversible [6.3]. Once copper is deposited on a silicon 

surface, it cannot be redissolved by applying a positive potential of a few volts. 

The CV scan for silicon in DHF was very similar to BHF except that the Cu^* 

reduction peak appeared at a more positive potential in DHF than in BHF. Fig. 6.1.5 

shows the CV curves of n(lOO) silicon in 50:1 HF and LCP BHF. The Cu^* reduction 

peak in DHF occurs at -0.68 V while in BHF it appears at -0.90 V. The more negative 

peak potential in BHF is probably caused by the CuFs" complex formation in BHF. The 

half cell reduction potential for the Cu^VCu couple at 1 ppm Cu^* concentration cab be 

calculated to be 0.192 V using the relation: 

E = 0.34+0.0592/21og [Cu^l [6.1.3] 

The half cell potential for the CuFs'/Cu couple at a copper concentration of I ppm in a 

BHF solution of 0.068 V cab be calculated using the following relation: 
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E = 0.272 V + 0.059l/2Iog [CuF3-]/[r|^ [6.1.4] 

By comparing the reduction potentials of Cu^VCu and CuFs'/Cu couples, it may 

be noted that EcijF3{-yc^ is about 0.13 V more negative than Eo<2+>oi. This difference 

accounts in part of the reduction peak potential difference of 0.22 V. Since no activity 

coefiBcienty date are available in BHF solutions, concentration rather than activities are 

used in the calculation. As such, the calculated value is only the approximate 

value.concentrations in both HF and BHF. Due to the higher ionic strength of the BHF 

solution as compared to the DHF solution, the activities in BHF should be much lower. 

This can also cause the reduction of the CuFs" complex to be more diflRcult than the Cu^' 

reduction. 

6.1.3 Potentiodynamic Polarization 

Silicon is the most common and important semiconductor material. Like all the 

semiconductors, the carrier concentrations are affected by many factors such as 

temperature and illumination. Therefore, the reaction rate at the silicon surface should be 

affected by these factors. In this section, the effect of illumination on the polarization 

behaviors of silicon in HF and BHF are investigated. 

The effect of illumination on the electrochemical characteristics of silicon in dilute 

HF solutions was first investigated. Fig. 6.1.6 shows polarization curves of p-type silicon 

in 50:1 dilute HF containing no added Cu^*, or 100 ppb Cu^' in the absence or presence 

of illumination. In the absence of any added Cu^* in dilute HF, the corrosion potential of 

silicon became less negative by about 270 mV when the test cell was illuminated. The 
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corrosion current density Ocor) of p-type silicon calculated by the Tafel method was small 

without illumination (-40 nA/cm^), increased slightly under illumination (~150 

nA/cm^). The anodic Tafel slope was very steep (~500 mV/decade) without illumination. 

This indicates that the p-type silicon sample was in depletion under the test conditions. 

Upon illumination, the anodic Tafel slope became less steep and had a value of ~78 

mV/decade. Illumination had a more dramatic effect upon the addition of 100 ppb Cu^^ 

to dilute HF solution. The value of corrosion current density increased dramatically from 

-0.15 \LA/cm^ in darkness to ~5 |iA/cm^ under iUumination. The cathodic polarization 

curve changed from a typical rate control Tafel behavior with no added Cu^\ to a 

difiiision limited behavior with a limiting cathodic current density of -50 pA/cm^ in the 

presence of 100 ppb Cu^". This result is consistent with the findings by Jeon et or/. [6.1] 

under ambient lighting conditions. 

Fig. 6.1.7 shows the polarization curves of p-type silicon in buffered HF 

containing no added or 100 ppb Cu^'. It may be seen from Fig. 6.1.7 that 

illumination increased the corrosion potential significantly (—+400mV) both in the absence 

and presence of Cu^". However, unlike the results obtained in dilute HF, Cu^* addition to 

buffered HF under illumination increased the corrosion potential only slightly. Under 

illumination, the value of corrosion current density (-5 (lA/cm^) for p-type silicon in 

buffered HF containing no added Cu^" was of the same order of magnitude as in dilute HF 

containing 100 ppb Cu^' (-5 jiA/cm^). Addition of 100 ppb Cu^* did not change 

corrosioin current density in the buffered HF to any significant extent either with 
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or without illuminatioiL 

Fig. 6.1.8 shows the effect of copper concentration and illumination on the 

polarization curves of n-type silicon in 50; 1 dilute HF. It may be seen from Hg. 6.1.8 that 

illumination caused the corrosion potential to shift to more negative values both in the 

absence and presence of added Cu^^. This behavior is in contrast to what was observed 

for p-type silicon. In the absence of added Cu^\ the value of corrosion current density 

for n-type silicon did not increase significantly under illumination. In the absence of 

illumination, the anodic Tafel slope was very steep due to the limited supply of holes in n-

type silicon. Under illumination, the value of corrosion current density increased from 

~0.1 jiA/cm^ for no added Cu^" to ~1 |iA/cm^ for 100 ppb Cu^*. For the case of 100 ppb 

Cu^* under illumination, the cathodic polarization curve exhibited a reaction rate control 

(Tafel) region at low overpotential, and a diffusion controlled limiting current region at 

higher overpotentials. Both the value of corrosion current density (~1 |aA/cm^) and the 

limiting cathodic current density (-60 |iA/cm^) were of the same order of magnitude as 

those for p-type silicon in dilute HF. 

Fig. 6.1.9 shows the polarization curves for n-type silicon in buffered HF 

containing no added Cu^', or 100 ppb Cu^', in the absence or presence of illumination. It 

may be seen from Fig. 6.1.9 that the polarization curves for n-type silicon in buffered HF 

without illumination were almost identical to those obtained under illumination. 

Illumination had no effect on the corrosion current density of n-type silicon in buffered 

HF. 
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Fig. 6.1.10 summarizes the corrosion current density values for p- and n-type 

silicon measured in dilute HF or buffered HF solutions under different experimental 

conditions. The following conclusions may be drawn from the data in this figure: Q) 

Except for n-type silicon immersed in buffed HF, iUuminadon in^eased the corrosion 

current density of silicon in the absence or presence of Cu^* (100 ppb); and (ii) Under 

illumination and in the presence of 100 ppb Cu^, the corrosion current densities of p- and 

n-type silicon were of the same order of magnitude in buffered or dilute HF solutions. 
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6.2. ELECTROCHEMICAL AND TXRF MEASUREMENTS 

6.2.1. Correlation Between Corrosioii Current Density and the Amount of 
Copper Deposition 

TXRF analyses were used to determine the effect of illumination on copper 

deposition from dilute HF and buffered HE solutions containing 100 ppb Cu^". Table 

6.2.1 summarizes the TXRF data for p- and n-type silicon exposed to test solutions in the 

absence or presence of illumination. It may be seen from this table that in DHF, copper 

deposition on both p-type and n-type silicon was about 10 times lower in the absence of 

illuminatioo, and there is no significant difference in the amount of copper deposition on 

the p- and n-type silicon. In BHF, copper deposition on p-type silicon was about 10 

times lower in the absence of illumination. In the case of n-type silicon in BHF, 

illumination did not affect the amount of copper deposition. These results are consistent 

with electrochemical polarization results as summarized in Fig. 6.1.10. 

Table 6.2.1; Effect of illumination on silicon corrosion and copper 
deposition in 50:1 HF and LCP BHF containing 100 ppb Cu^*. 

Condition: p-type n-type 
Uoir deposited Cu Icoir deposited Cu 

(fiA/cm^) (atoms/cm^) (^lA/cm^) (atoms/cm^) 
50:1 illuminated 5.0 l.OxlO" 1.5 l.lxlO^^ 
DHF dark 0.06 l.lxlO'^ 0.12 l.lxlO'^ 

LCP illuminated 8.0 9.8x10'^ 5.1 4.9x10'^ 
BHF dark 0.08 7.5x10'^ 4.1 5.2x10'^ 

The extent of copper deposition on p-type silicon from buffered HF containing 

different levels of Cu^'^ is shown in Fig. 6.2. la along with the measured corrosion current 
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density values. The results of Cu deposition from dilute HF reported by Jeon et cd.\6.1] 

are also shown in Fig. 6.2.1b for comparison purposes. The amount of Cu deposition in 

BHF and HF can be related to the [Cu^^ in solution by the following equations: 

In BHF: Iog{[Cu°](atoms/cm^)} = 9.98 + 1.861og{[Cu^1(ppb)} [6.2.1] 

In HF: log{[Cu®](atoms/cm2)} = 11.27 + 0.761og{[Cu^1(ppb)} [6.2.2] 

From above equations, it is found that the amount of Cu deposition in BHF 

increases with [Cu^^ two times more than that in DHF. The amount of Cu deposition is 

lower in BHF at low [Cu^"] but is higher at high [Cu^'^. 

From Fig.6.2.1a, there appears to be no correlation between the extent of 

deposited copper and corrosion current density in BHF. In dilute HF, both the extent of 

deposited copper and the value of corrosion current density increased as the Cu^* 

concentration in solution increased. In buffered HF, the extent of copper deposition 

increased, while the corrosion current density remained unchanged as the Cu^' 

concentration in the solution increased. Calculations using Faraday's law show that only a 

small fraction (less than 1%) of the corrosion current measured in buffered HF may be 

attributed to copper deposition on the silicon surface. Therefore, another cathodic 

reaction must occur in addition to Cu^~ reduction. During sample preparation in buffered 

HF for TXRF analysis, gas evolution was observed on the silicon surface. Based on this 

observation and Faradic calculations, it is likely that hydrogen reduction is the 

predominant cathodic reaction in buffered HF. Large amounts of hydrogen gas evolution 

would also explain the high corrosion rate of silicon in buffered HF solutions, even in the 

absence of added Cu^*. In dilute HF solutions, the value of corrosion current density 
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increased with increasing ion concentration in the solution. However, the amount of 

copper deposited was still low and could only account for a small fraction of the 

corrosion current measured. Thus, it appears that hydrogen reduction is the predominant 

cathodic reaction, even in dilute HF. 

6.2.2. Catalytic Effect of Copper on Hydrogen Evolution 

In order to study the catalytic eflfect of Cu deposits on the hydrogen ion reduction, 

a piece of p(lOO) silicon sample was intentionally contaminated in 100 ppb Cu^^ 

containing solution for 30 minutes. .\ surface copper concentration of ~10" atoms/cm^ 

was presumably deposited, based on TXRF results. The surface coverage of copper is 

about one one-hundredth of a monolayer. The contaminated sample was then polarized 

in pure 50:1 HF solution. The polarization curve of the contaminated silicon sample is 

shown in Fig. 6.2.2. Also shown in this figure is the polarization curve for a clean piece 

of silicon in pure DHF solutions. It may be noted that the Ecorr of the copper 

contaminated sample is more noble than the clean silicon sample. The corrosion current 

density measured on the contaminated silicon sample is almost ten times larger than that 

on the clean silicon surface. It is apparent that the high corrosion current density is 

induced by the presence of copper on the silicon surface. The hydrogen reduction on 

silicon surface is catalyzed by the copper particles on the silicon surface. 

In order to find out the relationship between the surface coverage of copper on 

silicon and the corrosion current density, copper spots with defined sizes were deposited 
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on the silicon surface using a sputtering technique. The sizes of these spots and the 

equivalent copper surface concentrations are listed in Table 6.2.2. 

Table 6.2.2: Information on silicon samples with partial Cu coverage, their Ecoir 
and corrosion current density. 

Sample No. Size Area 
(cm^) 

[Cu°] 
(atoms/cm^) (VSHE) 

ieon-
(liA/cm^) 

I none 0 <10'° -0.34 O.I 
2 small 0.00042 4.2x10" -0.28 0.1 
3 medium 0.0079 7.9x10'^ -0.08 1.1 

4 large 0.2 2.0x10'^ -0.02 II.O 
5 fiiU I 10'' 0.08 lO.O 

Fig. 6.2.3. shows the polarization curves of these samples in 50:1 HF solutions. 

The values of Ecoir and corrosion current densities are tabulated in Table 6.2.2 together 

with sample information. It is clear that the Eocp is strongly dependent on the size of the 

Cu spots. However, the effect of Cu spot size (or area density) on the corrosion current 

density is less significant. With a surface copper concentration of -8x10^^ atoms/cm^ the 

silicon sample with the medium sized copper spot has a icoir of about 1 {lA/cm^ and a 

cathodic limiting current density of ~2 jiA/cm^. These values are small compared to 

values measured in 50:1 DHF solutions containing 100 ppb Cu"' as shown in Fig. 6.2.2 

even though both of these samples have a similar surface coverage of Cu. Only the 

silicon sample with a copper surface coverage of one fifth of a monolayer has the icon- and 

iiim equivalent to values measured in HF containing 100 ppb Cu^*. 
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It may be concluded that the hydrogen ion reduction is enhanced by the presence 

of copper on the silicon sur&ce. However, it is well known that the exchange current for 

hydrogen reduction on the Cu surface is very small ( -0.1 tiA/cm^) [6.4], The 

distribution and the size of copper deposits on the silicon surface is perhaps more 

important to the hydrogen evolution. 

6.3 SIUCON BAND DIAGRAMS 

The dominant effect of IT ion reduction over Cu^^ ion reduction in HF and BHF 

solution and the effects of illumination can be better understood using the semiconductor 

band theory. 

In dilute HF, copper is predominantly present as the Cu^" species, while in 

buffered HF, the dominant copper species is the CuFa* complex. The concentration of 

reducible species and their redox potentials in dilute HF or buffered HF solutions are 

tabulated in Table 6.3.1. It may be inferred from the data in this table that of the two 

possible cathodic reactions, viz, hydrogen ion reduction and copper ion (or copper 

fluoride complex) reduction, the latter is thermodynamically more favorable. 

Electrochemical reactions on the silicon surface are influenced by both the 

semiconducting nature of silicon and the redox potential of the solution species [6.4], For 

example, for a cathodic reaction to occur, the following conditions are important: (i) 

There should be an overlap between empty electron energy states of reducible species and 

silicon bands where carriers are present; (ii) There are enough electrons present in the 

overlapping states in silicon; and (iii) There are reducible ions present in the solution. Fig. 
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6.3.1 is an energy level diagram for silicon and reducible solution species. The Fermi 

levels for n- and p-type silicon, designated as Ef. > and Ef. p, were calculated fit)m their 

dopant concentrations [6.5]. The redox potentials of the reducible solution species 

indicated in the diagram are expressed with respect to a value of -4.6 eV for the standard 

hydrogen electrode (SHE) [6.6], 

Table 6.3.1: Reducible species in dilute HF and buffered HF solutions, their 
concentration and electrochemical redox potentials. 

