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Detection of ultratrace levels of metallic ion impurities in hydrofluoric acid 

solutions and alkaline hydrogen peroxide solution was demonstrated using a silicon-based 

sensing electrode. The sensor's operation principle is based on direct measurements of the 

silicon open-circuit potential shift generated by the interaction between metallic ions and 

the silicon-based sensing surface. The new sensor can have practical applications in the 

on-line monitoring of microelectronic chemical processing. The detection of Ag+ content 

in KODAK waste water was carried out successfully by this novel sensor. Trace levels of 

organic impurities in the hydrofluoric acid solutions and in the cleanroom air were 

characterized by multiple internal reflection infrared spectroscopy (MIRIS) using an 

organics probe prepared directly from a regular silicon wafer. Multiple internal reflections 

within the silicon wafer based organics probe further enhance the detection sensitivity. 

Open beam single channel background spectrum combined with statistical analyses were 

used to ensure the reproducibility of organics measurement. A high level of organic 

impurities was found in concentrated HF solutions and class 10 cleanroom air. 
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CHAPTER 1 

INTRODUCTION 

Driven by decreasing line widths and increasing demand for higher integrated 

circuits production yields, contamination detection and control is rapidly becoming a 

critical issue in all semiconductor manufacturing fabs. 

Generally, there are three major contaminants, which are particles, ions (cation and 

anion), and organics, found in semiconductor processing line. For example in CMP 

(chemical mechanical polishing), which is becoming a standard process in all fabs that 

require multiple metal interconnect layers in their devices, wafers are polished by a slurry 

on a special polishing pad until a desired film thickness is obtained. During the polishing 

process thousands of particles are added to the wafers and must be removed prior to the 

next process step. The cleaning challenge is to bring contamination levels down from 

several tens of thousands of particles per wafer to the desired cleanliness of several tens of 

particles (or fewer) per wafer. 

When present on the wafer surface, these contaminants can act directly to impair 

device performance or indirectly by impeding intended processing steps.1 A summary of 

these effects follows: 

1. High levels of boron or phosphorus compounds can result in unintentional 

doping of the wafer during processing. 



2. High levels of metallics may contaminate the wafer and reduce carrier lifetime 

and/or breakdown voltages. 

3. In very thin oxide structures, the presence of airborne organic contaminants on 

the wafer surface during oxide growth results in lower breakdown voltages. 

4. Organic contamination on the wafer surface may impede the wetting abilities of 

various aqueous cleaning solutions or cause uneven etching or deposition. 

5. In epitaxial growth processes, organic contamination may nucleate faults in the 

crystal structure. 

6. Deep UV photoresists can be poisoned by the presence of both ammonia and 

NMP (N-methyl pyrroldine) vapors. 

7. Organic residue can impede packaging operations such as lead bonding and 

encapsulation. 

8. Various optical measurements of the wafer surface can be distorted by the 

presence of organic films. 

9. Silicones can react with air ionizers in the cleanroom to form Si02 particles 

and/or they can adhere to the wafer surface, impeding wetting or subsequent deposition 

and bonding operations. 

For the last quarter century, cleaning silicon wafer surfaces has been performed by 

RCA wet cleaning.2 Employed in this technique are high temperature processes consisting 

of SC-1 (NH4OH/ H2O2/ H20) and SC-2 (HC1/ H2CV H20) chemical treatments. In SC-1, 

the adsorbed organics and particles can be detached during these face-lifting 



oxidation/etching cycles and effectively removed from the silicon surface. However, a 

trace level of metal impurities from NH4OH/ H2O2 aqueous solution can easily 

contaminate the silicon wafer surface to strongly degrade the minority carrier lifetime and 

cause premature breakdown of gate oxide.3"5 

Vast quantities of hydrofluoric acid (HF) are routinely used in the semiconductor 

industries to meet the diverse processing needs in the device microfabrication flow.6 

Besides wafer cleaning, HF is also employed extensively in etching surface oxide layers 

before gate oxide thermal oxidation. Here, the freshly replenished HF baths are generally 

very pure. But, as the device fabrication process proceeds, the purity of HF solutions will 

inevitably degrade due to the gradual accumulation of both metallic and organic 

contaminants from wafer handling equipment, wafers and chemical containers, etc. 

