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As the miniaturization keeps decreasing in 

semiconductor device fabrication, metal contamination on 

silicon surfaces becomes critical. An investigation of the 

fundamental mechanism of metal contamination process on 

silicon surface is therefore important. Kinetics and 

thermodynamics of the copper out-plating process on silicon 

surfaces in diluted HF solutions are both evaluated by 

several analytical methods. It is found that copper out-

plating rate is limited by the diffusion of the Cu2+ ions in 

HF solutions. The redox reaction on silicon surface is 

proved to be thermodynamically favorable by calculating the 

standard potentials of half reactions. Due to the prolonged 

immersion time in HF solutions, large pits are observed 

around the copper nuclei, causing the increase of surface 

roughness. A metal contamination mechanism is proposed based 

on the immersion time by the morphologies of the copper-

deposited silicon surfaces. 
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CHAPTER 1 

INTRODUCTION 

Wafer cleaning technologies have been developed for 

decades. With the advent of the era of very-large-scale 

integration(VLSI) and ultra-large-scale integration(ULSI) 

technologies, the requirement for better device performance 

and reliability becomes more stringent. At the same time, 

as the minimum feature size for semiconductor device 

fabrication keeps decreasing, a decrease in the 

contamination levels for substrate surfaces is required.1 

For example, the minimum feature size for semiconductor 

devices, such as dynamic random access memory (DRAM) , is 

going to be less than 0.25 micron after 1996.2 Based upon 

the rule of thumb, the maximum particle size on the 

substrate surface ought to be less than one tenth of the 

minimum feature size, which will be less than 25 nm. In 

order to achieve this goal, the preparation of ultraclean 

silicon wafer surfaces has been recognized as one of the 

most important and critical factors. Therefore, besides the 

newly developed cleaning technologies in industry, an 

overall understanding of contamination types, sources, and 

mechanisms of the contamination process is essential for 

better contamination control. 

1 
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Recently, HF containing solutions have been receiving 

growing attention. As an echant, HF is excellent for native 

oxide removal and for generating a hydrogen passivated, 

oxide-free silicon surface, which is important in 

semiconductor device fabrication. However, HF-treated 

silicon surface has more chances to be re-contaminated by 

several contaminants, especially metals, due to certain 

active sites on the hydrogenated Si surface. Therefore, the 

concentration of metallic contaminants in HF-containing 

solutions becomes critical in determining the contamination 

levels on the silicon surface. Surface roughness, which can 

cause distortion and mis-orientation of the growing oxide 

layer on silicon surface, is another concern for HF etching. 

A prolonged treating time and an HF concentration within a 

certain range can both result in pit formation on the Si 

surfaces and increase the surface roughness. In order to 

optimize the conditions for HF treatment, the fundamental 

studies of metal impurities deposited on Si wafer surfaces 

become more necessary than before. 

Contamination of metal impurities on Si(100) and 

Si(111) surfaces from HF solutions is one of the major 

problems frequently encountered in the semiconductor device 

fabrication process.3 In modern microelectronic fabrication 

technologies, treatment of HF solutions for Si wafers is a 

critical first step for patterning, etching, and cleaning, 

' such as the process for removing the native oxide, 
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generating a hydrophilic hydrogen-passivated silicon wafer 

surface and preparing the surface condition for next steps 

in the process.4 One of the examples is oxide removal 

before the critical gate oxidation for metal-oxide-

semiconductor (MOS) devices. Despite the advantage of 

passivating silicon surface toward air oxidation, HF 

solutions can also introduce metal contamination easily 

through some of the active sites on the hydrogen-terminated 

layer. These impurities can degrade the device performance 

and affect the function of VLSI and ULSI circuits.5 

Although the increasing improvement for the purities of the 

chemicals, the exclusion of metal contamination from the 

environment, and the fine design of operation procedures can 

minimize most of the metal impurity problems,6 technologies 

of reducing metallic deposition still need to be improved 

according to the updated cleaning requirement. 

The contamination from HF-based solutions is widely 

related to some factors such as hydrogen termination 

configurations due to surface orientation of the Si wafers, 

pH values of the solutions, degree of hydrogen passivation, 

concentration of the impurities in solution, surface active 

sites of H-terminated layer, or chemical states(potentials) 

of the surface and solution. Concerning the formation of 

the hydrogen passivated surface coverage by HF treatment, it 

has been concluded that monohydride coverage is the 

preferred termination type on the Si(111) surface, while 
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dihydride is preferred on the Si (100) surface.7 The pH of 

HF and buffered HF(BHF) solutions can also influence the 

type of hydrogen termination of differently oriented Si 

surfaces.8 The pH increase keeps the monohydride coverage 

and increases the smoothness of the surface for the Si(111) 

surface. On the contrary, for the Si(100) increasing the pH 

from 1 to 5 changes the dihydride coverage to monohydride 

coverage but it also increases the roughness due to the 

formation of the Si(111)-like facets and the production of 

monohydride coverage on those facets. At a further increase 

of pH to 8, the dihydride Si atoms regrow because the 

Si(111)-like facets are mostly etched off. With increasing 

pH, the vertical etch rate is much lower than the lateral 

one, which results in increased surface roughness. Truck et 

al. demonstrated that the theoretical calculation of the 

activation energy for HF molecules to attack the Si atoms 

with double or triple dangling bonds is higher than those 

with only one dangling bond.9 The reaction of the H-

termination is attributed mainly to the insertion of the HF 

molecule into the Si-Si polarized by fluorine termination 

bond. Because of the polarization of the Si-Si back bond 

induced by the terminated fluorine atom, the insertion of an 

HF molecule into the Si-Si back bond leads to fluorination 

of the surface silicon atom and hydrogenation of the second 

layer silicon atom. The increasing F-saturation causes the 

Si to be more positive and subject to further fluorination. 
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Finally, the SiF4 will form and leave the H-terminated 

surface. 

Relatively few defect sites existing in the hydrogen 

layer, like the F or the OH termination, were also proved to 

initiate the metal out-plating process. The ratio of F-

terminated Si atoms to H-terminated ones can be decreased by 

decreasing the pH of HF solutions.9,10 For solution type, HF 

solutions can introduce more deposition than BOE(buffered 

oxide etchant) solutions can. The surface density of Cu has 

a linear relationship with the bath concentration in the ppb 

range.11 

Although all the previous works gave some basic ideas 

of the metal contamination in silicon wafer cleaning 

technologies, the mechanism of contamination process still 

remains ambiguous. Detail topographic studies of metal 

deposited silicon surfaces for better understanding of the 

contamination process are also relatively scarce. To obtain 

a comprehensive investigation of this subject, studies 

initiated from both kinetics and thermodynamics are 

necessary. A principle scheme was therefore proposed as a 

guideline, as shown in Figure 1.1. 

For the kinetic study, evaluation of the Cu out-plating 

rate based on Cu2+ concentration of the HF solution are 

attempted. This provides an useful information in 

understanding the rate-limiting steps for the entire 

deposition process. Deposition due to prolonged immersion 



Figure 1.1 Scheme of studies about metal 
contamination on Si surface 
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time was also carried out to study the etching effect of the 

HF to the Si surfaces. To achieve this goal, qualitative 

and quantitative analysis were made by using several 

techniques. Anodic stripping analysis(ASA) was used to 

quantify the amount of Cu deposits on silicon surfaces. The 

optimization of the experimental condition was also 

investigated, including the deposition time, the scan 

number, and different electrode systems. Inductively 

coupled plasma spectroscopy-mass spectroscopy(ICP-MS) was 

also used to analyze the Cu deposits dissolved from the 

deposited silicon surfaces. Atomic force microscopy(AFM) 

provided morphological information about the deposited 

silicon surfaces, which can reveal the mechanism of the 

contamination process. By using a new program of AFM, the 

volume of Cu deposits on the flat Si surfaces can be 

integrated, which opens a new dimension of quantitative 

analysis by AFM technology. Supplementary data from total 

reflection X-ray fluorescence(TXRF) analysis, which is an 

excellent surface-sensitive technique, were also presented 

for comparison. For the thermodynamic study, standard 

potentials of reactions are calculated to prove whether or 

not the surface reaction is thermodynamically favorable. By 

realizing the electrochemical properties of reactions, 

suppression of metal deposition can be achieved. Moreover, 

the dissolution of Si in an HF solution will be discussed 

based on the observations of AFM images of time-dependent 



pit formation on the contaminated Si surfaces. 



CHAPTER 2 

REVIEW OF SILICON WAFER CLEANING TECHNOLOGIES 

2.1 Type of contaminants2,6 

Contaminants such as molecular films or particles can 

block and mask the desired operation, impair the adhesion of 

deposited films, form deleterious decomposition products 

such as organic residues, and nucleate defects in epitaxial 

films. They are adsorbed by several kinds of adhesive 

forces: surface charges, capillary effects, van der Waals 

forces, topography, and chemical reactions.2 

Ionic contaminants such as alkali metals can be found 

on surface, in the bulk of semiconductor structure, or at 

interface, leading to electrical defects, device 

degradation, and yield loss. They also can cause electrical 

device defects and lower thermally grown oxide breakdown 

voltage. In the growth of epitaxial silicon layers, a high 

concentration of ions can give rise to twinning dislocation, 

stacking faults, and other crystal defects. 