Conc./PotentiaI of 50:1 dilute HF Buffered HF 
reducible species 100 ppb Cu^* 100 ppb Cu^~ 

C E H*' H-/H. 0.0196 M;-IOl mV (SHE) 5.52x10-^ M; -310 mV (SHE) 

r E Cu-*' Cu=*/Cu 1.56x10"^ M; 169 mV (SHE) 

C E CuFj"' CuFr-Cu 1.56x10^ M; 122mV(SHE) 

When a silicon electrode and the solution are in contact, the Fermi level in silicon 

and the redox potential of the reducible species tend to align. For p-type silicon with no 

Cu^* present in solution, the Fermi level of silicon (EF. P = -4.91 eV) is lower than the 

redox potential of reducible species „ (DHF) = -4.50 eV, „ (BHF) = -
H • Ft2 

4.29eV]. Band bending would then occur close to the silicon surface at the 

silicon/solution interface. In this state, the silicon surface would be depleted of majority 

carriers (holes). Both the conduction and valence bands would bend down, as shown in 

Fig. 6.3.2a) and b) for dilute or buffered HF respectively. With the presence of Cu^" in 
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Figure 6.3.1; Energy levels of silicon bands and electrochemical potentials 
of reducing species in dilute and buffered HP solutions. 
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the solution, the band diagrams will have the same general features, but the band bending 

would be smaller. Because the silicon surface is in depletion, the supply of carriers for 

sohition redox reactions is very small. As such, in the absence of illumination, the 

reaction rate should be reduced significantly. This effect is corroborated by the finding 

that there were significantly lower silicon corrosion rates and lower levels of deposited 

copper in the absence of illumination for p-type silicon. 

For p-type silicon under illumination, many electron-hole pairs will be generated. 

This will provide suflScient carriers for redox reactions in the solution. Therefore, under 

illumination, both the silicon dissolution rate and the amount of deposited copper are 

expected to increase significantly for p-type silicon in either dilute or buffered HF 

solutions. 

For n-type silicon in dilute HF, the Fermi level (EF, N = -4.31 eV) is higher than the 

redox potential of hydrogen ionsE„. „ ( -4.50 eV). When the Fermi level and the H • 

electrochemical potential of the reducible species align, the silicon surface will be depleted 

and both the valence band and conduction band will bend up (Fig.6.3.2c). The rate for 

hydrogen reduction would then be slowed by the scarcity of electrons provided by silicon. 

Under illumination, as discussed for p-type silicon, the reaction rate would increase 

significantly. 

The situation for n-type silicon in buflfered HF is different fi'om the other cases. 

The Fermi level (EF. N= -4.31 eV) of n-type silicon is approximately the same as the redox 

potential of hydrogen ionsE^. (-4.29 eV), and very little or no band bending 
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Figure 6.3.2: Band diagrams for (a) p-type Si in DHF; (b) p-type silicon in 
BHF; (c) n-type silicon in DHF; (d) n-type silicon in BHF solutions. 
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should occur during silicon/solution contact (Fig.6.3.2d). The concentration of electrons 

at the surface is large, even without illumination. A fiirther increase in the carrier 

concentration should have no effect on the reaction rate. The weak effect of illumination 

on the behavior of n-type silicon in buffered HF was presented in Fig. 6.1.9 and Table 

6.2.1. 

As stated earlier, one of the necessary conditions for a cathodic reaction to occur 

on a semiconducting silicon surface is that there should be an overlap between empty 

electron energy states of reducible solution species and the conduction band of silicon. 

Fig. 6.3.3 schematically illustrates the distribution of occupied and unoccupied energy 

states of tr/Hi and CuFs'/Cu" as compared to silicon bands. As shown in Fig. 6.3.1, the 

redox potential for HT/Hi is closer to the silicon conduction band than is the redox 

potential for CuF37Cu°. It may be seen from Fig. 6.3.3 that the unoccupied electron 

energy states of the H~/H2 redox species have a higher probability of overlapping with 

occupied electron energy states in the silicon conduction band. Therefore, electron 

transfer from the silicon interface to hydrogen ions is more likely to occur. As a result, 

hydrogen gas evolution is expected to be the dominant cathodic reaction occurring at the 

silicon/solution interface. The conclusions drawn from the energ\' state/band bending 

diagrams are consistent with polarization and copper deposition results presented 

previously. 



Semiconductor Solution 

Figure 6.3.3: Schematic diagrams showing the position and distribution 
of occupied electron density of states in n-type silicon and occupied and 
empty density of states for solution redox couples in BHF. Solid lines 
represent occupied states, dashed lines represent empty states. 
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Table 6.3.2 lists the difiference between the reduction potential of hydrogen ions 

and the silicon Fenni levd, -EF), and the magcdtude of the shift in corrosion 

potential from darkness to illumination, A(E^ mwMniiii mi. dat)- The magnitude of the 

shift in corrosion potential from darkness to illumination is comparable to the potential 

difference between the redox potential of iT/Hz and the silicon Fermi level. 

Table 6.3.2: Comparison of energy diff^ences between the solution redox 
potential and the silicon Fermi level -Ef], and the shift of the corrosion 

potential by illumination [A(E—for dilute hydrofluoric acid or 
buffered hydrofluoric acid in the absence of added Cu^*. 

Solution p-type Si n-type Si 
A(Ey.^jj -EF) A(Ecotr.iirEct«r.<ujk) A (  E  y .  ̂ - E f) A(Ecocr4ll-Ecocr,4jik) 

50:1 DHF 410 mV 270 mV -190 mV -180 mV 
LCPBHF 620 mV 430 mV 2 mV -10 mV 

Using the same band diagrams from Fig. 6.3.2a-d, the shift in open circuit potential due to 

illumination can be explained qualitatively. The open circuit potential is the measured 

mixed potential at the silicon electrode in equilibrium with the solution. It may be 

correlated to the energy level of the solution redox couple by the following relationship 

[6.4]: 

Eco,r=4>.Wft>, [6.3.1] 

where (}>, is the potential difference at the silicon surface due to band bending and Va, is 

the flat band potential of silicon. The change of open circuit potential due to illumination 



should be equal to the change of ({>, due to illumination. Under illumination, the silicon 

bands become flat. In this case, for p-type silicon ^ would change from -0.41 V in dilute 

HF, or -0.62 V in buffered HF, to approximatety 0 V. This would cause the corrosion 

potential to shift to a more positive value for p-type silicon. For n-type silicon in dilute 

HF, (j>, would change from 0.19 V to 0 V. This would cause the measured corrosion 

potential to shift to a more negative value. For n-type silicon in buffered HF, illumination 

does not affect the band position, and hence the corrosion potential remains 

approximately the same. 

6.4. EIS STUDIES 

Electrochemical Impedance Spectroscopy (EIS) is capable of providing more detailed 

information on the reactions that occur at the silicon/solution interfece. In the EIS technique, 

the measured impedance of the solid/solution interface is analyzed using equivalent circuits to 

calculate interfecial resistance, capacitance, and inductance [6.7], The relative magnitude of 

these components provides an insight into the reaction mechanism at the electrode/solution 

interface. In this section, EIS measurements were conducted to characterize the 

silicon/solution interfece in the absence or presence of Cu^" ions in dilute DHF and BHF 

solutions. Different equivalent circuits were developed to represent the interfece structure of 

silicon/HF and silicon/BHF systems. 
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6.4.1 EIS Responses Of SHicon In BDF Solutions Under Dark 

The EIS spectra for both p- and n-type siGcon tested in HF sohitioas containing no 

added Cu^, or 100 ppb Cu^ in the absence of iOumination are ^wn in Figure 6.4.1 as 

Nyqdst plots. The points in the figures represent the expenmentai data, while the solid lines 

rq)resent the best fits obtained by the NLLSF technique. In the absence of added Cu^, the 

impedance response of both p- and n-type ^con is characterized by a wdl-defined capadtive 

loop. In the spectrum for n-type silicon, a small "tail" appears at lows' fiequendes, whfle a 

small loop appears at hi^ fi'equendes in the spectrum for p-type silicon. At 100 ppb added 

Cu^, the Nyquist plots for p- or n-type silicon are very similar in shape, and exhibit an 

inductive loop at low frequendes. The equivalent circuit used to analyze the data presented in 

Figure 6.4.1 is illustrated in Figure 6.4.2. In this circuit, the resistance Ro is the sum of sample 

bulk resistance (R«nniie) and solution resistance (R^iubon)- The capadtance C consists of the 

space charge capadtance (C^), and the double layer capacitance (Cdi) in series. Rt is the 

interfedal charge-transfer resistance, L is the inductance, and Rl is the inductive resistance. 

The contact resistance (R«) and capadtance (C.) result fi-om the non-ohmic backside contact 

between the silicon sample and the working electrode test lead. The use of a two component 

capadtance consisting of Cdi and in series, in parallel with a charge transfer resistance (Rt), 

was first proposed by Boddy [6.8], This circuit has been commonly used for interpreting 

interfadal phenomena that occur at a silicon/solution interface [6.9,10]. Both L and Rl are 

assodated with the inductive loop which is typically present in the case of Cu^~ contamination. 

The parameters obtained fi'om a fit of experimental data to the equivalent circuit are listed in 

Table 6.4.1. 
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Figure 6.4.1: Nyquist plots for (a) p-type; (b) n-type silicon in the absence 
and presence of 100 ppb Cu^" in 50:1 HF under dark condition. 
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Cct 

Figure 6.4.2: EquiN'alenr circuit used for the characterization of silicon/solution 
interface in HF solutions. 
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Table 6.4.1. Parameters of the equivalent circuit for p-type 
and n-type Si under dark conditions 

Samples p(100) Si n(100) Si 

[Cu^ Cppb) 0 100 0 100 

Chi-Sqrd (xIO"') 7.2 11 3.6 1.2 

Ro(k£l-cm^ 0.21 0.26 0.15 0.16 

R,(kn-an^ 107 106 — 

C, (nP/cm^) 0.93 0.98 — 

Rt(kn-cm^ 2200 1030 1300 870 

C (nF/cm^) 10.6 10.5 180 25 

RtOcQ-cm^) 2,700 1,100 

L(kH-cm^) 75,000 36,000 

R^,(kQ-cm^) 2200 750 1300 480 

As stated previously, the impedance responses for both p- and n-type silicon were 

similar in the absence of added Cu^. The real part of impedance at zero frequency, Rp (equal 

to Rt in this case), is extremely large in the absence of illumination (2,200 kQ-cm^ for p-type 

and 1,300 kH-cm^ for n-type). This large value of polarization resistance suggests that the 

electrochemical reaction at the silicon/solution interface is kinetically unfavorable. The 

capacitance values associated with the capacitive semicircles are 10 nF/cm^ and 90 nF/cm^ for 

p- and n-type silicon, respectively. These values are of the right order of magnitude for a 

space charge capacitance in silicon [6.4], indicating both p- and n-type silicon are in depletion 

in the absence of illumination in dilute HF solutions. The value of Ro for p-type silicon (-250 
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Q-cm^ is higher than that for n-type silicon (~100 O-cm^; this is most likeiy due to the higher 

resistance of p-type silicon as compared to that of n-type silicon. 

hi the presence of 100 ppb an inductive loop appears at low frequencies. Whoi 

an inductive loop is present, the polarization resistance (Rp) can be calculated from equation 

6.4.1 [6.11]: 

RtRc 
Rp = [6.4.1] 

Rt + Rc 

It may be seen from Table 6.4.1 that the value of Rp decreased to some extent when Cu^ was 

added to the HF solution in the absence of illumination (750 kQ-cm^ for p-type, 480 kQ-cm^ 

for n-type). This indicates a slight enhancement of the electrochemical reaction at the 

silicon/solution interface, but the reaction rate, as charaaerized by the inverse of Rp, is still 

low. This suggests that in the absence of illumination, the semiconducting properties of silicon 

are predominant over electrochemical reactions occurring at the silicon/solution interfece. The 

large values of L and Rl in the presence of 100 ppb Cu^^ under daric conditions (75,000 kH-

cm^ and 2,700 kQ-cm^ for p-type, 36,000 kH-cm^ and 1,100 kQ-cm^ for n-type) imply that 

copper deposition on silicon is unfavorable under dark. 

6.4.2 Platband Potentials Of SUicon In HF Solutions 

The flat band potential of silicon in HF solutions can be determined from EIS 

measurements. WTien silicon is driven into deep depletion by applying a DC voltage, the 
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tdadonsfaip between the space charge capacitance (Ck) and the applied potential (V,p) can be 

described by the Mott-Sdiottky equation [6.4]: 

2 kT 
eeoqNd q 

M the above equation, s is the dielectric constant of ̂ con, eq is the vacuum pomittivity, q is 

the charge of an electron, Nd is the doping levd of silicon, and V,p and Vsi are the applied 

potential and flatband potential respectively. A plot of HCj" versus will show a straight 

line if the semiconductor is in deep depletion. The experimental data obtained on both p- and 

n-type silicon, when plotted as Mott-Schottky plots, yielded linear relationships, as shown in 

Figure 6.4.3. The doping concentrations determined from the slopes (2/eSoqNd) of the linear 

r^onwere l.2xl0" cm"''and l.OSxIO'̂ cm*^ for p and n-type silicon respectively. These 

values are close to the doping concentrations of 1.2 - 2.5x10^^ cm'̂  for p-type silicon and 1.0 -

2.0x lO'̂  cm'̂  for n-type silicon calculated from the resistivity values. From the plots, the 

flatband potentials of p- and n-type silicon were 2 V and -0.22 V (vs. SHE), respectively. The 

flatband potential of n-type silicon is very close to the reported values [6.12], The flatband 

potential for p-type silicon is within the range reported in the literature [6.12]. There have 

been some concerns as to the validity of the measurements of of p-type silicon in acidic 

solutions [6.13,14], It has been speculated that hydrogen atoms produced during cathodic 

polarization may cause "undoping" of Si [6.14] 
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Figure 6.4.3: Mott-Schottky plots for p- and n-type silicon in 50:1 HF solutions 
under dark conditions. 



(1.43 EIS Responses of Silicon in HF under Dlunimation 

Under flhumnation, the EIS results for both p- and o-type silicon in the absoice and 

presence of different Cu^ ion concentrations are given in Hgures 6.4.4 and 6.4.5. The 

parameto^ evaluated by fitting the experimental data to the equivalent drcuit shown in Egure 

6.4.2 are summarized in Table 6.4.2 for p-type silicon, and in Table 6.4.3 for n-type ^con. 

The impedance response in the absence of added Cu^ under illumination was typicalfy 

characterized by a weU-defined semicircle for both p- and n-type silicon. A small semicircle 

was present at high fi'equendes for p-type silicon. The impedance in the low fi'equency limit, 

Rp (equal to Rt in this case), significantly decreased when the system was illuminated. This 

implies that the electrochemical reactions were accelerated at the silicon/solution interlace 

under illuminatioa The measured capacitance (C) increased, but was still much lower than the 

value for a typical double layer capacitance (>20 |iF/cm^ of a metal or semiconductor 

electrode [6.9, 10]. 