Especially, metallic ion contaminants are known to plate out very efficiently from HF 

solutions on to silicon substrates. Therefore, due to the purity of process chemicals 

playing an important role in device reliability and the continuing increasing in the scale of 

integration for semiconductor devices, the development of a practical sensor for in-line 

monitoring of ultra-trace levels of ionic contaminants is highly desirable. Parts-per-billion-

level cationic contaminants in acids can be analyzed by inductively coupled plasma mass 

spectrometry. However, quantizing anionic contaminants at that level of sensitivity has 

been an analytical challenge. J. Chen and M. Wu employed an optimized two-

chromatography system to measure parts-per-billion-level anionic contaminants in 

ultrapure chemicals.7 



A novel sensor based on a bare silicon chip developed by O.M.R. Chyan has been 

successfully used in monitoring ultratrace metallic contaminants in IC processing 

chemicals.5,8 Combined with Atomic Force Microscope (AFM), the silicon-based sensor is 

a very powerful technique to detect metallic ions. In this work, major concern is on 

detecting Fe3* in SC-1 solutions and Ag+ in HF solutions. 

Ultra pure deionized (UPDI) water is the most heavily used chemical in 

semiconductor manufacturing. Current consumption runs at up to MOO gallons of UPDI 

water/wafer produced in modern 200-mm process lines.9 The principle use of water in the 

fabrication process is to remove other chemicals from wafer surfaces. UPDI can thus have 

as much effect on the wafers as any other chemical. The concentration of impurities in 

water must be much lower than those of even the most sensitive chemicals such as 

hydrofluoric acid, because water is either dried on the surface in the spin dryers or is 

displaced from the wafer surface with EPA. We try to figure out the quality of different 

water sources in the lab with silicon based sensor, AFM (atomic force microscope), ICP 

(inductively coupled plasma) and FITR. 

New process chemistries and their increasing sensitivity to microscopic 

contaminants will increase the need to control airborne chemical contamination, which 

advances the emphasis from the study of particle distributions to that of molecules. 

Identifying and eliminating airborne molecular contaminants, which are dispersed by the 

airflow in a cleanroom, can improve wafer processing yields. We used FITR-ATR to 

measure the organics in cleanroom air as well as in HF solution from the actual IC 

production line. 



CHAPTER 2 

THE APPLICATION OF SILICON-BASED SENSOR IN WATER SAMPLES 

2.1 Introduction 

A novel sensor is developed to detect extremely low level of metallic impurities in 

HF solution using a silicon based sensing electrode.5,8 The sensor is based on the direct 

measurements of silicon open-circuit potential shift generated by the charge transfer 

reaction between metallic ions in HF solution and the silicon sensing electrode surface. 

Basically, the highly oxidizable noble metals like Ag+, Cu2+, Au3+ , Pt2+ and Pd2+ in HF 

solution can readily be reduced and deposited on the oxide-free silicon surface. The 

resulting microscopic metal/semiconductor Schottky barrier induces a positive band 

bending in the silicon space charge region.9 A unique feature of this sensor is that part-per-

trillion detecting sensitivity can be achieved via the use of a sensing electrode derived 

directly from the regular silicon wafer. 

Vast quantities of ultrapure DI water are routinely used in the microelectronics 

industries to meet the diverse processing needs in the device microfabrication flow.10 For 

example, RCA standard cleaning is still the most commonly used wet cleaning procedure 

to prepare ultra-clean silicon wafer surfaces for the fabrication of VLSI microelectronic 

devices. High-purity and ultra-filtered high resistivity DI water is always used for rinsing 

off chemicals and contaminants after these standard wet cleaning processes (SCI, SC2 and 

HF dipping). Also, all the wafer handling TEFLON facilities are cleaned by continuous 

5 



ultrapure water rinsing. It is estimated that a total of ca. 2000 gallons of ultrapure water is 

needed per processed wafer. The degraded water contaminated by metallic particles or 

organics can contaminate the silicon wafer surface and can severely affect device 

performance and overall process yield. Therefore, the development of practical sensors for 

on-line monitoring ultra-trace metallic and organic contaminants in the DI water is highly 

desirable to ensure the highest purity of the water at the point of use. 