The atomic type of contaminants such as trace metals 

can readily diffuse into crystal lattice or oxide film, 

cause surface conduction, decrease minority carrier 

lifetime, degrade electrical device performance, lower 
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product yield, nucleate crystal defects, or make shorts on 

conductor lines. Because silicon is above hydrogen in the 

electromotive series of elements, heavy metals tend to 

deposit from solutions on its surface by galvanic action, 

especially from HF-containing etchants. 

2.2 Source of contaminants6 

There are several sources of contaminants: equipments, 

environment, and materials. Equipments including the 

machines, liquid containers, gas piping, ion implanter, and 

deposition systems are usually the major source of metal 

particles and ions. Metals can be derived from the machine 

supporting system, lubricants, or metallic tools, and can 

drop onto the wafer surfaces or into the process liquids. 

Unclean liquid containers and gas piping from cleaning steps 

can introduce more contaminants than they eliminate. Ion 

implanters and deposition systems can also easily add more 

ionic contaminants to surfaces. 

The contaminants from environment are mainly organic 

films from human handling and particles from the ambient 

air. Careless handling is mostly common error made by 

humans and can happen at any point in the process. The 

particles from human breathing and unclean ambient air can 

also easily contaminate during operation. However, new 

clean room setups can reduce the particles in the air to 

less than one particle per cubic centimeter. Newly 
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developed machines and tools made of contamination-free 

materials like teflon are also applied to the cleaning 

process. Therefore, the contaminants from the environment 

can be controlled to the minimum. 

The materials used in the process include liquid 

chemicals, etchants, DI water, photoresists, gases and air. 

The purity of chemicals, either liquid or gas, can 

critically affect the quality of the devices. Stringent 

control should be used to minimize contaminants from these 

sources. For different liquid chemicals, there are various 

levels of contamination. Recently, research has shown that 

a few kinds of impurities can be minimized to the ppt(part 

per trillion) range for some kinds of electronic-graded 

liquid chemicals. Most of them are still in the lower 

ppb(part per billion) range, which can be noted as 

"ultrapure." High purity of gases can be obtained by ultra-

filtration, which is relatively easy and effective to remove 

particles. Ultra-pure deionized water is the most commonly 

and regularly used chemical. A dedicate filtration process 

for DI water is necessary to remove the trace metals, 

particles, and ions from the water.12 

2.3 Wafer cleaning technology6 

Wafer cleaning technologies basically can be divided 

into two categories: wet-chemical cleaning and vapor-phase 

cleaning. The purpose of cleaning is that, by using the 
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contamination-free and volatizable chemicals, all types of 

the surface contaminants can be effectively removed from the 

surface without damaging the silicon and silicon oxide. The 

cleaning process also needs to be relatively safe, simple, 

and economical for implementation. Environmental concerns 

such as the disposal of hazardous chemicals should also be 

considered. 

2.3.1 Wet-chemical cleaning 

Wet-chemical cleaning contains a variety of chemicals. 

For aqueous solutions, hydrofluoric acid(HF) solutions, a 

mixture of hydrogen peroxide solutions with acid and base, 

and a sulfuric acid/hydrogen peroxide mixture, which 

produces the H2S05 molucules(Carv's acid) are commonly used. 

HF-containing solutions can remove the native oxide and 

result in a hydrogen-passivated surface. The silicon 

surface wetting characteristics will change from a 

hydrophilic surface to a hydrophobic surface after HF 

treatment. Although HF solutions can desorb certain 

metallic impurities from the surface, they also tend to 

contaminate silicon with other heavy metals, such as iron, 

nickel, copper, etc.. The hydrogenated surface is very 

sensitive to the ions and particles with negative charge or 

to organic impurities from DI water and ambient air. 

Special care is necessary to prevent re-contamination from 

those sources after cleaning. Besides the diluted HF 
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solutions, a mixture of HF and ammonium fluoride known as 

buffered HF(BHF) is also formulated. The BHF solutions are 

used for the pattern delineation etching of dielectric films 

to avoid loss of the photoresist polymer pattern, which 

would not withstand the strongly acidic HF solutions without 

a buffering agent. The solvation of F" ions with another HF 

molecule to form HF2~ ions is usually seen in HF or BHF 

solutions, which can produce an etching rate of Si02 four or 

five times as fast as HF. 

For several years, hydrogen peroxide solutions have 

been the most widely used for wafer cleaning, which is 

called RCA cleaning technology. It was developed by RCA in 

1965 and published in 1970. The conventional RCA cleaning 

is basically a two-step process. The first treatment, SC-1, 

is made by mixing 5 parts water, 1 part H202, and 1 part 

NH4OH(by volume), followed by a DI water rinse. The 

treating condition is 10 minutes at 75 - 80 °C. The main 

purpose of this treatment is to remove organic film 

contaminants by the strong oxidizing power of hydrogen 

peroxide in high pH condition. The native oxide film is 

slowly dissolved, and a new hydrous oxide film forms. The 

ammonium hydroxide is also a strong complexant for many 

metals, which can prevent the reduction of metallic 

contaminants. By keeping both forming and dissolving 

hydrous oxide film on the Si surface, impurities such as 

particles and organic films can be removed effectively. 
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After the treatment, the surface is covered by a thin 

hydrous oxide film. The second step, SC-2, is composed of 6 

parts water, 1 part hydrogen peroxide, and 1 part hydrogen 

chloride. The purpose of SC-2 is to dissolve alkali ions 

and some metal oxides. This leaves a protective passivation 

hydrated, contamination-free oxide film on the surface. 

However, because SC-2 does not etch silicon or silicon 

oxide, redeposition of impurities after SC-1 cannot be 

removed by SC-2 only. A dilute HF(1:50) treatment is 

therefore suggested to remove the oxide film formed after 

SC-1, which can still entrap certain impurities. 

2.3.2 Vapor phase cleaning 

Vapor phase cleaning sometimes is referred to as dry-

chemical cleaning, simply to differentiate from wet-chemical 

cleaning. The methods can be classified into a few 

categories: physical interaction, physically-enhanced 

chemical reactions, chemical thermal reactions, and 

mechanical techniques.6 The chemicals used are mostly 

volatizable. Techniques such as UV/03 reaction to remove 

organic film, anhydrous HF or HF-H20 vapor treatment, and 

plasma etching are applied in several different ways. 

Because these topics are beyond the scope of discussion 

here, detailed information is not given in this paper. 

2.4 Implementation of wet-chemical cleaning 13 
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Implementation of the wet-chemical cleaning procedure 

involves the following techniques: immersion technique, 

centrifugal spraying, megasonic processing, closed system 

method, brush scrubbing, and high-pressure fluid jet 

cleaning. Immersion technique is adapted most frequently 

and is the original technique for the RCA cleaning process. 

The procedure is simply to immerse the wafer into the tank 

containing the cleaning chemical bath. The reactions are 

usually terminated by the DI water rinse and then air or 

nitrogen drying. The techniques for centrifugal spraying 

was introduced in 1970's by FSI Corp., Chaska, Minnesota, 

and Semitool, Kalispell, Montana.13 Wafers rotate past the 

stationary spray column and are sprayed by filtered 

solutions including SC-1, SC-2, and HF-H20. This technique 

can remove particles more efficiently than the immersion 

technique. It also has an advantage of operating in a 

closed system to reduce additional contamination from the 

transfer process. Megasonic processing was developed by RCA 

and used with RCA cleaning chemicals. It employs sonic 

energy with a very high frequency and generates vibration 

through the fluid, resulting in a high-pressure wave. The 

high-pressure wave can push and tug at particles lodged on 

the wafer surface at a rate of approximately 800,000 times 

per second. Closed system keeps the wafer enclosed during 

the entire cleaning, rinsing, and drying process. A modern 

integrated processing and analysis system is designed to 
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perform ultraclean processing, in-situ surface analysis, and 

metallization. Brush scrubbing, or high pressure fluid jets 

cleaning, can essentially remove the large particles on the 

surface by physical contact with brush or fluid jets, 

respectively. Usually they are used for the primary 

cleaning in the whole cleaning process. Because the 

mechanical actions of the brush tend to damage the patterned 

surface, use of the high-pressure fluid jets is gaining more 

popularity than the brush scrubbing techniques. However, 

damage could also be made by very high pressure of fluid 

jets. 

2.5 Rinsing, drying and storing6 

High-purity and ultra-filtered high resistivity DI 

water is always used for rinsing off chemicals in the wet-

chemical cleaning process. Megasonic and centrifugal spray 

rinsing in a closed system have their own advantages. After 

the final rinse, water should be removed by physical methods 

rather than vaporization by water itself. 

Filtered hot forced air and nitrogen drying are the 

preferred drying techniques, with less chance for particle 

re-contamination. Another method, called solvent vapor 

drying, uses the vapor of a high-purity water-miscible 

solvent like isopropyl alcohol(IPA) to condense and displace 

water on the surface. Recently, "Marangoni drying" has been 

used to remove the water by exposing the wafer surface to a 
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stream of water-miscible organic solvent vapor. Surface 

tension effects cause the water to sheet off a planar wafer 

surface, leaving a dry hydrophobic silicon surface. 

The clean wafer should be stored in a clean room 

environment by using a chemically-cleaned, closed glass 

container, or it should be stored in a stainless steel 

container flushed with high-purity filtered nitrogen. 