A low-frequency inductive response was always observed when ions were 

present in the test solution. The values of L and Rt, which are direcdy associated with the 

appearance of an inductive loop, decreased significantly in the presence of 100 ppb Cu^ under 

illumination. The value of L was approximately 1000 times smaller than in darkness (75,000 

kH-cm^ vs. 77 kH-cm^ for p-type, and 36,000 kH-cm^ vs. 38 kH-cm^ for n-type, respectively). 

It may be speculated that the appearance of inductive impedance in the presence of Cu^" 

contamination is most likely caused by the relaxation of intermediate reaction species when 

copper is deposited on the surface. An increase in the total reaction rate might lead to a 
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Figure 6.4.5: Nyquist plots for n-type silicon in 50:1 HF at different [Cu^*] 

under illumination. 
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Table 6A2. Parameters of the equivalent circuit for p-type St in SO: 1 HF 

[Cu^ (ppb) 0 2 10 100 

Chi-Sqrd (xlO"') 1.8 1.5 1.7 1.3 

Ro(kn-cm^ 0.27 0.26 023 0.26 

R,(kn-cm^ 4.3 4.0 17 12 

C,(nF/cm^ LO I.l 1.2 0.9 

Rt(kn-cm^ 130 45 25 13 

C (MF/cm^ 0.45 0.27 0.21 0.10 

RcOcQ-cm^ 150 75 33 

L(kH>cm^ 2,200 590 77 

Rp(kn-cm^) 130 35 19 9 

Table 6.4.3 Parameters of the equivalent circuit for n-type Si in 50:1 HF 

[Cu^1 (ppb) 0 10 50 100 

Chi-Sqrd(xlO-^) 0.63 1.7 2.0 2.2 

Ro (kii-cm^) 0.13 0.13 0.13 0.13 

R,(kn-cm^) 

C, (nFW) 

Rt(kn-cm^) 64 36 22 18 

C (nF/cm^) 0.40 0.26 0.093 0.081 

RL(kQ-cm^) 67 58 46 

LOCHW) 700 110 38 

Rp(kn-cm^) 64 23 16 13 
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propottiooal increase in the intermediate ^)edes. This in turn would reduce tibe value of the 

inductance in the same way that it reduces the reaction related resistance ^ and Rl). The 

large decrease in L and Rl values under illumination, and the decrease in L and Rl with 

increasing Cu^^ concentration indicate an enhancement of copper deposhicm on the silicon 

sur&ce. The Rp values also decreased with increasing Cu^ concentration. This indicates that 

the rate of silicon corrosion increases with increasing Cu^ concentration. 

From the equivalent circuit analysis, the value of Ck was found to decrease 

significantly with increasing Cu^^ concentration. This effect may be due to a decrease in the 

efifecdve surface area of silicon as a result of surfk^ coverage by hydrogen bubbles forming in 

the vicinity of copper deposits. Hydrogen evolution is accelerated by the presence of copper 

partides on the silicon surfece through the following reactions: 

H*+e^  H [6 .4 .3]  

Cu + H -> CuH (ads) [6.4.4] 

CuH(ads) +e Cu + Hz [6.4.5] 

It is also speculated that the formation and relaxation of CuH (ads) intermediate 

species by adsorption of hydrogen atoms to copper atoms (Equation 6.4.4) cause the inductive 

beha\ior of impedance response in Nyquist plots. 

6.4.4 Silicon Back Contact 

As stated eaiiier, assumptions were made that R« is the resistance and C* is the 

capacitance due to a non-ohmic backside contact between the silicon sample and the woridng 

electrode test lead. The metal test lead used in this study was made from an aluminum foil. 
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The work function for ahiminum ((j)Ai) is ~ 4.10 eV. This vahie is very close to the Fenni level 

of n-type ^con (Ef^ ~ 4.30 eV), but is much smaller than the Fermi level of p-type silicon 

4.90 eV). Therefore, the contact between ^con and aluminum m^ be expected to be 

ohmic for n-type silicon, and non-ohmic for p-type silicotL In the case of p-type ^con (non-

ohmic), a depletion layer would form insde the semiconductor, and this would require R« and 

C, components for equivalent circuit fitting at high fiiequencies. This is wi^ a small semicircle 

is present at high frequencies in the Nyquist plots for p-type silicon, but not for n-type silicon. 

In addition, the value of R« for p-type silicon decreased significantly under illuminatiotL This 

effect may be due to excess carriers generated at the sample edges due to illuminatiorL 

In order to prove that the small loop at high finequencies are caused by backside 

contact, some p-type silicon samples were coated with a thin layer of nickel print at their 

backside and measured for their impedance responses in HF solutions containing no added, 10 

ppb, or 100 ppb [Cu^*]. The Nyquist plots fi^om these measurements are shown in Fig. 6.2.6. 

It is found that the sizes of the loops at high fi^uencies are much smaller than those from A1 

back contact while the large semicircles which represent charge transfer resistance and 

interface capacitance are almost identical The results from equivalent circuit fitting are listed 

in Table 6.4.4. From this table, it is found that most parameters related to the interfecial 

interactions including RT, C, Rl, L, and RP are all in the same order of magnitude for two 

different back contacts. After applying nickel print, the values of contact resistance R, 

decreased more than twenty times and the values for silicon backside capacitance C, increased 

almost twenty times. It is clear that the first loop at high frequencies was caused by the 



151 

100 -

80 -

^ 60 - no added 

20 - 10 ppb 
CD 

2+ 

0 20 40 60 100 120 140 

Z' (kohm) 

Figure 6.4.6; Nyquist plots of p(100) silicon with nickel back contact in 50;1 HF 
with and without addition of 100 ppb Cu^ . 



backside contact between the silicon sample and A1 test lead. The non-ohmic backside contact 

can affect the inq)edance response of silicon samples only at high fi'equendes. It has no efifect 

on the characteristics of the solid/liquid inter&ce. 

Table 6.4.4 Parameters for the equivalent circuit fitting for p(100) silicon in 
50:1 HF with ahiminum back contact and M print back contact 

[Cu^(ppb) no added lOppb 100 ppb 
Back contact A1 Ni A1 Ni Ai Ni 

Chi-Sqrd(xlO*^) 1.8 5.6 1.7 1.4 1.3 1.6 
Ro(kf2.cm^ 0.27 0.074 0.23 0.13 0.26 0.12 
R,(kfi.cm^ 4.3 0.213 17 0.338 12 0.474 
C,(nF/cm^) 1.0 15.87 1.2 24.5 0.9 13.9 
Rt(kn.cm^) 130 104.35 25 27.03 13 7.52 
C(|iF/cm^) 0.45 0.53 0.21 0.14 O.IO 0.67 

Rl (kQ.cm^) — — 75 248.3 33 16.2 
L(xlO^Hcm^) — — 590 2105 77 358 

Rfl(kQ.cm^) 130 104.35 19 24.4 9 5.14 

6.4.5 Impedance Responses of Silicon in BHF Solution 

EIS impedance responses of silicon samples in LCP BHF were measured by applying 

single sine wave ac voltage, ranging from 0.01 Ife to 10^ Hz with 5 points per decade. For p-

type silicon, nickel print was applied to the backside of samples to improve back contact. For 

n-type silicon, direct contact between A1 test lead and the sample was used. Fig. 6.4.7 and 

Fig. 6.4.8 show the Nyquist plots of p- and n-type silicon in BHF respectively. All 

Nyquist plots consist of two distinctive capacitive loops. For p-type silicon, there is a 

small tail appearing at the high frequencies. No inductive impedance is observed at ±e 
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low frequency end in BHF containing Cu^"^. The Nyquist plots for p- and n-type silicon in 

BHF with and without Cu^^ addition are also similar. These results are very different from 

those obtained in dilute HF solutions where only one distinctive capacitive loop was 

obtained and the addition of ppb levels of Cu^^ ions significantly changed the impedance 

response of the system. 

The equivalent circuit used to fit experimental data is shown in Fig. 6.4.9. This 

circuit is similar to the one proposed by Morrison with some modifications [6.4], Since 

the experiments were carried in fluoride solutions, no effects of surface state and oxide 

film were considered. In this circuit, two RC elements were used to represent the two 

distinctive capacitive loops. and Ck are the space charge capacitance and resistance, 

Rai and Cdi are the double layer resistance and capacitance respectively. The second 

capacitive loop is not an ideal semicircle, i.e. the center of the semicircle lies below the x-

axis. Therefore, a phase constant element (Q) was introduced to replace the capacitance 

(C) for the fitting [6.7], A third RC was used to represent the small loop where Rc and Cc 

are the contact resistance and capacitance (C) respectively. The sum of the solution 

resistance and the sample resistance is represented by Ro. The sum of R«c and R<u should 

be the total resistance for charged carriers to transfer across the interface for 

electrochemical reaction, designated as Rp. Results from equivalent circuit fitting for 

different cases are tabulated in Table 6.4.5. 

It may be noted from Figures. 6.4.7 and 6.4.8 and Table 6.4.5 that the effect of 

Cu"' ions on impedance response of silicon in BHF is not very significant. The values of 
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Figure 6.4.7: Nyquist plots for p-type silicon in LCP BHF solutions in 
the presence and absence of 100 ppb Cu '̂. 
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Figure 6.4.8: Nyquist plots for n-type silicon in LCP BHF solutions in 
the presence and absence of 100 ppb Cu^". 
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Figure 6.4.9: Equivalent circuit used for the characterization of silicon/solution 
interface in BHF solutions. 



156 

Table 6.4.5 Parameters for the equivalent circuit for p- and n-type silicon 
inLCPBHF. 

Sample n(lOO) Si p(IOO) Si 
Cu^* Cone, (ppb) 0 100 0 100 
Chi-sqrd(xlO*^) 2.75 2.07 1.92 8.03 

Ro(kn.cm^) 0.013 0.02 0.03 0.04 
R,(kQ.cm^) — — 0.22 0.19 
C,(nF/cm^) — — 15.9 17.7 

R«:(kQ. cm^) 5.85 3.67 6.01 3.78 
CttC^iF/cm^) 2.53 3.25 3.84 3.75 
R<u(kn.cm^) 9.34 4.48 5.96 3.62 
Yo(^iS/cm^) 261.2 607.0 361.6 638 

n 0.75 0.71 0.81 0.84 
R„(kn.cm^) 15.19 8.15 11.97 7.40 

Rj, decreased from 12 kn.cm^ with no Cu '̂ to 7.4 kQ.cm^ for 100 ppb Cu^* for p-type 

silicon and from 15 kn.cm^ to 8 kfl.cm^ for n-type silicon. The values of R«:, Rji and R^, 

decreased with the addition of Cu^*. The space charge capacitance remains 

approximately the same with and without Cu^^. However, the Yo value of the phase 

constant element for double layer increased from ~360 piS/cm^ in the absence of Cu^" to 

~640 jiS/cm^ in the presence of 100 ppb Cu^* for p-type silicon and from 260 jiS'Vcm' to 

600 nS''cm'' for n-type silicon. This might be an indication that the double layer 

becomes more conductive in the presence of copper. 
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6.4  ̂Comparisoa Between dc and EIS Tcduuqucs 

The polarizatioii resistance (Rp) of p-type sSood was also measured using the dc linear 

polarization technique at a scan rate of 0.1 mV/s. The values of Sp obtained by the dc 

technique at different Cu^ concentrations are compared to those obtained by EIS 

measurements in Figure 6.4.10. From this figure, it is evident that the Rp vahies for p-type 

silicon measured using EIS or dc methods agree quite well in the absence of added Cu^ in the 

solution. However, when Cu^^ ions are present in the solution, the Rp vahies obtained fix)m 

the dc method are smaller than those measured by the EIS method. The discrepan<^ between 

EIS and dc measurements increased with increasirs Cu^ concentration. The difference may 

be attributed to the &ct that the dc method is inherently unable to separate out different 

resistive elements from a circuit analysis. In contrast, the EIS method allows a more accurate 

determination of Rp. 



158 

no added Cu""^ 
10-

AC Method 

DC Method 
o 10' 

10' 

Cu"' Concentration (ppb) 

Figure 6.4.10; A comparison of polarization resistance (Rp) of p-type silicon in 
50:1 HF solution as a fiinction of [Cu^~| measured by EIS, and dc 
linear polarization. 
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6 .̂ GALVANIC CORROSION EFFECTS 

During wet cleaning procedures, quite often p-n junctions of different dopant type or 

different doping concentration and even siBcon/metal contacts will be e?qx)sed to cleaning 

solutions at the same time. If there are potential difierences between them, a galvanic cell can 

form. The material with a more negative potential wOl be the anode and the material with 

more positive potential will be the cathode. Undo' these circumstances, differential etching 

and/or contamination can occur. In this section, the galvanic corrosion effects in HF and BHF 

are discussed. 

6.5.1. Galvanic Effects in HF Solutions 

Polarization curves of p-, p\ n-, n*-type ^con of (100) orientation in 50:1 HF 

solutions are plotted together in Fig. 6.5.1. It is found from this figure that the polarization 

behavior of the silicon electrode does not change significantly with the doping concentratioa 

The corrosion potentials for p- and p*-type silicon are 300-400 mV more noble than n- or n'-

type silicon. It can be seen from the polarization plots that the n-type silicon would be the 

anode and the p-type silicon would be the cathode when a substrate consisting of p-n junctions 

is exposed to HF solution. The current density at the crossover point of the cathodic Tafel 

curve for p-type silicon and the anodic Tafel curve of n-type silicon is much larger than the 

corrosion current density of either p- or n-type silicon in HF. It appears that the galvanic 

corrosion between the boron doped and phosphorous doped silicon in HF is very significant 

due to the large difference between their corrosion potentials and their small Tafel slopes. 
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The galvanic corrosion currents and potentials between p- and n- silicon samples of 

different doping levels were also directly measured, p-type silicon (with niore noble open 

circuit potential) was connected to the working electrode lead and n-type silicon (with less 

noble open circuit potential) was grounded. The reference dectrode measured the variation of 

potential on the surfke of p-type silicon. Fig. 6.5.2a shows the galvanic corrosion current 

measured between p- and n-type of silicon of different doping levds in 50:1 HF for a period of 

30 minutes. The variation of potential of p-type silicon during the galvanic corrosion 

experiments is also plotted in Fig. 6.5.2b. It may be discerned from Fig. 6.5.2a that the 

galvanic corrosion currents are all negative. This indicates that the n-type silicon is the anode 

and the p-type silicon is the cathode. For each galvanic couple, the magnitude of current was 

initially large but decreased during the first 10 minutes and then remained at a constant value. 