In the photography industry, the waste solution from a used fixing bath cannot be 

discarded directly into the environment until the silver concentration is under a certain 

value. It is thus necessary to monitor the silver concentration in the silver recovered waste 

fixing solution. Traditionally, the analytical method employed is Inductively Coupled 

Plasma Mass Spectrometry (ICP-MS). However, the cost of maintaining and running a 

ICP-MS is very high. Therefore, a more practical and economical sensor is needed to 

monitor the level of silver ion left in the waste water solution. 

In this chapter, we use the novel high sensitive sensor to evaluate different water 

sources in our lab and detect silver concentration in waste water samples from KODAK 

company. 

2.2 Experimental 

The silicon sensing electrodes were fabricated from prime p-Si(l 11) Boron doped 

CZ-wafers. The silicon wafer was first cut into (lxl) cm2 chips, which were then cleaned 

by HF etching (4.9 wt. %, Hashimoto) and ultra-pure water rinsing. The electrical contact 

was made to the backside of the silicon chip using Ga/In eutectic (99.99%. AESAR). The 



silicon chip was then placed in a custom made perfluoroalkoxy polymer (PFA) electrode 

body which allows solution contact only to the front polished silicon face. The open circuit 

potential of the silicon electrode was measured with respect to a double junction standard 

Ag/AgCl reference electrode (Orion, model 900200) using a computer controlled, high 

input impedance potentiometer (Accumet 50, Fisher Scientific) under the normal room 

light condition. Before each sensing run, the outer epoxy body of the reference electrode 

was rinsed with ultrapure water and the outer junction solution (10% KNO3) was freshly 

replenished. Proceeding each experiment, all Teflon labware was cleaned by boiling three 

times in fresh 10% HNO3 for 30 minutes, followed by thorough rinsing with ultra-pure 

water (R > 18MQ). The schematic experimental setup is shown in Figure 1. 

Ag/.AgCl 
electrode 

silicon 
wafer 

Figure 1. Schematic configuration of the ocp experiment setup. 
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Two types of water samples were supplied by KODAK company. One is KODAK 

EKTACOLOR RA Bleach Fix and Replenisher (Working Solution), the other is Canadian 

Riverine Surface Water Standard (SLRS-3). In addition, five water samples were prepared 

in our lab. They are the regular tap water, UNT DI water, regular milli-Q water, ultra-pure 

milli-Q water, ultra-pure water from Texas Instruments Inc. The water samples were 

evaluated by silicon based sensor, Atomic Force Microscope and other characterization 

methods, such as ICP, FT-IR. 

2.3 Results and Discussion 

2.3.1 KODAK sample I 

Fixing step involves the removal of the silver halide remaining in the emulsion after 

the development process.11 Sodium thiosulfate is capable of converting the silver halides 

into soluble compounds. Based on the KODAK'S production specification, the major 

components in KODAK sample I were listed in table 1. 

Table 1 the major components of KODAK water sample I 

KODAK sample (NH4)2S203 (NHQFeCEDTA) NaHSQ3 HAc 
5-10% 1-5% 1-5% 1-5% 

There is ca. 5-10% S2O32" in KODAK water sample I. The excess S2O32" tends to 

effectively complex with the silver ions which severely degrade the silicon based Ag+ 



sensor's response. Thiosulfite ions combine with silver ions to form various complex ions. 