Extreme care must be taken to avoid re-contamination during 

storage. 

2.6 Analytical techniques 

Analytical techniques for surface metal contamination 

detection, including quantity and identity, have been 

developed significantly in the past several years. Because 

the requirement of cleanness becomes more and more 

stringent, the detection limit, or sensitivity, of a 

technique plays an important role in the analysis and 

evaluation of contamination levels. 

Basically, these techniques can be classified into two 

categories: bulk-sensitive and surface-sensitive.2 

Examples for bulk-sensitive techniques include deep level 

transient spectroscopy(DLTS), the Elymat techniques, and 

surface photovoltage spectroscopy(SPV). A thermal drive-in 

step is necessary for these techniques to activate the metal 

contamination. The analysis is made by measuring the 

electrical properties such as minority carrier lifetime, 
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which is reduced by metal contamination. Some, such as the 

SPV and Elymat techniques, can also offer spatial resolution 

to identify contamination sources based on their 

"fingerprint." Among the surface-sensitive techniques, 

total reflection x-ray fluorescence(TXRF), time-of-flight 

secondary ion mass spectroscopy(TOF-SIMS), heavy-ion 

backscattering spectrometry(HIBS), and atomic absorption 

spectroscopy(AA) are the most popular. TXRF is the most 

applicable technique for routine analysis, which can give 

elemental information in a relative short time(10-15 min) . 

TOF-SIMS can achieve the highest resolution, 109 -1010 

atom/cm2 in conjunction with laser post-ionization and 

highest spatial resolution(500-1000 A). HIBS is probably 

the easiest technique for quantifying the surface 

contamination. AA can perform the sensitive analysis at a 

relatively low equipment cost. 

The sensitivity of these techniques can be enhanced by 

conjunction with vapor phase decomposition(VPD). VPD can 

concentrate the metal on the surface into a small spot in 

the center of a wafer during HF vapor etching of the oxide. 

Two orders of enhancement can be achieved by VPD, but at the 

same time, the spatial resolution will be decreased. 



CHAPTER 3 

EXPERIMENTAL SECTION 

3.1 Preparation of apparatus and Si wafers 

Before each experiment, all the PFA(perfluoroalkoxy polymer) 

wafer handling equipments and labwares were boiled separately, in 

fresh 10% HN03 solution three times for 30 minutes each. After 

being washed by ultrapure water(R > 18 MQ) for several times, all 

of the labwares were stored in clean polypropylene boxes to avoid 

additional contamination from the ambient air. Polished p-

Si(100) extra flat prime CZ-wafers(boron doped, 7 x 1015 

atoms/cm2, p= 1.6-2.2 Qcm, Texas Instruments) were cut into 1 X 1 

cm2 for atomic force microscopy (AFM) , and 3 x 3 cm2 samples for 

quantization by total reflection X-ray fluorescence(TXRF), 

inductively coupled plasma spectroscopy/mass 

spectroscopy(ICP/MS), graphite furnace atomic absorption 

spectroscopy(GFAA), and anodic stripping analysis(ASA). The 

cutting of wafers was carefully carried out without introducing 

any extra contamination onto the wafer surface. The 

contamination-free conditions were assured by examining the 

particle-free surface of the bare wafer and the control samples. 

3.2 Preparation of Si samples and Cu solutions 

19 



Figure 3.1 Cu deposition procedure and analysis methods 
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The simplified procedure of Cu-deposited Si samples and 

analysis methods are presented in Figure 3.1. After the Si wafer 

was cut into l x l cm2 or 3 x 3 cm2 square chips, the hydrogen-

passivated Si surfaces were made by immersing the silicon samples 

into low particulate, electronic-grade hydrofluoric acid(4.9 wt 

%) for 60 seconds, followed by rinsing for 20-30 seconds under an 

ultrapure water flow and air dried. The wetting characteristics 

of the Si surface were changed from hydrophilic to hydrophobic 

after the HF etching. At this stage, there should not be any 

water drops on the Si surface. According to the literature, 

hydrogen passivated surface can last as long as 2 weeks in the 

air before the native oxides form on the surface again. All the 

pre-etched chips were used within 1 hour to prevent further 

contamination. One control sample was taken for every batch of 

experiment from this point. Then the hydrophobic Si samples were 

placed into Cu2+(CuS04*5H20, 99.999%, AESAR)/HF solutions for 

various immersion times, Cu concentrations, or HF concentrations. 

The samples were then rinsed in ultrapure water and air-dried. A 

few drops of water might stay on the Si surface, depending on the 

various surface conditions changed by the Cu deposition. They 

were sucked out of the surface from the edge of the Si samples by 

the tip of soft Kimwipes paper to prevent unnecessary water 

residue. The deposited Si samples were stored in petri disks and 

labeled. The Cu2+/HF treated Si samples were then characterized 

by AFM(Nanoscope III, Digital Instruments). For each sample, 

more than 40 randomly selected 3 x 3 (Xm2 images were collected 
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within the 125 x 125 (Jm2 scanning range accessible by the AFM 

scanner. The samples were also laterally moved to several new 

locations to broaden the AFM sampling area. The integrated 

volumes of Cu particles, particle sizes, and particle counts were 

then averaged out using those AFM images. The TXRF analysis was 

also used for surface characterization in different experiments, 

especially for those which required very low detection limits. 

Sample preparation and analysis for TXRF were carried out in 

class-10 clean room. A PFA capsule was designed to dissolve 

copper contaminants off the front Si surface using double 

distilled 50% HN03(aq) (OPTIMA, Fisher) for determining the Cu 

contents per surface area by anodic stripping analysis(ASA), 

inductively coupled plasma mass spectroscopy(ICP/MS, Fisons PQS 

model) and graphite furnace atomic absorption spectroscopy(GFAAS, 

Varian SpectrAA 330/400). For dissolving the copper deposit on 

the Si wafer surface, the chips were placed on the top surface of 

10 ml concentrated HN03 solution for at least 20 min. Because 

the surface tension of concentrated HN03 can support the weight 

of the Si wafer chips, the chip will then float on the liquid 

surface, and only the face of the silicon chip with Cu deposition 

made contact with the nitric acid solution. The beakers were 

covered during the dissolution of Cu to prevent evaporation of 

the concentrated HN03. Then the concentrated HN03 solution with 

dissolved copper deposit was diluted to 50% HN03 solution(by 

volume) as the stock solution and stored in the pre-cleaned PFA 

bottles. A 25-ml sample solution with additional 0.2 ml of 0.05M 
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Hg(N03)2 was made for each run by diluting stock to 10% HN03. The 

Eppendoff micropipet tors (10|J.L, 25|J,L, 100(1L, and 1000(i,L) with 

metal-free sterile tips and 10 mL disposable polystyrene pipets 

were used for accurate transferring and measuring. For ICP/MS 

and GFAA analysis, all the sample solutions made in 10% HN03 were 

prepared in the same way. A VG scientific 5000 ESCALAB was also 

used to analyze the elemental composition of the deposited Cu 

film on the Si surface. 

3.3 Preparation of electrodes for anodic stripping analysis 

The general procedure for making in-sifcu thin film mercury 

electrodes(in-situ TFME), regardless of the substrate are shown 

in Figure 3.2. 

3.3.1 in-situ thin film mercury electrode/Pt substrate 

Pt disk electrodes were prepared by soldering the Pt disk on 

the tip of the Cu wire. Then the whole body was sealed inside 

the glass tube using the white epoxy, which was cured in the oven 

for 1-2 hours under 150°C. The exposed electrode area was about 

0.0081 cm2. The surface of the Pt disk was then polished by a 

polishing cloth(Allied High Tech Products, Inc). The polishing 

sequence was as follows: sand paper 600 grit and 1200 grit, both 

with water as lubricant, then the fine polishing cloth with 6 

micron, 1 micron, and 0.05 micron diamond suspension liquids. 

Between every polishing level, the electrodes were sonicated in 

ethanol for 5 minutes to eliminate particles left over from the 
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previous polishing step. The polished Pt electrodes were then 

etched by the electrochemical method using cyclic voltammetry. 

First, the potential was held at +1.9 V for 10 minutes to build 

up an oxide layer. Then the potential scanned between -0.4 V and 

+1.4 V for 20 times(scan rate 50 mV/s). The solution used for 

electrochemical cleaning procedure was 0.1 M HC1. The treatment 

of etching in aqua-regia solution for 1 min before use was 

generally applied. 

3.3.2 Thin film mercury electrode/glassy carbon substrate 

The general procedure of in-situ thin film mercury electrode 

on glassy carbon substrate(TFME/GC) was suggested by Florence.14 

Glassy carbon electrode(GCE)(Bioanalytical Systems, Inc., model 

MF-2012) was polished using a polishing cloth with an aluminum 

hydroxide suspension solution with a particle size of 0.05 

micron. The Hg(N03)2 stock solution (0.1 M) was made by 

dissolving purified mercury in the concentrated nitric 

acid(Optima, Fisher), then it was diluted to 4 x 10"5 M for each 

analyzed solution. At the deposition step of the anodic 

stripping analysis, mercury formed amalgam with metal as a thin 

film and deposited on the surface of GCE. After the stripping 

process, the thin mercury film that stayed on the surface was 

wiped out by a damp Kimwipes paper. 