The galvanic corrosion current density is the largest for p/n couple (—15 jjA/cm^), but 

decreases in the order of p/n* couple (~ 10 |iA/cm\ p7n couple (--4 |iA/cm^) and p7n* 

couple (~2iiA/cm^). These values are 10-100 times larger than the corrosion current density 

of either p- or n-type silicon in HF. The galvanic potential increased at first 60 seconds and 

then decreased. It reached a constant value in approximately 10 minutes. Especially for p/n 

couples, the galvanic eflfect could be very significant. After 30 minutes of galvanic corrosion 

experiment, the suriace of n-type silicon was covered with a layer of black film. This might be 

the amorphous silicon formed by anodic dissolution of n-type silicon [6.16]. The surface of 

the p-type silicon was unchanged. 
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Figure 6.5.1: Polarization curves of p-, p*-, n- and n"- type silicon in 50:1 HF. 
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Figure 6.5.2: Galvanic corrosion effect between p-n couples of different dopings 
in 50:1 HF. (a) Galvanic corrosion current density; (b) Galvanic corrosion potential. 
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fig. 6.5.3 shows the effect of 100 ppb Cu^ on the galvanic COTrosion efiects between 

p/n couples in 50:1 HF. It was found that the galvanic corrosion current density m the 

presence of Cu^ ( 40-50 nA/cm^ was larger than in the absence of Cu^ (~20nA/cm^. In 

the presence of 100 ppb Cu^, the galvanic corroaon current density was approxiniateiy the 

same as the cathodic limiting current density of p-type silicon in HF containing 100 ppb Cu^. 

This is most likely caused by the nearly vertical slope of the cathodic curve for p-type silicoiL 

6.5.2. Galvanic Effects in BHF Solutions 

Polarization curves of p-, p\ n-, and n"-type silicon of (100) orientation in LCP BHF 

solutions are plotted in fig. 6.5.4. It can be seen from this figure that the corrosion behavior 

of silicon does not change significantly with the doping concentration. The corrosion 

potentials for p- and p*- type silicon are 300-400 mV more noble than n- or n'-tyjje silicon. 

When a substrate consisting of p and n areas which are electrically connected is exposed to the 

BHF solution, the n-t>pe silicon would be the anode and the p-type silicon would be the 

cathode. Due to the high cathodic Tafel slope (be = 0.4 V/decade) for p-type silicon and 

anodic Tafel slope (b, = 0.5 V/decade) for n-type silicon in BHF, the current density at the 

crossover point does not increase significandy compared to the corrosion current of p and n 

silicon in the absence of galvanic contact. This indicates that the galvanic effect in BHF is not 

as significant as in DHF. 
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Chapter? 

SURFACE MORPHOLOGY STUDIES 

Electrochemical techniques provide average, macroscopic information on 

interactions that occur at silicon/solution inter&ce. In order to understand these 

interactions microscopical^, different surface analysis techniques including AFM, SEM 

and TEM were used to study the effect of in HF and BHF on the etching 

characteristics and surface morphology of silicon in these solutions. 

7.1 SURFACE MICROROUGHNESS GENERATION OF SILICON IN 
BHF SOLUTIONS 

AFM images of p(100) silicon samples immersed for 30 minutes in LCP BHF 

solutions containing 0, 10 ppb, 50 ppb and 100 ppb Cu^^ ions are shown in Fig. 7.1.1 

over an area of 5x5 (im square with a vertical scale of 500 A/division. It may be seen 

from these images that the silicon surface became rougher as Cu^* concentration 

increased. For Cu^* concentrations of 50 ppb and 100 ppb, high density rough features 

were found on the silicon surface. For a silicon sample after piranha/HF cleaning, the 

RMS of p(lOO) silicon was around 0.16 nm. For samples prepared in BHF solutions 

containing different Cu '̂ concentrations, the values of RMS are tabulated in Table 7.1.1. 

Also listed in Table 7.1.1 are RMS values on p(IOO) silicon samples immersed for 30 

minutes in 50:1 HF solution containing no added Cu^" and 100 ppb Cu^*. It was found 



(a) (b) 

(c) (d) 

Figure 7.1.1: AFM images of p(lOO) silicon samples immersed for 30 minutes 
in LCP BHF containing different Cu^"^ concentrations, (a) no added Cu^""; (b) 10 
ppb; (c) 50 ppb; (d) 100 ppb Cu^". Scan area; 5x5iim, vertical scale: 500 
A/division. 
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that a very high sui&ce roughness was generated for samples prq>ared in BHF solutions 

(2-3 nm), higher than in HF (0.2-0.3 nm), even in the absence of Cu^ contamination. In 

BHF solutions, the sui&ce roughness was further enhanced significantly by the presence 

of Cu^ in the solution. The RMS value in BHF increased from around 2 nm in the 

absence of Cu^^ to 11.7 nm in the presence of 100 ppb Cu^, while in HF, the RMS value 

at 100 ppb Cu^* was of the same order of magnitude as in the absence of Cu^^ The RMS 

values on n(lOO) silicon were also listed in Table 7.1.1 for the conditions of no added and 

100 ppb Cu^^. The RMS values for n-type silicon are slightly higher than those for p-type 

silicon in BHF both in the presence and absence of Cu^" addition. It appears that n-type 

silicon has a higher etching rate than p-type silicon in BHF. This shows that the BHF can 

cause more severe surface roughness of silicon surfaces as compared to DHF [7.1, 2]. 

There are speculations that the high roughness of silicon in BHF might be caused by the 

higher pH value of BHF solution (around 5) than HF (around 1.5). The significant effect 

of Cu^"^ ions on surface roughness generation of silicon in BHF is striking. 

Table 7.1.1 RMS surface roughness Cm nm) of silicon samples prepared in 
LCP BHF and 50:1 HF solutions in the absence or presence of different 
concentrations of Cu^"^. 

[Cu^Kppb) 0 10 ppb 50 ppb 100 ppb 
(RMS Roughness in nm) 

LCP BHF: 
p(100)Si 1.9 2.3 
n(lOO) Si 3.0 ~ 

8.2 11.7 
17.7 

50:1 HF: 
p(lOO) Si 0.22 0.44 



(a) (b) 

(c) (d) 

Figure 7.1.2: AFM images of p(lOO) silicon samples immersed in LCP BHF 
containing 100 ppb Cu^"^ for different period of time, (a) 1 min; (b) 5 min; 
(c) 10 min; (d) 20 min. 
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The evolution of sur&ce roughness generation in LCP BHF containing 100 ppb 

Cu^ were studied by analyzing samples prepared for different durations of time. Fig. 

7.1.2 shows the AFM images of samples immersed in BHF solution for 1, 5, 10, and 20 

minutes. It appears that some pits are formed in the first minute, and then some 

particulate-like features are developed on the sample surface after 5 minutes of 

immersion. These futures grow bigger with an increase in immersion time. The change 

of surface morphology corresponds very well to the increase of RMS surface roughness 

values. In Fig. 7.1.3, measured RMS surfece roughness values are plotted as a fimction 

of the immersion time. The amount of Cu deposition is also plotted in the same figure. It 

can be seen from Fig. 7.1.3 that copper deposition is a fast process and it reaches its 

highest value within ten minutes of immersion time. On the other hand, the surface 

roughness measured by AFM increases slowly in the first ten minutes but increases more 

rapidly in longer immersion times. It appears that the surface roughness does not change 

significantly during the time of copper deposition. Only after the cessation of copper 

deposition, does the surface roughness increase drastically. 

AFM line analysis was used to find the size of the particulate-like features. The 

integrated volume of the particles were compared with the amount of Cu deposition 

measured by TXRF. Fig. 7.1.4 shows the line analysis of an AFM image of silicon 

immersed in LCP BHF containing 100 ppb Cu^* for 30 minutes. It may be seen from this 

plot that the paniculate-like features are spherical-cap shaped, with a diameter of 

approximately 60 nm and a height of approximately 15 nm. It was reported by Chyan et 
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Figure 7.1.4; Line analyses of AFM image of p-type silicon prepared in LCP 
BHF containing 100 ppb Cu^" for 30 min. 
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al [7.3] that the amount of copper deposition fix)m HF can be calculated by integrating 

the total volumes of all particles. Assuming a 50% sur&ce coverage and all the dome 

shaped features are copper deposits, these features will account for a few monolayers of 

copper. This estimation does not agree with the amount of copper deposition measured 

by TXRF of only Ix lo" atoms/cm^. The contradiction indicates that these features might 

not be only copper deposits or the TXRF technique might give wrong information about 

copper concentration on rough silicon surfaces. 

7.2 VALTOITY OF TXRF TECHNIQUE IN DETECTING CU ON ROUGH 
SILICON SURFACE 

It has been speculated that TXRF may underestimate the surface metal 

concentration if the surface is too rough [4]. ICP MS techniques were used to cross

check the TXRF measurements. 

Diced silicon samples (30x30mm) were immersed in 100 ppb Cu"' LCP BHF for 

10 or 30 minutes to allow the copper to deposit. Three pieces of these samples were 

immersed in 60 ml of 10% nitric acid (HNG?) solution for 30 minutes to allow copper 

deposits to dissolve. After Cu dissolution, HNO3 solutions were collected and taken for 

ICP MS analyses of Cu impurity, giving the right amount of surface Cu deposits as 

detected by TXRF technique. The extent of copper deposition calculated from the ICP 

MS analyses of the nitric acid solutions in which the deposited copper were dissolved are 

listed in Table 7.2.1 and compared with the TXRF date. It may be seen from this table 

that the amount of copper deposition measured by TXRF and ICP MS are in good 
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agreement. This indicates that the features imaged by AFM technique are not ail plain 

copper deposits. 

Table 7.2.1: Comparison of copper deposition measured by ICP MS and 
TXRF techniques (in 100 ppb Cu^^ LCP BHF). 

Immersion Time Extent of Copper Deposition (atoms/cm^ 
by ICP MS from TXRF 

10 min 7.8x10" 9.8x10^^ 
30 min 1.6x10'^ 1.1x10'^ 

7.3 TEM STUDIES ON ANISOTROPIC ETCHING OF SILICON IN BHF 

Since AFM can only provide the average value of the surface roughness and the 

approximate shape of surface features, TEM technique was used to explore the atomic 

structure and the detailed morphology of the rough silicon surface. A combined use of 

AFM and TEM techniques may provide more comprehensive information leading to a 

better understanding of the evolution of rough features during silicon etching in BHF. 

Fig. 7.3.1 is the cross-sectional TEM micrograph of two slices p(100) silicon samples 

glued face-to-face with epoxy. The silicon samples have been exposed to LCP BHF 

containing 100 ppb Cu"~ for 30 minutes. Some groove shaped faceted features rather 

than spherical capped features are seen in this sample. Both the bottom and top surfaces 

of the grooves are vers- flat and the sides of the grooves are very clear-cut. Either the 

bottom or top surfaces for ail grooves are all at the same horizontal levels. 
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Figure 7.3.1: TEM cross-section micrograph of p(lOO) silicon prepared 
in LCP BHF containing 100 ppb Cu^*^ for 30 min. 
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To identify the nature of grove structures, one of the grooves as circled in Fig. 

7.3.1 was analysed under high magnification and the high resolution image was shown in 

Fig. 7.3.2a. As shown in this figure, lattice fiinges are clearly shown in the selected 

groove and extend all the way down into the silicon substrate. These &ceted feature are 

simUar to those seen on a (100) Si anisotropically etched in alkaline solution, which is 

shown in Fig. 7.3.2b and c for cross-sectional and top view respectively (orientations are 

indexed). The selected area diffraction pattern on the groove (shown as the inset in Fig. 

7.3.2a) reveals a typical Si (110) diffraction pattern. It is clear that the features observed 

in AFM images are the result of silicon etching in BHF. As in alkaline solutions, silicon 

etch in BHF is anisotropic with (100) surface having the highest etching rate and (111) 

surface the smallest etch rate. 

In the high resolution TEM micrographs shown in Fig. 7.3.2a, no lattice fnnges of 

any crystalline phases other than that of silicon was observed. It appears that copper did 

not deposit on silicon surface in crystalline form. In BHF, copper atoms are produced by 

the reduction of CuFs" (Equation 7.3.1) and might deposit in a localized manner in the 

form of amorphous clusters. Hydrogen atoms are produced by the reduction of hydrogen 

ions (Equation 7.3.2). Copper clusters are likely to serve as eflBcient cathodic sites for 

hydrogen ion reduction than the silicon sites. Therefore, hydrogen atoms adsorb on 

copper clusters (Equation 7.3.3). This in turn accelerates the hydrogen gas evolution as 

shown in equation 7.3.4. 
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Figure 7.3.2: Identification of faceted features in Fig.7 3.1. (a) high resolution 
TEM image, inset: electron diffraction pattern; (b) cross-sectional view; and (c) 
top view of an anisotropically etched structure of (100) silicon in alkaline 
solutions. 
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CuFa' + 2e -> Cu + 2F [7.3.1] 

ir + e->H [7.3.2] 

Cu + H-^CuH(ad) [7.3.3] 

CuH (ad) + ir + e Cu + H2 [7.3.4] 

Copper clusters as well as adsorbed hydrogen around them may protect silicon surface 

beneath them from being attacked by buffered hydrogen fluoride solution. The nearby 

uncovered areas are oxidized and dissolved in BHF to form SiFe^* anion (Equation 7.3.5). 

The effect of copper clusters is similar to the role of oxide masks during the anisotropic 

etching of silicon in alkaline solutions. 

To further study the effect of Cu^' on the anisotropic etching of silicon, samples 

were immersed in 100 ppb Cu^* containing LCP BHF solution for various immersion 

times. Figs. 7.3.3a-e are TEM microphotographs of the silicon sample at immersion times 

of 5, 10, 20, 30 and 60 minutes. The heights of the faceted features are tabulated in Table 

7.3.1 together with RMS surface roughness values measured using the AFM technique. 

It was found that the longer the etching time, the deeper the etching pits, and 

correspondingly, the higher the surface roughness. At 30-60 min etch time, some of the 

etch structures grow such that two (111) faces cross over to form a 'A' peak shaped 

etching pattern. For an immersion period of 60 minutes, etching becomes highly non

uniform (Fig. 7.3.3e). 

Si + 6HF2" -> SiFfi^- + 6HF + 4e [7.3.5] 



Figure 7.3 .3: Effect of immersion time on the anisotropic etching patterns of p(100) 
silicon in LCP BHF containing 100 ppb (a) 5min; (b) 10 min; 
(c) 20 min; (d) 30 min; (e) 60 min. 
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Table 7.3.1; A comparison of etch depth measured by TEM and the RMS 
roughness measured by AFM (Samples immersed in 100 ppb Cu^^ LCP BHF for 
different times). 

Time (min) 1 5 10 20 30 60 

Depth (nm) __ _ 3.3 9.0 30 56.7 
RMS(nm) 0.188 0.669 2.9 5.0 11.7 ••• 

The effect of concentration on the anisotropic etching behavior of silicon was 

studied by immersing the samples in BHF solutions containing different 

concentrations. Figs. 7.3.4a-d are TEM micrographs of silicon samples prepared in LCP 

BHF containing 0, 10, 100, and 100 pp. Cu^^ for 30 minutes. At no added Cu^^ uniform 

etch occurs and the surface is flat even at a magnification of 180,000. The addition of 

small amounts of Cu^* ions drastically changes the silicon surface morphology. The 

higher the Cu^* concentration, the larger and deeper are the etch features. Table 7.3.2 

lists the depth of etched features and the calculated etch rate (in nm/min) of (100) Si at 

different Cu^^ concentrations. 