For example: 

Ag++ xS203
2 =Ag(S203)x

1-2x 

The large complex constant, which is 3 x 1013, makes the sensor potential response to 

silver ions much less than that in standard solution that contains 10 ppb Ag+ as shown in 

figure 2. In figure 2, the typical open circuit potential response of lOppb Ag+ prepared in 

0.0098% HF solution is ca. 220mV. Before each detection run, all the silicon electrodes 

were pre-etched in 4.9% HF for 5 minutes to remove any surface oxides. 

-100 

g -400 

O -500 

-600 
0 50 100 

Time (min) 

150 

Fig. 2 open circuit potential measurement 

of 10 ppb Ag+ in 0.0098% HF 
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After ultrapure water rinse, each sensing electrode was first allowed to establish a stable 

potential baseline in pure 0.0098% HF for 60 minutes and then immersed in 10 ppb Ag+ 

spiked 0.0098% HF. The high potential response due to the deposition of silver on 

hydrogen terminated silicon surface means the electrode is very sensitive to trace Ag+ in 

diluted HF solution. 

When a strong oxidizing metallic ion like Ag+ gets in contact with the oxide free 

silicon surface, a galvanic oxidative corrosion on silicon surface accompanied with silver 

deposition will quickly occur. The Ag outplating on HF-etched silicon surface can be 

represented as 

4 Ag+ + Si +6 HF -» 2 Ag + SiF6
2' + 6 H+ 

This highly energetically favorable Ag+/Si displacement reaction will extract surface 

electrons from silicon electrode and shift the open circuit potential to more positive 

values.6 But as shown in figure 3, no positive potential increase was observed on sensing 

electrode when 10 ppm S2O32" was added in with lOppb Ag+ in 0.0098% HF. The 

oxidation ability of Ag+ was retarded by complexing with S2O32" and the silicon sensing 

electrode surface can not react with complexed Ag(S203)*
12x ions. Consequently, the 

potential will not change even when 10 ppb Ag+ was introduced into the S2C>327HF 

solution. 

To eliminate the S2O32" complexing effect, the following pretreatment procedures 

were used to prepare solution A: 

(1). prepare 30g solution containing lppm Ag+ and lOOOppm S2O32' and lg NaS208 , boil 

the solution for 30 minutes. 



-100 

11 

^ -200 > 

£ 
"3 
••§ -300 & 
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§ -400 
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1 
° -500 

b. add lOppb Ag+ 

a. add lOppm S203 

0.0098% HF only 

-600 
0 50 100 

Time (min) 

150 

Fig.3 open circuit potential measurement for S203
2" and Ag+ 

a. 10 ppm S2O,2" in 0.0098% HF solution 

b. 10 ppm S2O,2" and 10 ppb Ag+ in 0.0098% HF 
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(2). add ultrapure water back to 30g followed by reacting with 2g H2O2 for 20min, boil 

the solution for 10 minutes. 

(3). dilute the solution to 100 fold by adding 0.0098% HF solution. 

The purpose of these pretreatments is to oxidize S2O32" into SO42" by H2O2 and the 

excess H2O2 was removed by boiling. A positive potential jump in fig.4 indicates that 

S2O32" has been removed and Ag+ can be detected by silicon sensing electrode. The 

aforementioned procedure was designed as pietreatment 1 as shown in scheme 1. 

> a 

0 

-100 

cd 
•43 
i 
a 
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*S 
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-200 

-300 

-400 

-500 

solution A 

r 
0.0098% HF only 

0 50 100 

Time (min) 

150 

Fig.4 open circuit potential measurement of solution A 
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PRETREATMENT 1 

30g 1% WS + lg Na2S208 

boiling 30min 
r 

add 2g H202 

boiling 20min 
r 

adjust pH e 2 

i 

dilute to 1% by 
0.0098% HF 

f 

0.01% WS in 0.0098% HF 

WS (water sample) 

Scheme 1 
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The pretreatment 1 was then applied to KODAK water samples. Figure 5 shows 

the open circuit potential measurement of a diluted KODAK sample (0.01%) treated by 

pretreatment 1. After establishing a stable base line potential for 60 minutes in 0.0098% 