3.3.3 Reference electrode 

The reference electrodes generally used were the Ag/AgCl 
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electrodes, which were supplied by Bioanalytical Systems, 

Inc.(model MF-2063). Washing with excess ultra-pure water was 

necessary before and after use. They were stored in a 0.5 M KC1 

solution while not in use. 

3.3.4 Counter electrode 

The Pt spiral wires were used as the counter electrodes. 

They were made by soldering Pt wire with copper wire and were 

sealed in a teflon tube body to expose the Pt wire only. The 

electrode body was then tightly wrapped with teflon tape to 

prevent any contamination from the Cu wire and soldering metal. 

Before use, the Pt counter electrodes were etched in aqua regia 

for 1 minute and washed with deionized water. 

3.3.5 Setup of electrochemical cells 

The EG&G potentialstat(Model Pare 273A) was used in all ASA 

experiments. The electrochemical cell was made of a 50-ml glass 

beaker covered by a plastic lid. In order to fix the relative 

positions of all electrodes, holes were drilled on the lid cover 

to fit in each electrode. A teflon-covered stirring bar was pre-

cleaned by boiling in 10% HN03 several times and then placed at 

the bottom of the beaker. Before being analyzed, each solution 

was purged with Ar for at least 5 minutes to get rid of dissolved 

oxygen. The dissolved oxygen was reported as having the effect 

of reducing current peak. The purging tips were made of pre-

cleaned teflon tubes and were freshly used for every solution. 
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During the purging process, the solution was stirred. The 

general setup of the cell was as shown in Figure 3.3. 

3.4 Description of analytical techniques 

Several techniques are adopted in this study to help 

quantization and identification of metal contaminants on silicon 

surface, as well as the surface morphology. A brief description 

for each technique is presented in this section to give a basic 

understanding of the theory and applications. 

3.4.1 Atomic force microscopy 

Atomic force microscopy(AFM) is one of the scanning probe 

microscopies.15,16 It was introduced by G. Binning, C. F. Quate 

and C. Gerber in 1986 .17 Unlike scanning tunneling microscopy, 

AFM does not need a conducting specimen to record the contours of 

repulsion force generated by the overlap of the electron cloud at 

the tip with those of the surface atoms.15"18 A laser beam is 

placed on top of the tip and reflected to a photodiode sensor to 

monitor the movement of the tip. A feedback mechanism responds 

to the changes of the beam paths by activating a piezoelectric 

control, which adjusts the sample's height to keep the constant 

force between the tip and surface. The sample's topographic 

images are produced by translating the sample's movement to a 

surface profile. Because the resolution needed for AFM to 

examine a hard surface is about 1 to 2 angstroms, it is good 

enough to provide an atomic resolution. The tip of AFM is made 
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by an atomically sharp shard of diamond or silicon and attached 

to a flexible cantilever. The cantilever acts as a spring to 

keep the tip against the surface while moving back and forth. 

Forces of 10"13 to 10"1 N are measured with AFM. A displacement 

sensor can measure the deflection of the laser light from the 

back of the cantilever, which can be detected down to 10~2 

angstroms. 

Originally, AFM was designed as a contact technique. Even 

though the contact forces are very small, the tip can still 

damage soft samples. Non-contact AFM was developed with a 

different technique by Martin et al.19 The applications of non-

contact AFM are limited by some fundamental drawbacks. The tip 

must be vibrated close to the sample surface with low energy 

because van der Waals forces are relatively weak. However, 

moving the vibrating tip closer to the surface increases the 

chances of getting the tip stuck in the water layer that covers 

the surface of all samples exposed to the atmosphere, which can 

severely degrade the image quality. The lateral resolution is 

also limited by the distance between sample and tip, typically 

from 5 to 10 nanometers. To overcome the limitation of non-

contact AFM, Digital Instruments has developed a new technique 

called TappingMode™ AFM (TM-AFM) . In TM-AFM, a larger 

vibrational amplitude is given to the cantilever, and, therefore, 

the cantilever has sufficient energy to overcome the surface 

tension of the adsorbed water layer while vibrating through the 

sample. Conservative estimates predict the applied force to be 
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in the 0.1-1 nanoNewton range, which is significantly lower than 

the force applied by the contact AFM. 

Under AFM, we can obtain information about 3-dimensional 

surface morphology. Statistical data such as the height of the 

particles, particle sizes, or particle numbers can also be 

obtained. A newly developed AFM program that can integrate the 

total volume of the particles above a baseline is used to 

calculate the volume of adsorbents above the relatively flat 

silicon surface. The results will be verified by comparison with 

other quantization methods. 

3.4.2 Anodic stripping analysis 

Anodic stripping analysis has many advantages for trace 

metal analysis because of its instrumental simplicity and its 

precision and accuracy in determination of the quantity of 

several substances simultaneously.20 High sensitivity can be 

achieved, even in the solution with other substances than the 

target ions, at the concentration of several magnitudes higher. 

Although the detection limit of ASA is not better than the 

radiochemical methods, it is certainly better, with adequate 

systems, than those of spectrophotometric methods, atomic 

absorption spectroscopy and fluorescence, or kinetic and 

catalytic analytical methods.21 

The general procedure for ASA using a linear potential scan 

cyclic voltammetry, is shown in Figure 3.4. In ASA, a two-step 

system including the pre-concentration step and the stripping 
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step is used. In the pre-concentration step, the metal ions are 

collected from a solution onto the surface of the electrode at a 

chosen constant voltage called pre-concentration potential, 

through a pre-concentration time. By this step, the 

concentration of ions on the electrode surface to analyze is 

several magnitudes more than that in the solution, which can 

result in increasing sensitivity. During the pre-concentration 

time, the solution is stirred or the electrode is rotated to 

maintain the natural convection of ions to the electrode surface. 

After a short rest period, the stripping step starts with the 

anodic potential scan over a range containing the oxidation peaks 

of target metal ions. Usually the scan stops before the 

oxidation of mercury if mercury electrodes are used. To strip 

off the Hg film is reported to have certain damages to the 

surface of the substrate and is not suggested to include in the 

procedure.22 The heights of the oxidation peaks of metal are 

supposed to be linearly proportional to the concentration of the 

metal ions in the solution. Quantization of analyte can be made 

by the standard curve method and the standard addition method. 

The most common solid working electrodes for analyzing the 

metal ions with oxidation potential less positive than that of 

mercury include the hanging mercury drop electrode(HMDE) and the 

thin film mercury electrode(TFME),23 Both can be made in advance 

of the analysis, but the prepared mercury film is not very stable 

in the air and has a short lifetime. Therefore, in-situ TFME14 

is considered to have less problems of storage, and more 
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advantages of fresh preparation and reproducibility. It is made 

by collecting the metals and mercury on the surface of the 

electrode simultaneously during the pre-concentration step. 

Glassy carbon is considered to be a good substrate for TMFE 

because of its hardness and chemical inertness. Therefore, the 

in-situ TMFE/GC will be used later to quantize the Cu2+ ions 

dissolved from the Cu-deposited silicon surface. 

3.4.3 Total reflection X-ray fluorescence 

Total reflection X-ray fluorescence(TXRF) is one of the new 

X-ray fluorescence techniques. In contrast to conventional X-ray 

fluorescence, in which the angle of incidence is about 45 degree, 

TXRF can provide the angle of incidence just a few minutes of arc 

such that the beam is essentially totally reflected from the 

sample surface. Reflection of the incident radiation results in 

X-ray fluorescence from near surface layers while reducing 

background interference from the substrate. This advantage 

provides a system ideal for detecting trace element contamination 

on semiconductor surfaces and in near surface layers. TXRF is 

capable of detection of all elements from Na to U. Elemental 

mapping is also possible. The depth information can be obtained 

by varying the incident angles. 

Because of its versatility in providing the quantitative 

data for a broad range of elements, TXRF has become a popular 

method for monitoring surface contamination of Si wafers in 

manufacturing, as well as evaluating wafer cleaning equipment and 
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methods.24 A combination of TXRF and clean room environment also 

gives TXRF an advantage as an in-situ monitoring technique. 

Present-generation TXRF systems are compatible with a class-10 

clean room environment, and samples are analyzed in a class-10 

environment.24 

In our work, the analysis was performed on a Rigaku 3726 

TXRF system. All of the 3 cm x 3 cm samples were made in a 

class-10 clean room. The TXRF analysis was carried out in a 

class-100 clean room. 

3.4.4 Inductively coupled plasma-mass spectroscopy 

Inductively coupled plasma-mass spectroscopy(ICP/MS) is a 

recently developed technique for trace analysis.25 The typical 

ICP source26 is composed of three concentric quartz tubes that 

allow argon air and sample/Ar mixture to flow through. The 

sample aerosol or vapor is mixed with argon air and then injected 

through the center tube. A nebulizer is usually used to mix the 

carrier argon and sample aerosol before injection. Between the 

middle tube and the outer tube, there is a tangential argon 

plasma support flow in order to thermally isolate the temperature 

of the plasma. Ionization of the argon flow is initiated by a 

spark from a Tesla coil. On the top of the outer tube there is a 

water-cooled induction coil, which is able to interact with the 

resulting ions and their electrons by producing a fluctuating 

magnetic field. Through the action of the ions and electrons 

through the closed annular paths within the coil, ohmic heating 
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will be observed because of the resistance of the movements. The 

singly charged ions produced by ICP will then be extracted by a 

mechanical pump into a quadrupole mass spectrometer and measured. 