Table 7.3.2: Effect of Cu^" concentration in solution on the depth of 
etched features and etching rate of p(lOO) silicon in LCP BHF. 

[Cu^l ppb 10 ICQ 1000 

Depth (nm) 
Etching rate (nm/min) 

4.5 30 40 
0.15 1.0 1.33 



Figure 7.3.4; Effect of [Cu^^] on the anisotropic etching patterns of silicon 
in LCP BHF for 30 minutes, (a) no added (b) 10 ppb; (c) 100 ppb; 
(d) 1000 ppb 
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In earlier studies (See Fig. 6.2.1), it was found that the silicon corrosion rate as 

determined by electrochemical polarization technique did not change much as Cu^* 

concentration increased. The reason for the lack of sensitivity of the electrochemical 

corrosion rate of silicon to copper ion concentration in BHF may be due to the fact that 

electrochemical technique only measures the average reaction rate over the entire 

electrode surface. In the absence of Cu^" ions, the entire sur&ce is exposed to fluoride 

solution for dissolution. In the presence of Cu^* ions, a large fraction of the surface is 

masked by metallic copper clusters and adsorbed hydrogen atoms. Hence, the silicon 

corrosion is very localized and this causes deeply etched structures. 

Anisotropic etching is one of the most important techniques in micromachining. It 

is one of the few microfabrication processes that permits extensive and easy three 

dimensional fabrication of a substrate [7.6-8], The mechanism of silicon anisotropic 

etching has been studied extensivily[7.9-10]. Since silicon surfaces are hydrogen 

terminated in acidic fluoride solutions, the etching in BHF must occur via the etching of 

hydrogen terminated silicon surfaces. It is well known that (111) orientated planes have 

ideal monohydride termination in BHF solutions with a pH value of 8 [7.11] while other 

orientations may have mixed forms of hydrogen termination [7.12]. Fig. 7.3.5a shows 

three different types of termination, namely, mono-, di-, and tri-hydrides. Figs. 7.3.5b-c 

schematically illustrate the dissolution of silicon surfaces with different types of hydrogen 

termination in BHF solutions. In order to attack the dihydride (=SiH2) and trihydride (-

SiHs), two or one Si-Si bonds have to be cleaved, respectively, while for monohydride 

(=SiH), three Si-Si bonds have to be cleaved. Thermodynamically, to form the same final 
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soluble product SiFe^*, there is more free energy change for sSH (AGi) than for =SiH2 

(AG2) and -SiHs (AG3), as illustrated in Fig. 7.3.5c. On the other hand, in order for 

fluoride to attack Si, fluoride should be able to attach itself to a Si atom and polarize it. 

Fig. 7.3.5b schematically illustrates the attachment of fluoride to the silicon atom with 

different numbers of hydrogen atoms. Considering steric factors, the insertion of fluoride 

between H-H pairs in multihydrides is a lot more favorable than the insertion of fluoride 

between Si and H pair as is required in the attack of monohydride silicon. As shown in 

Fig. 7.3.5c, the energy barrier for the dissolution of dihydride (AG2*) and trihydride 

(AGs*) is smaller than that of monohydride (AGi*). Therefore, the dissolution of =SiH2 

and -SiHs to form SiF6^' is kinetically more favorable. A Si(lll) surface is known to 

form monohydrides in a BHF solution with a pH value of 8 while the other orientation 

planes may form di- and tri-hydrides. Therefore the silicon dissolution from a (111) plane 

is much more difRcult than from other planes. This results in the anisotropic etching of 

silicon in BHF solution. 
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Figure 7.3.5: Mechanisms of silicon anisotropic etching in BHF solutions, 
(a) hydrogen termination; (b) attack of HF on hydrogen terminated surface; 
(c) driving forces and energy barriers for the dissolution of different hydrogen 
terminated silicon. 
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Chapters 

APPUCATTON OF SURFACTANTS AND OTHER ADDITIVES 

There are many ways to bring down the electrochemical reaction rate. One way is to 

build potential barriers for electrons and/or holes to transfer across the solid/liquid inter&ce, 

such as forming depletion layers at the silicon sur&x. This barrier is usually caused by the 

potential difiCTences between the silicon Fernii energy and the electrochemical potential of 

solution redox species. The formation of dq)letion layers and their effects on copper 

deposition rates were discussed in the previous chapter. The second way is to inject chemicals 

such as HCl and H2O2 or O3 to modify the thermodynamic stability regions of copper and 

silicon species in the system. The third way is to block the active areas on the electrode 

surface using surface modifying agents such as sur&ctants or organic inhibitors. In this 

chapter, the use of additives in the inhibition of copper deposition and silicon corrosion will be 

discussed. 

8.1 INHIBITION OF SILICON CORROSION AND COPPER 
DEPOSITION IN HF BASED SOLUTIONS BY ADDING OHS NONIONIC 
SURFACTANT 

Of various types of surfactants, non-iom"c surfactants are of particular interest to 

the microelectronics industry, mainly due to the relatively weak, non-chemical interactions 

between surfactant molecules and the silicon substrate. Weakly adsorbed surfactant can 

be rinsed-off easily to avoid organic contamination introduced by the use of surfactants. 

OHS* is a polyglycidol based non-ionic surfactant with a general structure shown in Fig. 
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4.1.1a. It has a hydrocarbon based hydrophobic tail and a polyglycidol hydrophilic group. 

Silicon surfaces in HF and BHF are hydrophobic due to surface hydrogen termination. 

Therefore, the hydrophobic chain of the OHS* sur&ctant molecules would tend to adsorb 

on the silicon surface through hydrophobic and/or van der Waals' interactions. This 

leaves the bulky hydrophilic end groups pointed away from the silicon surface, thus 

making the surface hydrophilic. The interaction between a hydrogen terminated silicon 

sur&ce and the surfactant molecules is illustrated in Fig. 8.1.1. 

8.1.1 Adsorption of OHS* Its Effect on Silicon Corrosion in HF Solutions 

The effect of adsorbed OHS* on the electrochemical behavior of silicon in 100:1 

HF was investigated using dc polarization techniques. Linear polarization experiments 

were carried out on n(lOO) silicon samples in 100:1 HF in the vicinity of Eoq, (±20 mV) at 

a scan rate of 0.1 mV/sec. The measured values of polarization resistance Rp are listed in 

Table 8.1.1. The date in Table 8.1.1 shows that the polarization resistance increased 

drastically as the OHS"® concentration increased. 

Anodic and cathodic polarization curves for n(lOO) Si were obtained in HF 

solutions of different OHS* concentrations are displyed in Fig. 8.1.2. The anodic 

polarization curves represents the dissolution of silicon and the cathodic polarization 

curve most likely represents the hydrogen ion reduction. Some important parameters 

such as corrosion potential, corrosion current density, and cathodic and anodic Tafel 

slopes are tabulated in Table 8.1.1 together with Rp values. It can be seen from these 
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Table 8.1.1; Effect of OHS'* surfactant concentration on n(100) silicon corrosion 
in 100:1 HF 

OHS Cone. Rp Ecĉ  ican- be b. 
(ppm) (kn.cm^) (V vs. SHE) (nA/cm^) (V/dec) (V/dec) 

0 65 -0.26 315 0.158 0.200 
1 144 -0.24 229 0.187 0.163 

10 535 -0.30 37 0.182 0121 
50 1060 -0.25 16 0.231 0.091 
100 1755 -0.25 10 0.184 0.092 

curves that the Eoxr of silicon becomes more noble upon addition of the surfactant. The 

corrosion current density decreases as the OHS* concentration increases. The addition of 

the OHS* surfactant at a level of 10 ppm decreased the corrosion current density from 

315 nA/cm^ to 38 nA/cm^ The anodic Tafel slope decreased from ~0.2 V/decade with 

no OHS* to ~0.09 V/decade with 100 ppm OHS*. The cathodic Tafel slope did not 

change much with the addition of OHS*. Usually, the surfactant serves as either cathodic 

inhibitor or anodic inhibitor. For example, when a surfactant inhibits anodic sites, it 

would increase the anodic Tafel slope. From Fig. 8.1.2 and Tafel slope values in Table 

8.1.1, it seems that the addition of OHS does not affect cathodic polarization but 

enhances the anodic polarization. This is somewhat intriguing. 

The amount of OHS* surfactant adsorbed on the silicon surface at different OHS® 

levels was measured by the .ATR-FTIR technique. The experimental details can be found 

in references [8.1], In Fig. 8.1.3, the values of polarization resistance, corrosion current 

density at different OHS' concentrations together with OHS* adsorption as determined 

from ATR FTIR are plotted as a function of OHS* concentration. Higher the adsorption 
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density of OHS*, the higher the polarization resistance and the smaller the corrosion 

current density of silicon. At 100 ppm OHS** concentration, the sur&ce coverage of the 

sur&ctant is approximately 85% of a monolayer if a molecular head size of 60 is 

assumed. Based on the OHS* adsorption data presented in Rg. 8.1.3 and the extremely 

high polarization resistance in the presence of OHS, the inhibition of the silicon corrosion 

may be attributed to the surface coverage by surfactant molecules due to adsorption. A 

thin layer of insulating orgam'c coating passivates the silicon surface and makes the charge 

transfer across the interface extremely difficult. 

8.1.2 Inhibition of Surface Roughness Generation in BHF with OHS* 
Surfactant 

Surface roughness generation of silicon in buffered HF solutions is a major 

concem in microelectronic processing. Therefore, it is even more important to study the 

adsorption of OHS* from BHF solutions. However, attempts to measure the adsorption 

density of OHS* on silicon using ATR FTIR techniques in BHF is unsuccessful due to the 

interference from the strong absorption of NH bonds in the region of CH bonds [8.2], 

The effect of OHS* adsorption on the corrosion behavior of silicon in buffered HF 

was studied using the electrochemical polarization method. Fig. 8.1.4 shows the 

polarization curves of p(lOG) silicon in LCP BHF with and without the addition of 40 

ppm OHS* surfactant. Similar to the polarization curves in dilute HF, the Ecoir of silicon 

shifted to a more noble value and !<»„ decreased by a factor of ten with the OHS* 

surfactant addition. The cathodic Tafel slope was almost unchanged while the anodic part 
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of the Tafel curve became very flat. 

In order to study the effect of OHS** sui&ctant on the inhibition of copper 

deposition, the polarization curves of silicon in BHF containing 100 ppb in the 

absence and presence of 40 ppm OHS" were measured and plotted in Fig. 8.1. It can be 

seen from Fig. 8.1.4 that addition of copper ions into BHF does not change the 

polarization curves of silicon very much. On the other hand, addition of 40 ppm OHS* to 

100 ppb Cu^^ containing BHF has an effect that is very similar effect to the effect of 

OHS* surfactant addition to pure BHF solutions. In Cu^" containing BHF solutions, the 

addition of OHS* shifted Ecoir to a more noble value and reduced icon- significantly. 

The amount of copper deposition from 100 ppb Cu^"^ containing BHF solution 

with and without OHS* was determined by TXRF analysis. Without surfactant, the 

copper deposition was ~8xl0'^ atoms/cm. After adding 40 ppm OHS* surfactant, the 

amount of copper deposition was reduced to ~2xl0'^ atoms/cm^. Further increase of the 

OHS* concentration to 100 ppm had no further effect on copper deposition. The effect 

of OHS* in preventing copper deposition is not as significant in BHF as it is in dilute HF 

solutions [8.3]. 

Figs. 8.1.5a-d are the AFM images of p(lOO) silicon after being immersed in BHF 

for 30 minutes. Without the addition of OHS* surfactant, the presence of Cu^" in BHF 

has a dramatic effect on the surface roughness of silicon in BHF. The RMS value of 

surface roughness increased from -2 nm (Fig. 8.1.5a) without Cu^~ to -11.9 rmi with 100 

ppb Cu^* in solution (Fig. 8.1.5b). Also, it may be noted from Fig. 8.1.5b that some 
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paiticulate-Iike features were generated on the silicon sur&ce when copper ions were 

added into BHF solutions. As discussed in the previous chapter, these features are 

caused by the anisotropic etching of silicon in Cu^ containing BHF solution. 

Uppon addition of 40 ppm OHS* to BHF solutions, the RMS values of surfece 

roughness decreased significantly to the same levels (M).22-0.24nm) either in the absence 

(Fig. 8.1.5c) or presence (Fig. 8.1.5d) of Cu^^ Table 8.1.2 summarizes the effect of 

ens'* addition on the silicon surface roughness generation (AFM results) and copper 

deposition (TXRF results). 

Table 8.1.2 Eflfect of OHS* surfactant on the depression of surface micro-
roughness generation and copper deposition for 30 minutes immersion in 
LCP BHF. 

no added Cu^* 100 ppb Cu^" 

Conditions: roughness roughness deposited Cu 

RMS (nm) RMS(nm) (lO" atoms/cm^) 

no OHS* 1.9 11.7 7.8,6.1,9.8 

40 ppm OHS* 0.25 0.24 1.9,1.9,1.6 

8.1.3 EIS Studies of Silicon/Solution Interface in the Presence of OHS** 
Surfactant 

The EIS technique was used to detemiine the effect of the addition of OHS* on the 

electrochemical behavior of p-type silicon in the presence of added Cu^~ ions both in 50:1 

DHF and LCT BHF. It was previously reported by Jeon et al [8.3] that the surfece copper 

concentration decreased by almost one order of magnitude when 40 ppm of OHS* was added 
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to 50:1 HF solutions containing diflferent levds of Cu^ contaminant (under ambient lighting 

conditions). The Nyquist plots for p-type siBcon in 50:1 HF sohjtions containing 100 ppb Cu^ 

at dififerent surfactant concentrations (under iUumination) are shown in Figure 8.1.6. The 

parameters obtained from the fit of data to the equivalent drcuit shown in Figure 6.4.2 are 

summarized in Table 8.1.3. As discussed earlier, the impedance response at 100 ppb Cu^ 

without OHS** sur&ctant was typically diaracterized by an inductive loop at lower 

fi-equencies, and by small values of Rp and Ck. From Figure 8.1.6, it is evident that even in the 

presence of 25 ppm OHS* the inductive loop is not present. This indicates that a small 

amount of OHS'* surfactant is sufBcient to inhibit copper deposition on the silicon surface in 

dilute HF solutions. The values of and capacitance C shown in Table 8.1.3 increased 

significantly in the presence of OHS* surfactant- The capacitance (C) measured in the 

presence of surfactant is roughly one microfarad, and most likely represents the double layer 

capacitance (Cai). It is known that surface coverage due to the adsorption of organic 

molecules can reduce the double layer capacitance of the metal electrode fi"om tens of 

microfarads to a few microfarads [8.4], 

Figure 8.1.7 shows the influence of OHS* concentration on Nyquist plots in 50:1 HF 

solution in the absence of Cu^* (under illumination). It is interesting to note that the 

adsorption of OHS* surfactant on silicon does not produce a characteristic inductive loop, as 

in the case of copper deposition on silicon. However, the values of Rp increased at surfactant 

concentrations greater than 500 ppb. 
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Table 8.1.3 Parameters obtained fiom the fitting of data for p(100) siliccMi in 50:1 
HF containing 100 ppb Cu^ and OHS* sui&ctant to an equivalent dicuit 

[OHS] (ppm) 0 25 50 100 

Chi-Sqid (xlO'^ 1.3 4.4 5.1 5.6 

Ro(kn-cm^ 0.26 0.35 0.34 0.29 

R,(ldl-cm^ 12 30.2 5.4 4.4 

C. (npW) 0.9 1.0 1.2 1.0 

Rt(kQ-cm^ 13 590 960 980 

C (fiF/cm^) 0.1 1.2 1.2 1.1 

RL(kn-cm^) 33 

L(kH-cm^ 77 

Rp(kQ-cm^) 9 590 960 980 

Fig. 8.1.8 presents the Nyquist plots of silicon in BHF containing 40 ppm OHS* in 

the absence (Fig. 8.1.8a) and presence of 100 ppb Cu^*. Upon adding 40 ppm OHS* into 

BHF solution, only one flat distinctive capacitive loop appeared in the absence of Cu^*. 