HF solution, the silicon electrode was immersed in various trace level of (100 ppt -100 

ppb) Ag+ spiked KODAK samples. Each Ag+ detection run was performed using a new, 

freshly etched p-Si (111) sensing electrode. Curve a is the blank solution, i.e. 0.0098% HF 

solution. Curve b is the potential responses from the KODAK water sample. Curve c, d, e, 

f were the potentiometric responses from KODAK water sample spiked with 100 ppt, 

lppb, lOppb, lOOppb Ag+ respectively. As depicted in Figure 5, the V„c potentials of the 

silicon electrode were found to shift increasingly positive as the concentration of Ag+ 

contaminants in KODAK samples increases. Figure 6 shows the linear calibration curve of 

log [Ag*] versus the silicon Voc potentials recorded at the end of 90 minutes detection run. 

From the calibration curve we determined that the concentration of silver in 0.01% KS by 

pretreatment 1 is below 30 ppt. After taking into account of the dilution factor, the level 

of silver ion in the original KODAK water sample is below 300 ppb. 
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-100 

$ -400 r 
O -500 

100 

Time (min) 

Figure 5. open circuit potential measurement of samples 
prepared by pretreatment 1. 

a. 0.0098% HF 
b. KODAK water sample 

c. KODAK water sample spiked with lOOppt Ag+ 

d. KODAK water sample spiked with lppb Ag+ 

e. KODAK water sample spiked with lOppb Ag+ 

f. KODAK water sample spiked with lOOppb Ag+ 
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Log CAg- (ppt) 

Figure 6. calibration curve for samples in fig.5 (c ~ 0 by pretreatment 1 
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Another dominant species in KODAK water sample is Fe3*. As shown in table 2, 

there is about 8000 ppm Fe3+ in original KODAK sample. With dilution, there is still 0.8 

ppm Fe3+ in 0.01% KODAK sample. In order to investigate the effect of excess Fe3+ to 

silicon potential response, we measured the potentials of silicon sensing electrode 

immersed in different iron concentration in 0.0098% HF. As shown in figure 7, we found 

that 1 ppm Fe3* in 0.0098% HF could have ca. 60mV potential response. 

Table 2 major components in 100% KS and 0.01% KS 

before pretreatment after pretreatment 

100% KS 0.01% KS 

pretreatment 1 F e u 8000 ppm Fe3* 0.8 ppm 

S 2 O 3 2 " 76000 ppm S 2 O 3 2 - Oppm 

Ag+ X ppm S04
2" 300 ppm 

Ag+ X/10 ppb 

100% KS 0.01% KS 

pretreatment 2 Fe3* 8000 ppm Ffe3* 10"9 ppm 

S 2 O 3 2 ' 76000 ppm S2032" Oppm 

Ag+ Xppm S04
2" 300 ppm 

Ag+ X/10 ppb 
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Fig. 7 open circuit potential measurement of Fe3* 
in 0.0098% HF spiked with different concentration 

a. 10 ppb b. lppm c. lOppm 
d. 50 ppm e. 200 ppm f. 1000 ppm 
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And in figure 5, the baseline potential response of 0.01% KODAK sample is ca.60 mV. 

The potential result of 10 ppb Ag+ and 1 ppm Fe3+ shown in figure 8 proved that Fe3+ did 

not interfere with the Ag+ potential measurement. 

> §, 
*«3 

I 
<£ 

-100 

-200 

-300 -

3 -400 t-4 
0 

I -500 -

-600 

r 

0 50 100 

Time (min) 

150 

Fig. 8 open circuit potential measurement 
of 10 ppb Ag+ and 1 ppm Fe3* in 0.0098% HF 
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In order to backup the results obtained from pretreatment 1, we developed other 

pretreaments to analyze the silver ion content in KODAK water sample. One efficient way 

to remove iron (HI) is to precipitate the ions by adding NH4OH to adjust the pH to 8. 