There are several advantages of ICP-MS.25 First of all, the 

excellent detection limits of this technique prove its own 

capacities for trace element analysis. For most elements, the 

detection limits are in the range of 10 to 100 pg/mL. Some of 

them even approach 1 pg/mL. It is definitely better than ICP-

AES(atomic emission spectroscopy). The direct analysis of 

solution samples also simplifies the measuring procedure and 

shortens the measuring time. The mass spectra of the elements 

are generally considered to be simpler than their optical 

emission spectra because of fewer mass spectral overlaps. In 

addition, ICP-MS can measure the isotope ratio information in 

minutes, which provides the routine check for isotope ratio or 

clear spectral information for identification of an element. 

These features of ICP-MS show that it is an excellent technique 

for elemental analysis. Therefore, ICP-MS is considered to be a 

good technique for measuring the copper concentrations within ppt 

range, in acidic solutions. 

3.4.5 Graphite Furnace Atomic Absorption Spectroscopy 

Graphite furnace atomic absorption spectroscopy(GFAAS) was 

introduced by L'vov in 19 5 9 , 27 using an electrothermal furnace 

tube as an atomizer for later atomic absorption procedures. One 

of the popular graphite furnace tubes was introduced by H. 
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Massman in 19 7 0 . 28 The solution sample is inserted into the 

graphite furnace by a micropipette through an orifice at the 

center of the tube. The temperature of the tube can then be 

brought to as high as 2600°C within a few seconds to generate 

electrothermal atoms. Because there is no steady state in the 

furnace, the signals produced by GFAAS are all transient signals 

compared with the steady signals obtained by flame-AAS. The 

absorbance can be calculated by the equation 

%Absorbance = 100(I0 - I)/ I0 

The amount of analyte in the solution is supposed to be 

proportional to the measured absorbance.29 

GFAAS is used here as a means of quantization of the copper 

amount in the solutions. As ICP-MS, it is used in this paper as 

a quantitative technique for the trace elemental analysis. 

3.4.6 Electron Spectroscopy for Chemical Analysis 

Electron Spectroscopy for Chemical Analysis(ESCA) is widely 

referred to as X-ray photoelectron spectroscopy(XPS).30 A 

monochromatic X-ray beam is used to determine the elemental 

characteristics. One of the electron from the binding orbital Eb 

is displaced by one of the photons from the X-ray beam with 

energy hv. The representative reaction can be written as follows 

A + hv -> A+* + e" 

where A is the original species and A+* is the exited ionic 

species with one more positive charge than A. The kinetic energy 

of the emitted electron Ek can be measured in an electron 
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spectrometer, and the binding energy Eb can therefore be 

calculated by the equation 

Eb = hv - Ek - w 

where w is the w is the working function of the spectrometer, a 

factor that corrects for the electrostatic environment in which 

the electron is formed and measured. A spectrum of electron 

counting rate(intensity) versus binding energy Eb can be obtained 

and can provide a means of qualitative identification of the 

elements present on the surface of solids. 

Although some quantitative applications of ESCA were 

designed by using the peak height and peak area as analytical 

parameters, most of the applications for ESCA are still 

qualitative. ESCA can provide information such as the elemental 

identification, chemical structure, or ratio of elements. With 

proper X-ray source, all elements except hydrogen and helium emit 

core electrons having characteristic binding energies, which can 

present well-resolved peaks in a spectrum with a concentration 

greater than 0.1%. Peak overlapping could occure occasionally, 

but can be resolved by comparing other characteristic peaks in 

other spectral regions. Because the X-ray used in ESCA can 

penetrate about 10 to 50 angstroms deep from a solid surface, in 

addition to the identification ability of almost all elements in 

the periodic table, it becomes a powerful method for surface 

qualitative analysis. In this research, ESCA will be used to 

detect the metallic film grown on the silicon wafer surface. 



CHAPTER 4 

RESULTS AND DISCUSSION 

4.1 Overview 

By the scheme in Figure 4.1, the process of metal 

contamination can be divided into three sub-processes: the 

transport of metal ions from the solution, the redox 

reaction occurred on the Si surface, and the removal of the 

products generated by the redox reaction. The kinetics and 

the thermodynamics of those processes are considered. 

In order to understand the rate limiting step of the 

surface reaction, the kinetics for mass transport of metal 

ions is studied. Several techniques including anodic 

stripping analysis(ASA), atomic force microscopy(AFM), total 

reflection X-ray fluorescence(TXRF), inductively coupled 

plasma-mass spectroscopy(ICP-MS), and graphite furnace 

atomic absorption spectroscopy(GFAA), are used to achieve 

this goal. 

Because ASA is used for the quantization of Cu deposit 

on the Si surfaces, it is important to evaluate its capacity 

for analysis of Cu deposit on Si surface. Optimization of 

the experimental conditions was first carried out to find 

the best combination of several experimental factors, which 
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can affect the accuracy of the ASA results. After the 

experimental conditions had been optimized, a standard curve 

of the anodic stripping peak height versus the standard Cu2+ 

concentration can be applied to determine the Cu2+ ion 

concentration in the sample solutions. Comparison of the 

data by ASA and ICP-MS/GFAA was also made to verify the 

results obtained by ASA. The main experimental procedure of 

ASA followed the general description in Chapter 3, but some 

detail modifications or emphasis will be specifically 

described in each of the following section. 

Surface analysis of Cu-deposited Si samples were 

performed by AFM, TXRF, and ESCA. AFM gave the topographic 

analysis, and offered a way to study the morphology of Cu 

deposit on Si surface. By a new AFM program, the volume of 

the Cu deposit above the flat Si background can be 

integrated and correlated to the quantity of the Cu deposit. 

TXRF analysis can give the accurate amount of Cu deposit on 

Si surface because of its excellent resolution and detection 

limits of surface analysis. The data from TXRF can be used 

to verify the data from the other analysis. ESCA was used 

to verify the elemental information of the Cu film grown on 

Si surface. By these techniques, the out-plating rate of 

Cu2+ ions in the HF solution can be estimated. 

For the redox reaction on Si surfaces, kinetic and 

thermodynamic properties of the reactions are studied. 

First, the Cu out-plating rate versus the Cu2+ ion bulk 
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concentration is calculated by the data from TXRF analysis. 

Second, the standard potential of the overall surface redox 

reaction and the Gibbs energy are calculated to prove the 

redox reaction of the Cu deposition process is 

thermodynamically favorable. 

One of the major products of the surface redox 

reaction is the SiF6
2~ ion, which can dissolve into the HF 

solution after it forms. The major effect of this process 

is the dissolution of the surface Si atoms. It generates the 

pits on the flat Si surface. Surface roughness is therefore 

increased by the formation of pits. The AFM images show the 

change of Si surface morphologies due to the formation of 

pits. A mechanism of the Cu deposition process from the 

initial stage up to 10 minutes of immersion in Cu2+/HF 

solution is proposed based on the observation of the AFM 

images. 

4.2 Anodic stripping analysis 

There are several factors in anodic stripping 

analysis(ASA), such as the pre-concentration time, the total 

number of measuring scans, proper Cu2+ concentration range 

for analysis, and the preparation of solutions, which can 

determine the accuracy and sensitivity of the analysis. To 

obtain the reliable analytical results, optimization of 

these conditions are quite necessary. Preliminary tests for 

these factors were therefore performed to find suitable 
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experimental conditions for ASA. 

After the best experimental condition is set, the 

standard curve for the anodic Cu peak height versus the Cu2+ 

ion concentration in the solution is made to evaluate the 

amount of Cu deposit dissolved from the Cu-deposited Si 

surface. The range of standard Cu2+ solution concentration 

is from 1 ppb to 50 ppb, which is suitable for the 

concentration of the dissolved Cu in the sample solutions. 

4.2.1 Effect of pre-concentration time 

The working electrode initially used was the thin film 

mercury electrode on Pt substrate(TFME/Pt) . The Cu2+ 

solutions were made by dissolving 50 ppm Cu2+ in 10% HN03. 

The pre-concentration potential was -0.25 V, and the final 

potential was +0.3 V. The same solution was used throughout 

the experiment. After each measurement, the electrode was 

held under final potential for 2 minutes to make sure that 

the copper collected by the working electrode was completely 

stripped back to the solution. This step was to keep the 

same Cu2+ concentration of the solution for the next 

Table 4.1 Effect of pre-concentration time 

DT(min) Peak height (|1A) Peak current (H.C) 

_ 19.58 25.88 
2 34.69 31.76 
3 43.93 35.35 
4 66.51 41.34 
6 81.88 49.40 

- working electrode: TFME/Pt; solution: 50 ppm Cu/10% HN03 
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analysis. 