In the presence of 100 ppb Cu^*, an inductive loop was observed in the low frequency 

range of the Nyquist plot. The data obtained in BHF without Cu^* was fit into the 

equivalent circuit shown in Fig. 6.4.9; and the best fit values are tabulated in Table 8.1.4. 

It may be noted that the resistance for charge transfer Rp increased significantly from ~12 

kn.cm^ with no OHS* to ~660 kQ.cm^ with 40 ppm OHS*. This implies that the 

electrochemical reaction at silicon/solution interface is hindered by the presence of the 

surfactant. The RC product for space charge layer and double layer are so close that two 
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loops are no longer distinguishable. Space charge capacitance decreased from 4 |iF/cm^ 

to 1 ^F/cm^. While the double layer capacitance, it changed from a phase constant 

element (n=0.8 and Q=360 ^/cm^) characteristic for a rough surface to a pure 

capacitance (8.4 ^F/cm^ for a smooth sur&ce upon the addition of OHS** surfactant. 

This indicates that the surface is much smoother after OHS** sur&ctant is added in BHF 

solutions. The more significant effect of OHS* on the reduction of double layer 

c^acitance than the space charge capacitance is expected due to the nmch smaller 

surface area available for charge storage after most of the area is covered by surfactant 

molecules. 

In the Nyquist plot of silicon in BHF containing 100 ppb Cu^* and 40 ppm OHS, 

an inductive loop appeared at the low frequency end of the plot. This inductance loop, as 

was found in studies of copper deposition in HF, is characteristic of the electrochemical 

impedance response of silicon in HF in the presence of Cu^*. The same equivalent circuit 

that was used for the copper deposition study in HF, shown in Fig.6.4.2, was used for 

data fitting. The value of Rp, which can be calculated by considering the Ri, and Rt in 

parallel, is ~56 kH.cm^. This value is much higher than the Rp (~7 kH.cm^) in the 

absence of surfactant. This indicates that silicon corrosion in BHF is greatly depressed by 

the addition of the surfactant in spite of the fact that the copper ion reduction reaction at 

silicon/solution interface is not inhibited efiBciently. 
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Table 8.1.4 Parameters obtained by fitting the impedance data to an equivalent 
circuit for p-type Si in LCP BHF containing 40 ppm OHS* sur&ctant 

Parameters no Cu^^ 100 ppb Cu^ 

Chi-sqrd (xlO^) 2.0 3.0 

Ro (n.cm^) 62 28 

Ra (kn.cm^) 20.5 28.5 

Cct (nF/cm^) 5.25 2.24 

R«: (kn.cm^) 374 109 

Ctc (nF/cm^) 1.14 5.80 

R<u (kn.cm^) 291 — 

Cdi (jiF/cm^) 8.4 — 

RL(kn.cm^) — 116 

L(kH-cm^) — 897 

Rp (kn.cm^) 665 56.2 

8.2 EFFECT OF FLUOROCARBON SURFACTANTS 

Fluorocarbon surfactants are unique because of their stability and superior surface 

activity. They are characterized by a stable fluorocarbon 'tail' in combination with a 

solubilizing component. Two kinds of fluorocarbon surfactants were studied. Fluowet 

PL-80 was purchased from Hoechst Celanese Co. It is an ammoniacal fluorinated 

compound, used as a defoamer when other surfactants are used. FC 93® is a type of 

anionic fluorocarbon surfactant provided by 3M Co. It has a fluorocarbon chains 

(CnFjn+i) with sulfonate head group (SOs"). FC 93* is widely used in the microelectronic 
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industry as an etching bath additive that reduces surface tension and improves the 

wettability of the silicon sur&ce. Here, the effect of fluorocaibon sur&ctants on the Cu 

deposition and silicon corrosion in HF and BHF were studied. 

Fig. 8.2.1 shows the polarization curves of p(100) Si in 5:1 HF (Fig. 8.2.1a) and 

LCP BHF (Fig. 8.2.1b) containing 100 ppb Cu^* in the presence and absence of200 ppm 

Fluowet surfactant. It can be seen from Fig. 8.2.1 that Ecoir of silicon in DHF decreased 

from O.lOV without surfactant to -0.02 V with 200 ppm surfactant. In BHF, Eco«r 

increased from -0.24 V to -0.1 V. Both in HF and BHF, the corrosion current density 

decreased from around 10 |iA/cm^ to less than l^iA/cm^. Although the magnitude of 

changes in icorr was not as large as the one caused by OHS surfactant, it appears that 

Fluowet surfactant is also effective in inhibiting silicon corrosion and copper deposition. 

Fig. 8.2.2a shows the polarization curves of p(lOO) silicon in 50:1 HF containing 

100 ppb Cu^* in the abesence and presence of 200 ppm FC 93* surfactant. It appears that 

FC 93* affects the polarization behaviors of silicon the same way as Fluowet, i.e., both 

Ecot and icoiT decreased with the addition of surfactant. In order to find out the effect of 

FC 93* on the copper deposition on the silicon surface, EIS spectra were taken. Fig. 

8.2.2b shows the Nyquist plots of p(lOO) silicon in 5:1 HF containing 100 ppb Cu^" in the 

presence and absence of 200 ppm FC 93*. It was found that the addition of 200 ppm 

surfactant increased the polarization resistance of silicon in HF from a few kH.cm^ to 

more than 20 kQ.cm^. The magnitudes of changes in iow and Rp upon the addition of FC 

93* are not as significant as those caused by the addition of OHS* surfactant. 
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It is also shown from Fig. 8.2.2b that the inductive loop at the low frequency ends 

of the Nyquist plot is still present when 200 ppm FC 93** was added. As presented in Fig. 

8.1.6, addition of 10 ppm OHS** surfactant completely depressed the inductive loop. 

TXRF measurements showed that the same amount of Cu deposition occured whether 

there was FC 93* surfactant in the solution or not. It is quite intriguing that FC 93* 

surfactant can improve surface wettability and decrease silicon etching rate, but has no 

effect on copper deposition. Due to the lack of adsorption data for FC 93*, the reasons 

for its ineffectiveness in preventing copper deposition can only be speculated. When 

anionic surfactant molecules adsorb on the silicon surface through their perfluoroalkyl 

chains, the anionic head groups that point away from the silicon surface might interact 

with Cu^* cations in the solution and form complexes. Fig. 8.2.3 schematically illustrates 

the possible interaction between anionic surfactant molecules and copper ions. The other 

possibility is the small size of the hydrophilic head groups of fluorocarbon surfactants 

compared to the bulky polyglycidol head groups of OHS. The surface coverage of 

fluorocarbon surfactant molecules may not be as efficient as that of OHS surfactant. 

More studies are needed on the adsorption behaviors of these kinds of surfactants before 

any conclusions can be made. 
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8^ ADDITION OF HCL IN DHF 

Studies have shown that the addition of small amounts (0.1-10%) of hydrochloric 

add (HCl) to copper spiked hydrofluoric add (HF) solutions can reduce copper 

deposition onto silicon and suppress roughening of the silicon suriace [8.5-7]. Even 

though it has been stated that the addition of HCl to HF may suppress the copper 

deposition by 'increasing the redox potential of solutions'[8.6] or through 'the formation 

of soluble higher cuprous chloride complexes'[8.7], the mechanism by which HCl inhibits 

copper contamination is yet to be established. 

The potential-pH diagram for the CU-F-CI-H2O system is shown in Fig. 8.3.1 for 

different concentrations of chloride ions in a 50:1 HF solution containing 10"' M copper 

(~10 ppb). It may be noted from this diagram that the addition of 1% HCl to copper 

spiked HF solution can result in the fomiation of anionic Cu(+I)-chloride complex in the 

solution in the potential range of approximately -0.15 to 0.4 V. The HF/1% HCl solution 

is characterized by a pH of less than 1 and a redox potential of ca. 0.8V. Under these 

conditions, the added copper should be in the form of Cu^" ions. However, the measured 

corrosion potential of silicon of -40 mV in the solution indicates that the cupric ion 

reduction to cuprous-chloride complex is thermodynamically (Equation 8.3.1) favorable 

when silicon is contaaed with copper containing the HF/HCl solution. As a result, 

copper will remain in the solution as CUCI2' anions instead of plating out on the silicon 

surface as metallic copper. Additionally, due to the higher reduction potential of H'/H2 

reaction than the CuClz'/Cu reaction^ hydrogen reduction (Equation 8.3.2) rather than 
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CuCV reduction to Cu (Equation 8.3.3) is thermodynamically favorable at pH values less 

than 1. This will reduce the amount of copper contamination on the silicon sur&ce. 

Cu^" + 2Cr + e ^ CuClz' E", = 0.457 V [8.3.1] 

2jr + 2e->H2 E° = OV [8.3.2] 

CuCl2* + e->Cu+2Cr £"2 = 0.244 V [8.3.3] 

Figure 8.3.2 is the potential-pH diagram for the CU-F-CI-H2O system at a higher 

chloride concentration. At a chloride concentration above IM (-3%), copper ions will 

complex with excess chloride ions and remain as a stable species in the HF/HCl solution. 

The stability regions for soluble copper species further expands at this higher chloride 

concentration. 

Electrochemical polarization experiments were carried out to study the corrosion 

behavior of silicon in 50:1 HE containing 10 ppb Cu^* with and without addition of 1% 

HCl. The polarization curves of p(lOO) silicon in HP and HF/1% HCl mixed solutions are 

shown in Fig. 8.3.3. It may be seen that the addition of HCl significantiy changes the 

polarization behavior of silicon in HF solutions. The corrosion potential of silicon 

increased from ~0 V (SHE) with no HCl addition to ~0.04V (SHE) with Iwt% HCl. The 

value of icon- decreased from ~2|iA/cm^ in the absence of HCl to ~0.I nA/cm^ in the 

presence of 1% HCl. The cathodic reaction changed from a typical mass transfer limited 

behavior in HF to a typical charge transfer limited behavior in 1% HCl/HF solution. 

Figure 8.3.4 presents the Nyquist plots of the electrochemical impedance data 

obtained for p(IOO) silicon in the HF and HF/HCl solutions containing 10 ppb Cu '̂. An 
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inductive loop is observed in the impedance spectrum for silicon in the HF solution but it 

is absent in the spectrum obtained in the HF/HCl sohition. Polarization resistance (R,,) 

values were calculated by fitting the impedance data to appropriate equivalent circuits. 

The Rp value of ~20 kn.cm^ in HF increased approximately sbcfold to ~ 120 kQ.cm^ in 

HF/HCl solutions, indicating that charge transfer reactions on the silicon sur&ce are 

rendered kinetically unfavorable by the addition of HCl to HF. 

The inhibitive effect of HCl addition was also characterized by TXRF analysis of 

silicon samples immersed for 30 minutes in HF and HF/HCl solutions spiked with 10 ppb 

of Cu^*. The extent of copper deposition decreased from 6.6x10'̂  atoms/cm^ in HF to 

3.4xl0" atoms/cm^ in HF/HCl (1%) solution. 

Table 8.3.1 Effects of HCl addition on the copper deposition on p(lOO) 
silicon in 50:1 HF solutions containing 10 ppb Cu^*. 

HCl Cone. 0 1% 

icon(^A/cm^) 2 0.1 
Rp (kn.cm^) 20 120 
Cu Deposition (atoms/cm^) 6.6x10'̂  3.4x10" 

It is evident that by the addition of 1% HCl to 50:1 HF solution, the corrosion 

current density of silicon decreases by twenty times, the polarization resistance increases 

by sixfold, and the amount of copper deposition decreases by twenty times. 
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Figure 8.3.3; Polarization curves of p(lOO) silicon in 50:1 HF containing 
10 ppb Cu^"^ with and without addition of 1% HCI. 
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Chapter 9 

CONCLUSIONS 

The following conclusions can be made from this study: 

1. Illumination has a very significant effect on the Cu deposition and silicon etching in 

HF and BHF solutions. Both polarization and EIS studies have shown that illumination 

enhances the Cu deposition and silicon corrosion of p-type substrates in dilute and 

buffered HF solutions. Illuniination enhances the corrosion rate of n-type silicon in dilute 

HF, but has no effect in buffered HF. These results indicate that HF processing of silicon in 

the absence of illumination may actually reduce copper contamination levels. 

2. In DHF solutions, some parameters such as corrosion potential and polarization 

resistance are closely related to the copper contamination level in the solution. The high 

sensitivity of the impedance technique to ppb levels of copper contaminant could be usefiJ in 

the developmem of an electrochemical sensor for in-situ monitoring of copper impurities in HF 

solutions. 

3. In BHF solutions, the silicon corrosion rate as determined by electrochemical methods 

did not change, but the amount of deposited copper increased with Cu '̂ ion concentration 

in buffered HF. For both DHF and BHF, the portion of the current attributable to Cu 

deposition is less than 1% of the total cathodic current. This indicates that hydrogen gas 

evolution is the dominant cathodic reaction in the presence of small amounts of Cu'" in 

buffered HF. 



209 

4. Hydrogen ion reduction on silicon immersed in HF is greatly accelerated by the 

presence of Cu on the silicon surface. The copper deposition in HF is characterized by 

the appearance of an inductive impedance in EIS plots. 

5. Trace amounts of copper ions in buffered hydrofluoric acid solutions can cause not 

only metallic contamination but also very severe surface roughness generation. Silicon 

etching in buffered hydrofluoric acid was anisotropic according to TEM studies. Cu 

deposits on silicon surface act as masks during silicon anisotropic etching. A local 

etching rate as high as 1.0 nm/min was obtained. 