Fortunately, silver survives by forming complex with ammonium ion as shown in the 

following reactions. 

Fe3* + NH4OH Fe(OH)31 + 3NH/ 

Ag+ + 4NH4OH -» Ag(NH3)4
+ + 4H20 

After centrifuging, the clear solution containing silver ammonium complex was 

decomplexed by adjusting pH to 4. Based on these additional steps, we developed 

pretreatment 2 (scheme 2) to eradicate the Fe3* interference problem. 

Figure 9 shows the potential measurement of lOOppt, lppb, lOppb, lOOppb Ag+ in 

0.01% KODAK sample treated by pretreatment 2. Again, from the calibration curve 

(figure 10) we conclude that there was ca.l5ppt silver in 0.01% KS and ca.l50ppb silver 

in 100% KS. 

The AFM images of the sensing Si wafers used in the experiment of figure 9 are 

shown in figure 11. It can be seen that the existence of Ag+ in the solution can cause both 

deposition of Ag nanometer size particles and surface roughness as well. It is known that 

the amount of deposition metal on silicon surface increases as metal ion concentration 

increases in HF solutions.7 It is observed in figure 11 that the deposited particle number 

and size increase as Ag+ concentration increases. The AFM samples were checked by XPS 

and shown to be Ag. The assertion was further confirmed by the AFM data. 



21 

o 

7$ 

\ " I $&$ iftiiM%4j 

mMmrnmrn 

%» " '>> *< V/ , x l . 6-*$&* 
mm$m mmmM 

MM%.mm 
f ^ ^ I s W * 

^mW0%$-
X':-y,̂ PM--̂ \ | > -x^w- . ' Y& 

s 4 v | 
V >;vv̂A >i ̂ VX-X v̂ """". .. /> s ^ 

">\s ' v ^ ^ , -M<& 
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PRETREATMENT 2 

30g 1% WS + lg Na2S208 

boiling 30min 
r 

add 2g H202 

boiling 20min 
f 

adjust pH = 8 by NH4OH 

centrifuge 5min separate upper 
solution 

r 

adjust pH = 4 by 1M H2SQ4 

dilute to 1 % by 
0.0098% HF 

r 

0.01% WS in 0.0098% HF 

Scheme 2 
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Time (min) 
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Figure 9. open circuit potential measurement of samples 
prepared by pretreatment 2. 

a. 0.0098% HF 
b. KODAK water sample 

c. KODAK water sample spiked with lOOppt Ag+ 

d. KODAK water sample spiked with lppb Ag+ 

e. KODAK water sample spiked with lOppb Ag+ 

f. KODAK water sample spiked with lOOppb Ag+ 
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The third pretreatment of KODAK sample is same as pretreatment 2 except for 

diluting the sample to 10% at last step. Reliable detection of the less diluted KODAK 

water sample is made possible by the complete removal of S2O32" and Fe3* interferences. 

Figures 12 and 13 are the potential measurement and its calibration curve respectively. 

The data from fig. 13 showed that there is ca.300ppt Ag+ in 0.1% KODAK sample and 

that corresponds to ca.300ppb silver in 100% KODAK sample. In summary, we conclude 

that there is ca. 150~300ppb silver in the KODAK water sample. 

>, 200 

g 150 

3 4 

LogCA g-(ppt) 

Figure 10. calibration curve for samples in Figure 8(c ~ f) by pretreatment 2 
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PRETREATMENT 3 

30g 1% WS + lg Na2S208 

boiling 30min 
f 

add 2g H202 

boiling 20min 
r 

adjust pH = 8 by NH4OH 

centrifuge 5min separate upper 
solution 

r 

adjust pH s 4 by 1MH2S04 

1 

dilute to 10% by 
0.0098% HF 

f 

0.1% WS in 0.0098% HF 

Scheme 3 
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Figure 12. open circuit potential measurement of samples 
prepared by pretreatment 3. 