The results listed in Table 4.1 show that anodic 

stripping Cu peak height, which corresponds to the amount of 

Cu collected in the mercury film on the working electrode, 

is directly proportional to the pre-concentration 

time(Figure 4.2-a). Peak area, which represents the amount 

of electrons passing through the working electrode due to 

the oxidation of Cu, follows the same trend as the peak 

height(Figure 4.2-b). This proves that the anodic stripping 

peak height could be used alone to indicate the Cu2+ ion 

concentration in the HN03 solution. There are slight 

differences on the anodic peak shape and the anodic peak 

potential of each analysis. Because the increasing pre-

concentration time causes the increasing amount of Cu to be 

collected on the surface of the working electrode, it will 

take longer time for deposited Cu to diffuse through the 

thick Hg film and to be stripped back into the solution. 

Because the scan rate is kept constant, the Cu stripping 

peaks get broadened and the peak potentials shift slightly 

to the right(more anodic)(Figure 4.2-c). However, once the 

pre-concentration time is chosen, the effects of peak 

broadening cause only a slight shift of the calibration 

curve. Besides, there is only one Cu peak in the potential 

scan region, there is no problem of identifying the correct 

Cu peak and the effects of peak shifting can be negligible. 

Because a long pre-concentration time tends to increase the 
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sensitivity on trace analysis. The pre-concentration time 

of 10 minutes was chosen for further ASA. 

4.2.2 Effect of repeating scans and Cu2+ concentration 

The working electrode used here was in-situ TFME/glassy 

carbon substrate(in-situ TFME/GC). The solutions of 

different Cu2+ concentrations were made in 10% HN03 with 4 x 

10"5M Hg(N03)2. Before being used, the glassy carbon 

electrode was finely polished on the polishing cloth with 

the 0.05 micron diamond suspension. There was a pre-

condition step, as suggested by Florence14, to ensure that 

the working electrode surface already had a very thin 

mercury film before the first scan so that the first scan 

can have more reproducible result. The procedure is as 

follows: holding the potential at pre-concentration 

potential(-0.6 V) for 3 minutes to collect a little amount 

of Hg2+ and Cu2+, and then holding the potential at +0.2 V 

for 5 minutes to strip the Cu back to the solution only and 

keep the Hg film on the working electrode. The pre-

concentration time was 10 minutes. For each solution, three 

consecutive scans were made, and there was no polishing, 

conditioning or Hg-film wiping off between those three 

scans. After the third scan, the mercury film was wiped off 

by wet soft paper and re-polished for the next analyte. 

Table 4.2 shows that the measured peak heights vary 

slightly between each scan made on the same Cu2+ 
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Table 4.2 Peak height (ip/jxA) versus scan number 

[CU2+/ppb] i p ( l s t ) i p ( 2 n d ) i p (3rd) 

1 0.04 0.05 
5 0.22 0.41 
10 0.14 0.32 0.90 
20 2.41 2.84 3.08 
50 6.22 7.78 8.83 

- working electrode:TFME/GCE; 
- solution:Cu2+/10% HN03; DT= 10 min. 

concentration. Because the mercury film from the previous 

scan was not taken off, repeating scans will add Hg film on 

top of the previous Hg film, which would make the amount of 

Cu collected in the Hg film increased. Therefore, the peak 

height increases slightly when more and more successive 

scans apply. From Figure 4.3, within the Cu2+ concentration 

from 10 ppb to 50 ppb, the peak heights from the second scan 

becomes closer to the third than to the first when the Cu2+ 

concentration becomes higher. The similar trend was 

observed by Florence that the peak height after the first 

scan reached a plateau so that the peak height from the 

second scan was suggested.14 Since a reasonable measurement 

can be taken from the second scan, the first scan can 

function as a pre-conditioning step for the second scan. 

Therefore, the pre-conditioning step before the first scan 

is not necessary and will not apply to the following 

analyses. 

The relationship of anodic Cu peak height and Cu2+ 

concentration within the range of 1 ppb to 50 ppb is 
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linearly proportional, as shown in Figure 4.3(second scan). 

Based on this relationship, a standard curve of the peak 

height versus the Cu2+ concentration is constructed for 

determining the Cu2+ concentration by the measured peak 

height. The Cu2+ concentration range from 1 ppb to 50 ppb 

will be adopted for evaluating the standard curve. 

4.2.3 Effect of Cu dissolution procedure 

The working electrode used here was in-situ TFME/GC. 

The Cu2+/10% HN03 solution was made by dissolving the Cu 

deposit on Si surface with concentrated HN03 solution and 

then diluting with ultrapure water to 10% HN03 solution for 

analysis. Consecutive scans were made in the same solution 

for pre-concentration time of 1, 2, 5, and 10 minutes, 

without wiping the previous Hg film off. 

Table 4.3 Peak height(ip) versus deposition time(DT) 

DT (min) ip (M-A) 

1 1.17 
2 3 .86 
5 10.95 

10 21.01 

- working electrode-.TFME/GCE; solution:Cu /10% HN03 

The peak height versus the pre-concentration time is 

shown in Table 4.3 and plotted in Figure 4.4. The peak 

height is directly proportional to the pre-concentration 

time. The results are the same as those obtained in section 

4.2.1, which indicates the new electrode/solution system can 
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perform the same result as the previous system. Because the 

dissolution of Cu deposit on Si surface needs to be in HN03 

solution, and the glassy carbon substrate is believed to 

generate more reproducible results than the Pt substrate. 

This new in-situ TFME/GC/10% HN03 solution system will then 

be used to quantify the Cu deposit on the Si surface. 

Because only one peak appeared, it can be concluded that the 

peaks obtained from the ASA of Cu dissolved from the 

deposited Si surface are Cu peaks, and no other impurities 

are included in the sample solution. Therefore, the 

procedure for dissolving Cu is proven to be practical and 

acceptable. 

4.2.4 Standard curve for quantization of Cu on Si surface 

The working electrode was in-situ TFME/GC. Standard 

Cu2+ solutions were made in 10% HN03. The pre-concentration 

time was 10 minutes. The sequence of analysis was from the 

solutions of lower Cu2+ concentration to those of higher Cu2+ 

concentrations to reduce the chance of contamination from 

the same electrode system. Between analysis of different 

solutions, the mercury film on glassy carbon was wiped off 

by soft paper, and the glassy carbon electrode surface was 

rinsed with ultrapure water and re-polished by using a 0.05 

micron diamond suspension on the polishing cloth. The 

reference electrode and counter electrode were 

rinsed with excess ultrapure water before the next analysis. 
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Table 4.4 Standard curve (5-50 ppb) 

Cu conc(ppb) Peak height (|XA) 

5 0.43 
10 1.77 
12 3.26 
20 2.84 
30 5.27 
40 9.60 
50 10.46 

The data for the standard curve from the second scan of 

each analysis are listed in Table 4.4 and plotted in Figure 

4.5. By the least-square method, the linear relationship of 

peak height (ip) and Cu
2+ ion concentration([Cu2+] ) is 

calculated by the following equation 

ip = 0.217 [Cu
2+] - 0.187 (4-1) 

The small negative y-interception might be caused by the 

broadening of the peaks, making a negative offset in the 

peak height. Because the sample solutions were analyzed in 

the same system, this little error of estimation seems 

negligible. The equation will be used in the next section 

as a means of calculating the Cu2+ ion concentration of the 

sample solutions. 

4.2.5 Quantization of the Cu deposit on Si surface 

Quantization of the Cu deposit on Si surface was 

performed by ASA. The working electrode used was in-situ 

TFME/GC. The measured Cu peak heights were converted into 

Cu2+ ion concentration in ppb by using the equation of the 
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Table 4.5 Quantization of Cu dissolved from Si surface 

Pre-deposit time 
(sec) 

Peak height 
(fiA) 

est. deposition 
(ng/cm2) 

ICP/MS 
(ng/cm2) 

10 0.16 17.9 72 .6 
20 0.63 41.6 97 .4 
40 2 .00 112 .2 144.0 
60 4.43 236.2 159 .0 
100 6.03 318.4 226.0 
360 7 .33 384.8 
480 3 .45 186.1 
600 1.01 61.5 

standard curve. The Cu2+ ion concentration were then 

converted to the amount of Cu deposit in the unit of ng/cm2 

Si, as shown in Table 4.5. Figure 4.6 shows that the amount 

of Cu deposit on the Si wafer surface increases during the 

first 100 seconds of immersion time and has a linear 

relationship with the square root of the immersion time. 

Data from ICP-MS analyses also show the similar trend, which 

substantiate the data from ASA. The Cu deposition reaches a 

maximum between 4 and 6 minutes. After 6 minutes, the Cu 

deposit drops rapidly. It might be caused by the formation 

of the pits. According to the examination of the AFM, the 

pits on the Si surface started forming after 2 minutes of 

immersion in 4.9% HF. From 6 to 10 minutes of immersion, 

many pits formed on the Si surface around the copper nuclei, 

and some of the Cu nuclei were etched off the Si surface. A 

decrease of Cu deposit on the Si surface, observed by ASA, 

might be caused by the lost Cu nuclei. The effects of the 

pit formation on the Cu deposition will be discussed in the 
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later section. However, ASA has demonstrated the capacity 

of analyzing the Cu deposit on the flat Si surfaces(without 

any pit) by the presented analysis method and the electrode 

system. 

4.3 Mass transport of the Cu ions in HF solution 

There are three major modes of mass transport: 

(l)migration--movement of charged species under the 

influence of an electric field; (2)diffusion--movement of a 

species under the influence of a gradient of chemical 

potential; and (3)convection—stirring or hydrodynamic 

transport. Because the solutions were always unstirred 

during the Cu out-plating, no convection existed. In 

addition, since the Cu out-plating was an electroless 

process--i.e., no external voltage applied--no external 

electric field existed, which causes no migration. 