6. The addition of small amounts of OHS nonionic surfactant was shown to inhibit both 

copper deposition and silicon corrosion in DHF and BHF solutions. This is due to the 

effective adsorption of surfectant molecules on the silicon surface. An orgaiuc film is formed 

on the silicon surface and effectively blocks the charge transfer across the silicon/solution 

interface. 

7. Fluorocaibon surfactants show some effects in reducing the corrosion rate of silicon in HF 

solutions but have no effect on copper deposition. The ineffectiveness of fluorocarbon 

surfactant in preventing copper deposition might be caused by the interactions of copper ions 

with anionic head groups of surfactant molecules adsorbed on the silicon surface. 

8. The addition of HCl significantly depressed Cu deposition in HF solutions. This might be 

caused by the interactions of Cu(I, II) ions with chloride ions to form copper-chloride 

complexes. 
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APPENDICES 

Appendix 1 Metal and ionic Impurity Levels in 49% BiF 
(OLIN Microelectronic V^erials) 

Code Date Units 

CHLORIDE <0.4 PPM 
FLUOSILICIC ACID <30 PPM 
HEAVY METALS (PB) <0.02 PPM 
NITRATE AS N03 <0.5 PPM 
PHOSPHATE <0.1 PPM 
SULFATE <0.4 PPM 
ALUMINUM 2.0 PPB 
ARSENIC <L0 PPB 
ANTIMONY <L0 PPB 
BORON <1.0 PPB 
BARIUM <1.0 PPB 
BERYLIUM <1.0 PPB 
BISMUTH <1.0 PPB 
CALCIUM 5.0 PPB 
CADMIUM <1.0 PPB 
COBALT <1.0 PPB 
CHROMIUM <1.0 PPB 
COPPER <1.0 PPB 
GOLD <1.0 PPB 
GALLIUM <1.0 PPB 
GERMANIUM <1.0 PPB 
IRON 5.0 PPB 
LITHIUM <1.0 PPB 
LEAD <1.0 PPB 
MAGNESIUM 1.0 PPB 
MANGNESE 2.0 PPB 
MOLYBDENUM <1.0 PPB 
NIOBIUM <1.0 PPB 
NICKEL <1.0 PPB 
POTASSIUM 3.0 PPB 
SILVER <1.0 PPB 
SODIUM 3.0 PPB 
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SIUCON <3000 PPB 
STRONTIUM <1.0 PPB 
TIN <1.0 PPB 
TANTALUM <1.0 PPB 
TITANIUM <1.0 PPB 
THALLIUM <1.0 PPB 
VANADIUM <1.0 PPB 
ZINC 3.0 PPB 
ZIRCONIUM <1.0 PPB 



Appendix 2 Metal and ionic Xmpority Leveb in LCP BHF 
(OLIN Microelectronic Materials) 

Code Date Units 

CHLORIDE <L0 PPM 
NITRATE AS N03 <L0 PPM 
PHOSPHATE <1.0 PPM 
SULFATE <L0 PPM 
ALUMINUM 0.7 PPB 
ARSENICA ANTIMONY <L0 PPB 
BORON <L0 PPB 
BARIUM <L0 PPB 
BERYLIUM <0.2 PPB 
BISMUTH <0.2 PPB 
CALCIUM 0.6 PPB 
CADMIUM <0.5 PPB 
COBALT <0.5 PPB 
CHROMIUM <0.5 PPB 
COPPER <0.5 PPB 
GOLD <0.5 PPB 
GALLIUM <0.2 PPB 
GERMANIUM <0.5 PPB 
IRON 2.0 PPB 
LITHILM <0.5 PPB 
LEAD <0.5 PPB 
MAGNESIUM <0.5 PPB 
MANGNESE <0.5 PPB 
MOLYBDENUM <0.5 PPB 
NIOBIUM <0.2 PPB 
NICKEL <1.0 PPB 
POTASSIUM <0.5 PPB 
SILVER <0.5 PPB 
SODIUM 1.3 PPB 
STRONTIUM <0.2 PPB 
TIN <0.5 PPB 
TANTALUM <0.2 PPB 
TTTANIUM <1.0 PPB 
THALLIUM <0.2 PPB 
VANADIUM <0.2 PPB 
ZINC <0.5 PPB 
ZIRCONIUM <0.2 PPB 



213 

Chapter 11 

REFERENCES 

Chapter 1 

1.1. K. Graff^ Metal Impurities in Silicon-Device Fabrication, Springer, 1993. 

1.2. W. Murray and B. V. Goseie, Ed., Defects in Silicon (II), ECS Proc., 91-9, 1991. 

1.3. R. Takizawa, T. Nakanishi, and A. Ohsawa, J. AppL Phys. 62, 4933, 1987. 

1.4. P. S. P. Lin, R. B. Marcus, and T. T. Sheng, J. Electrochem. Sac., 130, 1878, 1987. 

1.5. L. Zhang and F. Shimura, AppL Phys. Lett., 61, 1078, 1992. 

1.6. The National Technology Roadmap for Semiconductors, Semiconductor Industry 
Ass'n, San Jose, 68, 1997. 

1.7. R. Blumenthai, G. Jansen, Ed., Advanced Metallization For ULSI Applications, 
MRS Proc., -Austin, October 1994. 

1.8. S. P. Muraka. S. W. Hymes, Crit. Rev. in Solid State and Mat. ScL, 20, 87, 1995. 

1.9. P. Singer, Semicondttctor International, November, 67, 1997. 

1.10. C. K. Hu and J. M. E. Harper, Mat. Chem. and Phys., 52, 5, 1998. 

1.11. A. Mesli, T. Heiser, H. Mulheim, A/ar. Sci. and Eng., B25, 141, 1994. 

1.12. G. Murch, S. Nowick, Ed., Division in Crystalline Solids, Academic Press, 
Orlando, 1984. 

1.13. W. Kem and D. Puotinen, RCA Rev., 31, 187, 1970. 

1.14. W. Kem, J. Electrochem. Soc., 137, 1887. 1990. 

1.15. G. S. Higashi, E. A Irene and T. Ohmi, Ed., Surface Chemical Cleaning and 
Passivation for Semiconductor Processing,}^RS%yTa:f>.^xoc.'5\S^ Pittsburgh, 1993. 

1.16. L. Torcheux, A Mayeux, and M. Chemla, J. Electrochem. Soc., 142. 2037, 1995. 



214 

1.17. K. K. Yoneshige, K G. Parks, S. Raghavan, J. B. NQskey, and P. J. Resnick; J. 
Electrochem. Soc., 142,671, 1995. 

1.18. 0. M R. Chyan, J. Chen, H. Y. Chien, J. Sees, and L. Hall, J. Electrochem. Soc., 
143, 92, 1996. 

Chapter 2 

2.1. M Tamura, S. Isomae, T. Ando, K. Oltyu, It Yamagishi and A. Hashimoto, Defects in 
silicon(n), Ed. W. M Bullis, U. Gosele, F. Shinmra, ECS Proc. 91-9, 3,1991. 

2.2. M. I. Current and L. A. Larson, MRS Proc., 147,365,1989. 

2.3. Y. Kawamoto and T. Kure, Electrochem. Soc. Ext Abs., 83-1,276, 1983. 

2.4. W. Kem and D. Puotinen, RCA Rev., 31, 187, 1970. 

2.5. W. Kem, J. Electrochem. Soc., 137, 1887, 1990. 

2.6. S. Veiiiaverbeke, J. Parker, C. McConnel, ECS Proc., 95-20,39, 1996. 

2.7. T. Dhayagude, W. Chen, M Shenasa, D. Nelms and M. Olesen, MRS Symp. Proc., All, 
217, 1997. 

2.8. M Meuris and M. Heyns, The IMEC clean Concept, in Proc. Of InL Symp. UCPSS, 
Bruges, Belgium, 1994. 

2.9. T. Ohmi, J. Electrochem. Soc., 143, 2957, 1996. 

2.10. E. Hogfeldt, ed.. Stability Constants of Metal-Ion Complexes, Part A, Inorganic 
ligands, lUPAC Chemical Data Series, No. 21, Pergamon Press, Oxford, 1982. 

2.11. L. J. Warren, Anal. Chim. Acta, 53, 199, 1971. 

2.12. Olin Chemical Product Specification, Olin Microelectronic Materials, Chandler, Arizona. 

2.13. S. M. Hu and D. R. Kerr, J. Electrochem. Soc., 114,414, 1967. 

2.14. G. S. Highashi, Y. J. Chabal, In Handbook of SemicotKhictor Cleaning Technology, W. 
Kem Ed., 1993. 



215 

2.15. E. A. Irene, CRC Critical Reviews in Solid State and Mater. Sci., Ed. J. E. Greene, 14, 
175, 1988. 

2.16. E. Yablonovitch, D. L. Allara, C. C. Chang, T. Gniitter and T. B. Bright, P f ^  R e v .  
Lett, 57,249, 1986. 

2.17. Th. Dittrich, S. Rauscher, Th. Bitzer, M I^our, H. Flietner and H. J. Lewerenz, J. 
Electrochem. Soc., 142, 2411, 1995. 

2.18. B. R. Weinberger, G. G. Peterson, T. C. Eschiish and R A. Krasinski, J. AppL Pf̂ , 
60,3232,1986. 

2.19. F. A. Cotton and G. Wilkenson, Advanced Inorganic Chemistry, 5'*' Ed., 266, John 
Wiley&Sons, NY, 1988. 

2.20. H. Ubara, T. Imura and A. Hiraki, Solid State Comm., 50, 673, 1984. 

2.21. M. Copel, R. J. Culbertson, R. M. Tromp, Appl. Phys. Lett., 65, 31, 1994. 

2.22. V. A. Burrows, Y. J. Chabal, G. S. Higashi, K. Raghavachari and S. B. Christman, 
Appl. Phys. Lett., 53, 998, 1988. 

2.23. Y. J. Chabal, G. S. Higashi, K. Raghavachari and V. A. Burrows, J. Vac. Sci. 
Technol. A7, 2104, 1988. 

2.24. P. Dumas and Y. Chabal, Chem. Phys. Lett., 181, 537, 1991. 

2.25. M. Grundner and J. Jacob, Appl. Phys., A39, 73, 1986. 

2.26. S. Watanabe, N. Nakayama and T. Ito, Apply Phys.Lett., 59, 1458, 1991. 

2.27. M. Niwano, Y. Takeda, Y. Ishibashi, K. Kurita and N. Miyamoto, J. Appl. Phys., 
71, 5646, 1992. 

2.28. J. Rappich and H. J. Lewerenz, J. Electrochem. Soc., 142, 1233, 1995. 

2.29. G. S. Higashi, Y. J. Chabal, G. W. Trucks and K. Raghavachari, Appl. Phys. Lett., 
56, 656,1990. 

2.30. K. Raghavachari, G. S. Highashi, Y. J. Chabal, and G. W. Trucks, Mat. Res. Soc. 
Symp. Proc. 315, 437, 1993. 



216 

2.31. G. Mende, J. Finster, D. Flanun and D. Schulze, Surface Science, 128, 169, 1983. 

2.32. D. Graf^ M. Gnindner, R. Schuiz, and L. Muhlhofi^ J. Appi Phys., 68, 5155, 1990. 

2.33. J. Westermann, H. Nlenhaus, W. Monch, Surface Science, 311, 101, 1994. 

2.34. M. R. Houston, R. Mabondian, J. Appl .Phys., 78, 3801, 1995. 

2.35. F. J. Gninthaner and P. J. Gninthaner, Mater. Sci. Rep., 1, 69, 1987. 

2.36. F. Perez-Murano, N. Bamiol and X. Aymerich, J. Vac. Sci. Technol,. Bll, 651, 
1993. 

2.37. The National Technology Roadmap for Semiconductors, Semiconductor Industry 
Ass'n, San Jose, 1997. 

2.38. R. S. Muller, T. I. Kamins, Device Electronics For Integrated Circints, 2™*. Ed., 
John Wiley&Sons, 1986. 

2.39. P. W. Mertens, M. Meuris, S. Verhaverbeke, M. M. Hynes, A. Schnegg, D. Graf 
and A. Philipossian, Proceedings hist. Of Environmental Sciences, 475, 1992. 

2.40. K Graff, Metal Impurities in Silicon-Device Fabrication, Springer, 1991. 

2.41. H. G. Parks, R. D. Schrimpt, B. Craigin, R. Jones and P. Resnick, IEEE 
Transactions on Semiconductor Manufacturing, 1, 249, 1994. 

2.42. L. Zhong and F. Shimura, Appl. Phys. Lett,. 61, 1078, 1992. 

2.43. M. Itsumi, Appl Phys. Lett., 63, 1095, 1993. 

2.44. A Hangleiter, Physical Review, B35, 9149, 1987. 

2.45. M. L. Polignano, F. Cazzaniga, A. Sabbadini, G. Queirolo, A. Cacciato and A. Di 
Bzixolo, Materials Science atidEngineering, B42, 157, 1996. 

2.46. K. Wunstel and P. Wagner, Appl. Phys., All, 207, 1982. 

2.47. M. Miyazaki, M. Sano, S. Sumita and N. Fujino, Jap. J. Appl. Phys., B30, L295, 
1991. 



217 

2.48. A- L. P. Rotondara, T. Q. Hurd, A. Kaniava, J. Vanhellemont, E. Simoen, M M 
Heyns, C. Claeys and G. Brown, J. Electrochem. Soc., 143, 3014, 1996. 

2.49. L. Zhong and F. Shimura, Jiap. J. Appl. Phys. Lett., 32(8b), LI 113, 1993. 

2.50. A Mesli, T. Heiser, R Mulheim, Materials Science and Engineering, B25, 141, 
1994. 

2.51. W. Bergholz, G. Zoth, F. Gelsdorf and B. Kolbesen, m Defects in Silicon II, Ed. W. 
Murray and B. V. Gosele, ECS Proc., 91-9, 21, 1991. 

2.52. P. S. D. Lin, R. B. Marcus and T. T. Sheng, J. Electrochem. Soc., 130, 1878, 1983. 

2.53. K. Hiramoto, M. Sano, S. Sadamitsu and N. Fujino, Jiap. J. Appl. Phys., 28, L2109, 
1989. 

2.54. H. Wendt, H. Cerva, V. Lehmaim and W. Palmer, J. Appl. Phys., 65, 2402, 1989. 

2.55. K. Honda and T. Nahanishi, J. Appl. Phys., 75, 7394, 1994. 

2.56. K. Hiramoto, M. Sano, S. Sadamintsu and N. Fujino, Jap. J. Appl. Phys., 28, 
L2109, 1989. 

2.57. M. Hourai, K. Murakami, T. Shigematsu, N. Fujino and T. Shiraiwa, Jap. J. Appl. 
Phys., 30, 2413, 1989. 

2.58. M. Tamura, S. Isomae, T. Ando, K. Ohyu, H. Yamagishi, A Hashimoto, in Defects 
in Silicon II, Ed. W. Murray and B. V. Gosele, ECS Proc., 91-9, 3, 1991. 