a. 0.0098% HF 
b. KODAK water sample 

c. KODAK water sample spiked with 1 ppb Ag+ 

d. KODAK water sample spiked with 10 ppb Ag+ 

e. KODAK water sample spiked with 100 ppb Ag+ 

f. KODAK water sample spiked with 1 ppm Ag+ 
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Figure 13. calibration curve for samples in figure 12 (c ~ f) by prctreatment 3 
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2.3.2 Canadian Riverinve Standard Water Sample (SLRS-3) 

The following table 3 shows the twenty metals for which certified values have been 

established for SLRS-3. SLRS-3 is the third batch of riverinve water certified reference 

material for trace metals. This sample of river water was gathered at the 2 to 3 meter level 

in the Ottawa River at Chenaux, Ontario, about 100 kilometers upstream from Ottawa. 

The water was peristaltically pumped through cleaned polyethylene lined ethyl vinyl 

acetate tubing and 0.45 fim porosity acrylic copolymer filters. It was acidified immediately 

with ultrapure nitric acid to pH 1.6 during transfer to 50-litter polypropylene carboys. We 

will apply the silicon-based sensor to determine the trace level of Ag+ in SLRS-3 sample. 

Table 3 Metals in SLRS-3 waterm sample 

Trace metals Micrograms/liter Traces metals Micrograms/Liter 

Aluminum 31 Antimony 0.12 

Arsenic 0.72 Barium 13.4 

Beryllium 0.005 Cadmium 0.013 

Chromium 0.3 Cobalt 0.027 

Copper 1.35 Iron 100 

Lead 0.068 Manganese 3.9 

Molybdenum 0.19 Nickel 0.83 

Strontium 28.1 Uranium 0.045 

Vanadium 0.3 Zinc 1.04 

Calcium 6000 Magnesium 1600 

Potassium 700 Sodium 2300 
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Figure 14 shows the measured potentiometric responses of HF-etched p-Si(l 11) 

electrodes in contact with various level of Ag+ impurities in 0.0098% HF prepared using 

SRLS-3 water. 

OCP for SLRS-3 with different silver addition 

- 1 0 0 -

5 -250 -

-300 - r 
Time (min) 

Figure 14 
a. 0.0098% HF prepared using SLRS-3 -290mV 
b. spike lOOppt Ag+ in a -266. lmV 
c. spike 500ppt Ag+ in a -234.7mV 
d. spike lppb Ag+ in a -215.4mV 
e. spike lOppb Ag+ in a -151.9mV 
f. spike lOOppb Ag+ in a -95.2mV 
g^pike lppmAg* in a -47.8mV 
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Before each detection run, all the silicon electrodes were pre-etched in 4.9% HF for 5 

minutes to remove any surface oxides. After ultrapure water rinse, each sensing electrode 

was immersed in various trace level of (100 ppt - lppm) Ag+ spiked 0.0098% HF 

prepared using SRLS-3 water. In the calibration curve (figure 15), the diamond point 

stands for the 0.0098% HF prepared using SLRS-3 and other points are the 0.0098% HF 

prepared using SLRS-3 spiked with different concentrations of Ag+. From this curve, the 

concentration of Ag+ in SLRS-3 is expected not to exceed 66 ppL Like KODAK sample I, 

the AFM results show that the more Ag+ spiked in solution the more particles on the 

silicon chip surface. 

o -150 

o -250 

L o g ( C A g
+ ) 

Figure 15 Calibration curve for figure 14 (b ~ g) 
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2.3.3 Water sources in UNT lab 

There are 5 types of water available in our lab. They are regular tap water, UNT 

DI water, regular milli-Q water, ultrapure milli-Q water, TI ultrapure water. The regular 

tap water is the feed water source of the ultrapure milli-Q purification unit. The Elix 5 is 

the first water purification system that produce consistently-pure, analytical-grade water 

from tap water. Two water purification steps were used here. One is the reverse osmosis, 

another is the electrodeionization. Reverse osmosis is a broad based primary water 

purification technique which removes a high percentage of each of the four classes of 

contaminants, i.e. inorganic ions, dissolved organics, particles and microorganisms, 

present in potable tap water. A small electric current within the electrodeionization (EDI) 

module drives the ion removal process. The continuous removal of ions from the unit 

prevents the ion exchange resins within the EDI module from becoming exhausted. The 

water from Elix 5 was stored in a tank. Before collecting the ultrapure water, water from 

storage tank passed through Milli-Q-ICP plus purification module where the water was 

polished again to get high purity water. The ultrapure milli-Q water was used to rinse 