Therefore, the diffusion process is the dominant mode in 

these experiment conditions. 

4.3.1 Cu deposition versus immersion time 

A set of 3 Jim x 3 (Xm AFM images of hydrogen-passivated 

silicon surfaces, immersed into the 5.10 ppm Cu2+/4.9% HF 

solutions for various Cu deposition times, are shown in 

Figure 4.7. Each image is presented with the same vertical 

height range of 30 nm. As can be seen in Figure 4.7, the H-

passivated silicon surface of control sample is smooth(mean 
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roughness < 0.2 nm) and featureless. However, subsequent 

immersions into Cu2+/HF solutions show that the silicon 

surfaces are covered by segregated nanometer-sized Cu nuclei 

deposits. The number of Cu nuclei initially increases with 

the deposition time up to 60 seconds, after which it reaches 

a constant plateau at about 1.1 x 1010 nuclei/cm2. 

Concurrently, the average diameter of the Cu nuclei for the 

first 60 seconds of deposition was capped at about 10 nm, 

followed by a rapid increase to ca. 18 nm at 80 seconds. 

These results indicate that the nucleation process dominates 

the initial stage(within 1 min) of Cu deposition and that 

the nucleation preferentially originates from a finite 

number of active sites which depend on intrinsic surface 

properties of the silicon substrate. The growth of the 

existing Cu nuclei is suppressed for the initial nucleation 

period until all the active sites are consumed. It has been 

well documented that surface defects such as dislocation, 

stacking faults, and oxygen precipitates in CZ-grown silicon 

can be purposely incorporated into the device fabrication 

processes as the nucleation sites to scavenge metal 

impurities.13 After dipping into the solution for about 2 

hours, the silicon surface will form a thin Cu film due to 

the coalesce of the adjacent Cu nuclei by the process of 

expansion. The Cu film was confirmed to be metallic copper 

by ESCA and conductivity measurements. 

A new AFM technique provides the integration of the 
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total volume of the Cu deposit situated above the silicon 

background surface from the acquired three-dimensional AFM 

images. By this way, the kinetics of Cu deposition for the 

Cu2+/H-passivated silicon system can be explained by the 

relationship of Cu deposit integrated volume per cm2(VCu) 

with respect to the Cu deposition time(t). As shown in 

Figure 4.7, the silicon backgrounds of images for this early 

stage are comparatively flat. In fact, only less than a 2% 

silicon background contributes to the total integrated 

volume. In addition, the mostly segregated island-like Cu 

deposits preserve the required flat background for 

integrating and allow every Cu deposit on the surface to be 

integrated into the total Cu volume. For each deposition 

time, several samples had been made and obtained similar 

images, which ensured the reproducibility of the samples. 

The integrated volumes of Cu deposit from different samples 

for the same deposition time are consistent to within 8%. 

The sampling area on each sample was empirically selected to 

get a good balance between AFM image's resolution and the 

statistical reproducibility of integrated volume. The 

values of VCu as a function of t for the first 100-second 

deposition are listed in Table 4.6. 

To verify that the obtained VCu truly reflects the 

actual amount of Cu deposit on a silicon surface, the Cu 

deposit was dissolved in ultrapure concentrated HN03 

solution and analyzed by ICP/MS and GFAAS. The absolute 



Table 4 .6 Cu depos i t analyzed by ICP-MS/GFAA(M^) and by 
AFM i n t e g r a t e d volume (V^) 

Deposition time, t ICP/MS, GFAAStfcu AFM, Vc^ 

(seconds) (ng Cu/cm2 Si) (nm3 Cu/cm2 Si) 

10 sec 72.6 4.1 x lOW 

20 sec 97.4 5.5 x lOW 

40 sec 144 8.3 x 1014 

60 sec 159 11.6 x 1014 

100 sec 226 14.1x1014 

Figure 4 . 8 Cu deposit analyzed by ICP-MS/GFAA(Mcu) and by 
AFM integrated volume (V^) 
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mass of Cu deposit per cm2(Mcu) was plotted with respect to 

VCu for each Cu deposition time. As shown in Figure 4.8, VCu 

is proportional to M^, which means that VCu data from the 

measured AFM images can be correlated directly with the true 

amount of Cu-deposits on silicon surface. Therefore, the 

application of the volume integration technique to the 

measured AFM images can provide valuable quantitative 

information of Cu deposit on the silicon surface. 

In Figure 4.9, the VCu is found to be linearly 

proportional to t1/2 from the analysis of AFM-integrated 

volume. The similar trend was observed from the data 

measured by different analytical methods including ICP-MS, 

GFAA, and ASA. This relationship matches the condition of 

diffusion control reactions, which are frequently 

encountered in large amplitude potential step 

electrochemical experiments. The so-called "Cotrell 

condition" starts with a planar electrode and an unstirred 

solution with redox species. The redox reaction can be 

activated by a sufficiently large potential. Because the 

electrode surface is very highly energized and reacts with 

the redox species instantly upon contact, the surface 

concentration of redox species is effectively zero. 

Therefore, the overall reaction rate is controlled by the 

diffusion of the redox species across the stationary layer. 

One observation is relatively interesting concerning 

the deposition mechanism. The particle size during the 



Figure 4.9 Cu deposit versus immersion time analyzed by 
(a)AFM integrated volume, (b) ICP-MS/GFAA, and (c)ASA 
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first 60 seconds stays about 10 - 12 nm in diameter, while 

the number of particles keeps increasing. However, after 60 

seconds, the particle size starts expanding, but the number 

of particles stops increasing.(Figure 4.10) The defect 

sites of the hydrogen-passivated layer on the silicon 

surface can contribute to this phenomenon. According to the 

literature, a hydrogen-passivated surface can exist on 

several kinds of defect sites such as -F, -OH, -OF, etc., 

instead of a purely hydrogen-coated layer. These defect 

sites are mostly an electron-rich group and can easily 

donate electrons. Hypothetically, the copper reduction 

reaction on the surface will prefer the electron donor 

groups. Therefore, the Cu nuclei will deposit on those 

defect sites at the initial stage(0 - 60 seconds). Because 

the size of the Cu nuclei does not grow when the unreacted 

defect sites still exist, the nucleation seems to be 

preferable to the growth process. Once the defect sites are 

exhausted, the nucleation reaction stops and the Cu nuclei 

start expanding(60 -100 seconds), which can be seen by the 

constant number of nuclei and the increasing size. It can 

be then concluded that the surface defect sites of the HF-

treated surface can actually initiate the metal 

contamination process by attracting the metal ions in the 

solution and reducing the ions to adsorbed metals. 

4.4 Reduction-oxidation reactions on silicon surface 
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While the copper ions transported from the bulk 

solution contact the silicon surface, a reduction/oxidation 

process initiates. The copper ions are reduced by accepting 

the electrons from the surface and form elemental Cu 

adsorbed on surface. On the other hand, surface Si atoms 

are oxidized and complexed with some F~ ions or HF molecules 

and leave the surface. The overall reaction is depicted as 

follows: 

2Cu2+(aq)+Si(s) + 6HF (aql = 2Cu(s)+SiF6
2~(aq) + 6H

+
(aq) 

(4-2) 

Kinetically, Cu out-plating rate versus Cu concentration 

have been evaluated, by the analysis of TXRF. Calculation 

of overall reaction potential and free Gibbs energy are also 

performed to gain a thermodynamic view of the redox 

reaction. 

4.4.1 Cu out-plating rate versus Cu concentration 

A full investigation over a wide range of Cu2+ 

concentration, from 100 ppt to 5.10 ppm, was attempted for 

the TXRF experiments. Because the lowest Cu2+ concentration 

was in the sub-ppb range, all of the TXRF experiments, from 

sample preparation to analysis, were performed in class-10 

clean room to eliminate the possible contamination. 

TXRF data shows the logarithmically linear relationship 

between the Cu concentration in the HF solutions and the 

amount of Cu deposit on the silicon surface with the 
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immersion time of 1 minute, as shown in Figure 4.11. The 

reaction of the Cu deposition process is as follows: 

CU (solution) — > CU (surface) 2e => CU(surface) 

(4-3) 

Because the latter part of the reaction is comparatively 

fast, the rate equation for the entire process above can be 

written as follows: 

Cu out-plating rate = amount of Cu deposit/time 

= K[Cu2+] x (4-4) 

In order to calculate K and x, equation 4-4 can be 

transformed by taking log value on both sides: 

log (amount of Cu deposit/time) = logK + x log([Cu2+]) 

(4-5) 

From the plot of log(amount of Cu deposit/time) versus 

log([Cu2+]), shown in Figure 4.11, logK and x can be 

calculated from the intercept and the slope of the straight 

line, respectively. The value of K is 5.047 x 10® (Cu 

atoms/cm2 Si)/(min*ppt Cu2+) , and the value of x is 0.82. 