2.59. J. D. McBrayer, R. M. Swanson and T. W. Sigmon, J. Electrochem. Soc., 133, 
1243, 1986. 

2.60. P. O. Hahn and M. Henzler, J. Vac. Sci. Technol., A2, 574, 1984. 

2.61. T. Ohmi, M. Miyashita, M. Itama, T. Imaoka, I. Kawannbe, IEEE Transactions on 
Electron Devices, 39, 537, 1992. 

2.62. M. Miyamoto, N. Kita, S. Ishida, T. Tatsuno. J. Electrochem. Soc., 141, 2899, 
1994. 

2.63. K. K. Yoneshige, H. G. Parks, S. Raghavan, J. B. Hiskey, and P. J. Resnick, J. 
Electrochem. Soc., 142, 671, 1995. 



218 

2.64. R. F. Pierret, Advanced Semiconductor Ftmdamentals, Addison-Wesley, 1989. 

2.65. S. BL Morrison, Electrochemistry at Semiconductor and Oxidized Metal Electrode, 
Plenum Press, NY, 1980. 

2.66. D. R. Crow, Electrochemistry, 4"* Ed. Chapman&Hall, 1994. 

2.67. R E. White, B. E. Conway and J. O'M Bockris, Modem Aspects of Electro
chemistry, No.30, Plenum Press, NY, 1996. 

2.68. H. Foil, AppL Phys., A53, 8, 1991. 

2.69. H. Gerischer, P. Allongue and V. Costa Kieling, Ber. Bunsenges Phys. Chem., 97, 
753, 1993. 

2.70. C. A. Koval and J. N. Howard, Chem. Rev., 411-433, 92, 1992. 

2.71. R Williams, J. Vac. Sci. Technol, 13, 12, 1976. 

2-72. H. Gerischer, Electrochim. Acta, 35, 1677, 1990. 

2.73. H. Gerischer, in Photoelectrochemistry, Photocatalysis and Photoreactors, 
Fundamentals and Development, Ed. M. Schiavello, 39, D. Revdel Pub. Co., 1984. 

2.74. EG&G Princeton Applied Reaserch, Application Notes. 

2.75. A J. Bard and L. R. Faulkner. Electrochemical Methods, Futvdametuals and 
Applications, John Wiley & Sons, 1980. 

2.76. J. R. MacDonald, Impedance Spectroscopy, Emphasizing Solid Materials and Systems, 
John Wiley & Sons, Inc., 1987. 

Chapter 3 

3.1. W. Kem, RCA Review, 234, 1970. 

3.2. T. Ohmi, T. Imaoka, I. Sugiyama and T. Kezuka. J. Electrochem. Sac., 139, 3317, 1992. 

3.3. 0. J. Anttila, M. V. Tilli, M Schaekers and C. L. Claeys, J. Electrochem. Soc., 139, 
1180, 1992. 



219 

3.4. L. Mouche, F. Tardiff and J. Derrien, J. Electrochem. Soc., 142,2395,1995 

3.5. K Morinaga, M. Suyama, M Nose, S. Verhaverbdce and T. Ohini, lEICE Trans. 
Electron., E79-C, 343, 1996. 

3.6. E. Hsu, H. G. Parks, R. Craigin, S. Tomooka, J. S. Ramberg and R. K. Lowiy, J. 
Electrochem. See., 139,3659, 1992. 

3.7. K. K. Yoneshige, R G. Parks, S. Raghavan, J. B. Hiskey, and P. J. Resnick, J. 
Electrochem. Soc., 142, 671, 1995. 

3.8. O. M. R. Chyan, J. Chen, H. Y. Chien, J. Sees, and L. Hall, J. Electrochem. Sac., 
143, 92, 1996. 

3.9. L. Torcheux, A. Mayeux, and M. Chemla, J. Electrochem. Soc., 142, 2037, 1995. 

3.10. I. Teerlinck, P. W. Mertens, H. F. Schmidt, M. Meuris and M .M Heyns, J. 
Electrochem. Soc., 143, 3323, 1996. 

3.11. R Memming and G. Schwandt, Surf. Sci., 4, 109, 1966. 

3.12. A. J. Bard, Encyclopedia of Electrochemistry of the Elements, 5, 292, Marcel Dekker, 
NY, 1976. 

3.13. R Foil, AppL Phys., A53, 8, 1991. 

3.14. R Gerischer, P. AUongue and V.C. Kieling, Ber BimsengesPhys. Chem., 97, 753, 1993. 

3.15. J. S. Jeon, S. Raghavan, H. G. Parks, J. K. LoweU, and I. Ali, J. Electrochem. Soc., 143, 
2870, 1996. 

3.16. V. Bertagna, F. Rouelle, G. Revel and M. Chemla, J. Electrochem. Soc., 144, 4175, 
1997. 

3.17. J. R. MacDonald, Impedance Spectroscopy, Emphasizing Solid Materials caid Systems, 
John Wiley & Sons, Inc., 1987. 

3.18. P. C. Searson and X. G. Zhang, J. Electrochem. Soc., 137, 2539, 1990. 

3.19. P. C. Searson and X. G. Zhang, Electrochimica. Acta., 36(3/4), 499, 1991. 

3.20. D. Vanmaekelbergh and P. C. Searson, J. Electrochem. Soc., 141, 697, 1994. 



220 

3.21. M. Cachet, M. Froment, E. Souteyrand and C. E>enning, J. Electrochem. Soc., 139, 
2920, 1992. 

3.22. H. Morinaga, M Suyama and T. Ohnii, J. Electrochem. Soc., 141,2834, 1994. 

3.23. M. Miyamoto, N. Kita, S. Ishida, T. Tatsuno, J. Electrochem. Soc., Vol. 141, 
2899, 1994. 

3.24. D. Myers, Surfactant Science and Technology, 2"^ Ed., VCH, 1992. 

3.25. R. Sharma, Surfactant Adsorption and Surface Solubilization, ACS Symp. Series 
615, America Chemical Society, Washington D. C., 1995. 

3.26. Th. F. Tadros, Surfactants, Academic Press, 1983. 

3.27. H. Kikugama, N. Mild, 9'* ICCCSproceedings. Institute of Enviromental Science, 
378, 1988. 

3.28. H. Kikuyama, N. Mild, T. Ohmi, Proceedings Institute of Enviromental Science, 
332, 1990. 

3.29. H. Kikyyuama, N. Miki, K. Saka, J. Takano, I. Kawanabe, M. Miyashita, T. Ohmi, 
IEEE Transactions on Semiconductor Manufacturing, 4,26, 1991. 

3.30. H. Kikuyauma, N. Miki, K. Saka, J. Takano, I. Kawanabe, M. Miyashita, T. Ohmi, 
IEEE Transaction on Semiconductor Manufacturing, 3, 99, 1990. 

3.31. J. S. Jeon, S. Raghavan, J. P. Carrejo, J. Electrochem. Soc., 143, 277, 1996. 

3.32. J. S. Jeon, S. Raghavan, R.P. Sperline, J. Electrochem. Soc., 142, 621, 1995. 

3.33. M. Miyamoto, N. Kita, S. Ishida, T. Tatsuno, J. Electrochem. Soc., 141, 2899, 
1994. 

3.34. M. Kovach, The Modidation of the Wettability of Silicon by Hydrofluoric Acid Based 
Chemicals Through the Use of a Non-ionic SurfactarU, M.S. Thesis, The University of 
Arizona, Tucson, 1996. 

3.35. F. Derouin, H. Aomi and T. Ohmi, Proc. Inst. Envir. Sci., 460, 1993. 

3.36. B. C. Chung, G. A. Marshall. C. W. Pearce and K. P. Yanders, J. Electrochem. 
Sac., 144, 652, 1997. 



221 

3.37. H. Morinaga, M. Suyama, M. Nose, S. Vethavetbek® and T. OfamL, [EJCE Trans. 
Electron., E79-C, 343,1996. 

3.38. L Teeriinck, P. W. Mertens, R. Vos, M. Meuris and M. M. Free. 2'̂  Int. Symp. 
UCPSS, 21, Leuven, Belgium, 1996. 

Chapter 4 

4.1. B. A. Boukamp, Solid State Ionics, 62(1), 131, 1993. 

Chapter S 

5.1. E. Hogfeldt, Ed., Stability Constants of Metal-Ion Complexes, Part A, Inorganic ligands, 
lUPAC Chemical Data Series, No. 21, Pergamon Press, Oxford, 1982. 

5.2. A. J. Bard, P. Parsons and J. Jordan, Standard Potentials in Aqueous Solutions, lUPAC, 
Marcel Dekker Inc., NY, 1985. 

5.3. R. Memming and G. Schwandt, Siiif. Sci., 4, 109, 1966. 

Chapter 6 

6.1. J. S. Jeon, S. Raghavan, H. G. Parks, J. K. LoweU, and I. All, J. Electrochem. Soc., 143, 
2870,1996. 

6.2. L. Torcheux, A. Mayeux, and M. Chemla, J. Electrochem. Soc., 142, 2037, 1995. 

6.3. Y. Maeda, The Behavior of Impirities during Copper Electrodeposition, MS Thesis, The 
University of Arizona, Tucson, 1991. 

6.4. S..R. Morrison, Electrochemistry at Semiconductor and Oxidized Metal Electrode, 
Plenum Press, NY, 1980. 

6.5. F. Pierret, Advanced Semiconductor Fundamentals, Addison-Wesley, 1989. 

6.6. A. J. Bard and L. R. Faulkner. Electrochemical Methods, Fundamentals and 
Applications, John Wiley & Sons, 1980. 



222 

6.7. J. R. MacDonald, Impedance Spectroscopy, Emphasaang Solid Materkds and Systems, 
John Wiley & Sons, Inc., 1987. 

6.8. P. J. Boddy, J. ElectroanaL Chem., 10, 199,1965. 

6.9. A. K. Vijh, Electrochemistry of Metals and Semiconductors, Marcel Dekker Inc., New 
York, 33, 1973. 

6.10. J. N. Chazalviel, J. Electrochim. Acta, 35(10), 1545, 1990. 

6.11.1. Epelboin, C. Gabrielli and M. Keddam, Comprehensive Treatise of Electro
chemistry, Ed. E. Yeager, J. O'M Bockris, B. E. Conway and S. Sarangapani, 9, 
83, 1984. 

6.12. J. N. Chazalviel, Surface Science, 88, 204, 1979. 

6.13. M. J. Madou, B. H. Loo, K. W. Frese and S. R_ Morrison, Surface Science, 109, 
13, 1981. 

6.14. P. de Mierry, D. Ballutaud, M. .A.ucouturier and E. Etcheberry, J. Electrochem. 
Soc., 137, 2966, 1990. 

6.15. EG&G Princeton Applied Research, Short Course on Electrochemical Impedance 
Spectroscopy, Theory, Application and Laboratory Instrumentation, by S. R. Taylor, J. 
R. Scully, D. A. Johnson, L. L. Scribner, W. J. Eggers, N. J. Evans, V. Bertocer, August 
2-6, 1993. 

6.16. R. Memming and G. Schwandt, Surf. Sci., 4, 109, 1966. 

6.17. C. P. Wu, E. C. Douglas, C. W. Mueller and R. W. Williams, J. Electrochem. Soc., 126, 
1982, 1979. 

6.18. H. Cachet, M. Froment, E. Soute%Tand and C. Denning, J. Electrochem. Soc., 139, 
2920, 1992. 

6.19. D. R. Turner, y. Electrochem. Soc.. 701, 1959. 

Chapter 7 

7.1. M. Miyamoto, N. Kita, S. Ishida, T. Tatsuno, J. Electrochem. Soc., 141, 2899, 
1994. 



223 

7.2. K. K. Yoneshige, H. G. Parks, S. Raghavan, J. B. Hisk^, P. J. Resnick, J. 
Electrochem. Soc., 142, 671, 1995. 

73. O. M. R. Chyan, J. Chen, H. Y. Chien, J. Sees, and L. Hall, J. Electrochem. Soc., 
143, 92, 1996. 

7.4. S. Verhaverbeke, M. Meuris, H. Schmidt, P. Mertens, and M. Heyns, in Proc. 7* Int 
Symp. Cleaning Technology in Semi conductor Decice Mamrfacturing, Ed. J. Ruzyllo and 
R. E. Novak, PV 90-9,165, 1990. 

7.5. V, Bertagna, F. Rouelle and ML Chemla, Z Natutforsch, 52a, 465, 1997. 

7.6. M. Matsumura and H. Fukidome, J. Electrochem. Soc., 143,2683, 1996. 

7.7. K.E. Petersen, Proc. IEEE, 70, 420, 1982.. 

7.8. H. Seidel and L. Csepregi, Sensors and Actuators, 4,455, 1983. 

7.9. P. Rai-Choudhuiy, Ed., Micromachining and Microfabricatton, SI, SPIE Optical 
Engineering Press, Bellingham, Washington, 1997. 

7.10. K. Raghavachari, G. S. Highashi, Y. J. Chabal, and G. W. Trucks, Mat. Res. Soc. 
Symp. Proc. 315, 437, 1993. 

7.11. G. S. Higashi, Y. J. ChabaL, G. W. Trucks and K. Raghavachari, Appl. Phys. Lett., 
56, 656, 1990. 

7.12. M. Niwano, Y. Takeda, Y. Ishibashi, K. Kurita and N. Miyamoto, J. Appl. Phys., 
71, 5646, 1992. 

Chapter 8 

8.1. J.S. Jeon, S. Raghavan. R. P. Sperline, J. Electrochem. Soc., 142, 621, 1995. 

8.2. M. Kovach, The Modulation of the Wettability of Silicon by Hydrofluoric Acid Based 
Chemicals Through the Use of a Non-ionic Surfactant, M.S. Thesis, The University of 
Arizona, Tucson, 1996. 

8.3. J. S. Jeon, S. Raghavan. H. G. Parks, J. K. Lowell, and I. Ali, J. Electrochem. Soc., 143, 
2870. 1996. 



224 

8.4. M Saakes, P. J. Van Duin, A. C. P. Ligtiivet; and D. Scfamal, J. Power Sources, 47,129, 
1993. 

8.5. L Teeriinck, P. W. Mertens, R. Vos, M. Meuris and M. M H^ns, Proc. 2^ Int. Symp. 
UCPSS, 21, Leuven, Belgium, 1996. 

8.6. H. Morinaga, M. Suyama, M. Nose, S. Veriiavert)dce and T. Ohmi, lEICE Trans. 
Electron., E79-C, 343,1996. 



IMAGE EVALUATION 
TEST TARGET (QA-3) 

150mm 

IIWIGE. Inc 
1653 East Main Street 
Rochester. NY 14609 USA 
Phone: 716/482-0300 
Fax: 716^88-5989 

01993. Applied Image. Inc.. AO Rights Reseived 