Theoretically, if the Cu out-plating process is under the 

diffusion control, the value of x should be 1. Compared 

with the theoretical value, the calculated value of x seems 

lower. One of the possible reasons for that is because at 

lower Cu2+ concentration range(sub-ppb), there are not 

enough data points to make a more accurate calculation. The 

other reason is because the Cu deposit on the sample made in 

the lowest Cu2+ concentration (100 ppt Cu2+) is close to the 
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detection limit of TXRF analysis, which is about 3.5 x 1010 

atom/cm2. The deviation of the data point could be more 

under that situation, which makes the value of x lower. If 

the diffusion control mode of Cu out-plating is assumed, 

equation 4-6 can be used to calculate the lowest Cu2+ 

concentration which can make detectable Cu deposit by TXRF: 

Qd = [2nFADo
0-5CoV

0-5] *t0-5 (4-6) 

where n is the number of moles of the electrons transferred 

to one Cu2+ ion, F is the Farady constant, A is the sampling 

area, D0(7.8 x 10~
6 cm2/sec) is the diffusion constant for 

Cu2+, C0* is the bulk concentration of Cu
2+ ions, and t is the 

Cu out-plating time. By rearranging the equation 4-6, the 

lowest bulk Cu2+ concentration (Cc*) which can make the 

detectable Cu deposit can be calculated by the following 

equation: 

C0* = (Qd/2nFA) (D0t/JC)-
0"5 (4-7) 

The calculated lowest Cu2+ ion concentration is about 85 

ppt. The Cu deposit on the sample made in the 51 ppt Cu2+ 

solution was under the detection limit of TXRF analysis, 

which could verify the calculation for the lowest Cu bulk 

concentration. 

4.4.2 Thermodynamics of surface redox reaction 

To obtain the overall equation such as equation 4-2, 

two half reactions must be considered 

SiF6"
2 + 4e~ = Si + 6F' E° = -1.2 V (4-8) 
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Cu+2 + 2e~ = Cu E° = 0.34 V (4-9) 

The AE° can be calculated as +1.54 V from E°'s of the 

equations above.31 The Gibbs energy (AG0) of the reaction can 

be obtained by the equation 

AG° = - nFAE° (4-10) 

where n is the number of moles of the electrons transferred 

and F is the Faraday constant. A negative value of - 594 

Kcal/mol indicates that the reaction is thermodynamically 

favorable. 

By the electrochemical consideration, it is possible to 

suppress the electroless deposition process by applying a 

proper potential to the system. One method is to provide 

enough electrical voltage through an external circuit. One 

of our experiment showed that by using a specially designed 

system, the Cu deposition could be suppressed by applying 

more positive potential, such as +0.8 V, and enhanced when 

more negative potential, such as -0.5 V, was applied. Clear 

color change had been observed on the Si electrode surface, 

showing that a thick copper film formed after a long time 

under enough negative potential. At the same time, no color 

change was observed while under certain positive potential. 

Although the results looked convincing, some experimental 

details still need to be modified. More works are also 

needed. 

4.5 Product removal 
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In Figure 4.12, pits can be observed after a 2-minute 

immersion time in the 4.9% HF solution with Cu2+ 

concentration of 5.10 ppm. As the immersion time increases, 

the number and the size of the pits both increase. Most of 

the pits formed at the positions adjacent to Cu nuclei. As 

the size of the Cu nuclei keeps expanding, more pits 

appeared with enlarged sizes. Due to the preferred lateral 

etch of Si by HF rather than the vertical one, it is 

possible to etch the Cu nuclei off the surface by etching 

off the Si atoms underneath the Cu nuclei. Meanwhile, some 

Cu nuclei appearing inside the pits show that further Cu 

deposition is still proceeding. 

In Figure 4.13, a 3-dimensional AFM image reveals the 

fact that the pits start forming mostly around the copper 

islands. Cu nuclei with larger and smaller sizes are both 

on the Si surface together, which indicates the continuity 

of the Cu deposition process. Although few of the pits are 

empty, most of the pits have Cu nuclei inside them. This 

fact shows the priority of Cu deposition inside the pits 

rather than the other unreacted Si atoms on the original 

flat Si surface. The effect of pit formation which can 

introduce surface roughness and can cause the distortion and 

defects of the silicon oxide film is well known. A Cu 

deposition mechanism can be proposed by the observation of 

the morphology of the Cu-deposited Si surface. At the 

initial stage, Cu nuclei appear on a limited number of 
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surface active sites with a similar size.(Figure 4.14-A) 

After the surface active sites have been consumed, which is 

about 1 minute of immersion time, the number of Cu nuclei 

stops increasing but the size of Cu nuclei starts 

expanding.(Figure 4.14-B) After 2-minute immersion time, 

the pits start forming. On the Cu-contaminated Si surface, 

a Cu nucleus can act as an anode and the adjacent silicon 

atom can act as a cathode. When an electron donor group 

such as a fluorine ion approaches the electronegatively 

positive silicon atom, compared with its neighboring Cu 

nucleus, a galvanic reaction is then initiated and a bond 

between the silicon atom and the fluorine ion is formed. As 

the fluorination reaction repeats several times on the same 

fluorinated Si atom, the SiF6~
2 ion forms and dissolves into 

the solution. A pit will then be generated.(Figure 4.14-C) 

The etching process of Si atoms by fluorination continues 

and generates larger and larger pits around the Cu 

nucleus.(Figure 4.14-D) Since the dissolved Si atoms are 

not only around the Cu nucleus but are also those underneath 

it, the Cu nucleus are finally etched off the surface and 

leave a big "hole" on the surface.(Figure 4.14-E) More Cu 

nuclei appearing inside the pits shows that further Cu 

deposition prefer the sites inside the pits.(Figure 4.14-F) 

Since almost all the original active sites on the flat Si 

surface are consumed after the first 60 seconds, the new Cu 

nuclei should re-deposit only on those newly generated 



Figure 4.14 Mechanism of Cu deposition process 
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active sites inside the pits, which can explain the reason 

why most of the pits have Cu nuclei appeared. 

4.5 Conclusion 

In this chapter, anodic stripping analysis for 

quantization of Cu in the ppb concentration range was 

performed by using linear sweep cyclic voltammetry. Thin 

film mercury electrodes on different substrates were 

prepared. The in-situ TFME/GC was adopted as the working 

electrode to perform the quantization of Cu deposit on Si 

surface by ASA. Experimental parameters for ASA such as 

number of scans, pre-concentration time, Cu2+ concentration, 

and the Cu dissolving procedure were also optimized. For 

the number of scan, the second scan was believed to generate 

more reasonable results. Sometimes longer pre-concentration 

time could cause the broadening of the peak and reduce the 

accuracy of analysis by the peak height, but 10 minutes of 

pre-concentration time seems has no deviation of the peak 

height. The Cu2+ concentration is proved to be proportional 

to the peak height. 

For quantization of Cu from the Si surface by the ASA, 

a standard curve within a ppb concentration range was 

established by analyzing the standard solution with the Cu2+ 

concentration between 1 ppb and 50 ppb, and applied to the 

further calculation. Cu dissolved from the silicon surface 

had been quantified as proportional to the square root of 
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immersion time within 100-second immersion time in Cu2+/HF 

solutions, which were verified by the result from ICP-MS. 

For the Si samples with longer immersion time in Cu2+/HF 

solutions, such as from 4 minutes to 10 minutes, a decrease 

of Cu deposit on the Si surface is observed by ASA. It is 

believed that the pit formation on the flat Si surface 

causes the decrease of the Cu deposit by etching away the Si 

atoms underneath the Cu nuclei. Therefore, it has been 

proven that ASA can be a good technique for quantization of 

Cu deposit on the Si surface through the modified 

experimental procedure. Further work focuses on the 

increase of the sensitivity could be done by introducing the 

technique such as the differential pulse voltammetry, or the 

equipment such as rotating disk electrode. 

Quantization of the Cu deposit on Si surface by AFM, 

TXRF, ICP/MS, and GFAA are also performed. The results show 

that the deposition process is under diffusion control of Cu 

ions from the bulk solution. The nucleation of Cu island-

like deposits is initiated by some active sites on H-

terminated surface. Before the active sites are totally 

consumed, the nucleation of Cu deposit continues until all 

the active sites react. Then the expanding of Cu nuclei 

starts. The redox reaction on Si surface involving Si, 

Cu2+, and HF are proved thermodynamically favorable. The 

products of the redox reaction contain Cu nuclei which stay 

on surface, and SiF6
2", which dissolve into the bulk solution 
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and make the surface reaction continue by absence from the 

surface. A mechanism for the Cu deposition process has been 

proposed. For the Cu2+ concentration, a logarithmic linear 

relationship between the Cu-deposit surface density and the 

Cu2+ bulk concentration has been analyzed by TXRF clean room 

experiment. The calculated lowest Cu2+ concentration which 

can make detectable Cu deposit by TXRF on Si surface within 

10-minute immersion time is 85 ppt. The Cu deposit made by 

the 100 ppt Cu2+ concentration with 10-minute immersion time 

is right above the detection limit of the TXRF instrument. 

Pit formation, which causes the surface roughness, has been 

discussed based on the immersion time. Because the HF 

concentration of the solution plays an important role on the 

pit formation, the optimization of the HF concentration 

seems necessary concerning about the pit formation. 

Although some preliminary tests on the effects of HF 

concentration on pit formation have been done, and the 

results show that the Cu deposit increase when HF 

concentration decreased with the range from 4.9% HF to 

0.0098% HF. 
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