TEFLON material at the last acid cleaning stage. The first two acid cleaning stages were 

rinsed by UNT DI water. The water from Texas Instruments, Inc. was the best water and 

was used to prepare solution. Here, I used atomic force microscope(AFM), inductively 

coupled plasma mass spectrometry(ICP), open circuit potential(OCP) to test the quality of 

the five water sources. 
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Figure 16 is the open circuit potential measurement of the tap water. The detection 

run procedures here include: (a) Each sensing electrode was first allowed to establish a 

stable potential baseline in pure 0.0098% HF solutions prepared using TI ultrapure water 

for 60 minutes, (b) then the electrode was immersed in 0.0098% HF prepared by tap water 

for 90 minutes. The used sensing Silicon chips were examined by AFM in order to explain 

the surface morphological changes after OCP measurements. 
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Figure 16 
a: potential measurement for 10% tap water 
b: potential measurement for 50% tap water 
c: potential measurement for 100% tap water 

note: the baseline potential of a, b, c were shift for clarity 
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Table 4 shows the results of potential measurements. All the concentrations have the 

similar responses. But the 100% tap water reaches stable much faster than 10% tap water 

and the 50% tap water in the middle. Similar potential change pattern occurred on the 

starting point as the electrode contact with the tap water sample. The end point is almost 

at same level. 

Table 4 Results of tap water potential measurement 

T1/2 (min) start point end point Ai (mV) A2(mV) 
100% 3.7 -245.2 -335.2 141.8 51.8 
50% 7.2 -257.1 -327.7 129.8 59.2 
10% 17.0 -297.3 -335.8 90.0 51.5 

Note: Ai is the difference between start point when tap water was applied and baseline 

A2 is the difference between end point when tap water was applied and baseline 
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Table 5 ICP-MS results for 100% tap water 

Metals ppm Metals ppm 

Ag <0.008 Ir <0.010 

A1 <0.040 K 0.320 

As < 0.070 La <0.199 

Au < 0.030 Li <0.010 

B <0.010 Mg 2376.373 

Ba <0.004 Mn < 0.001 

Be <0.0 Mo <0.016 

Ca 14.861 Na 12.84 

Cd <0.010 Nb <0.010 

Co < 0.040 Ni <0.014 

Cr <0.016 Pb <0.199 

Cs < 0.001 Pd <0.040 

Cu <0.008 Pt < 0.080 

Fe < 0.006 Rh <0.010 

Ga < 0.040 Si < 0.032 

Ge <0.010 Sb < 0.099 

In <0.179 Sn < 0.032 

From the table 5, we know the major ions in tap water are Ca2+ , Mg2+ , Na+ and K+ . The 

result from a self-prepared water sample with similar ions composition does not show the 

observed particular change pattern in figure 16. From the AFM image (figure 17), we 

found not only the small particles similar to Ag depositions, also we observed deposited 
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particles with peculiar shapes. More works is needed to fully explain the observed AFM 

images. 

Figure 18,19 is the ocp for UNT DI water and regular milli-Q water respectively. 

The ocp measurement of ultrapure milli-Q water and TI water is same as shown in figure 

5(a). The results of ocp measurements implied that the ultrapure milli-Q water and TI 

water are the purest among the five water sources. The water quality of the remaining 

three water samples follow the following order milli-Q > UNT DI > Tap water. The AFM 

and ICP results agree with this conclusion very well. 

a -300 

P -400 

160 

Time (min) 

Figure 18. potential measurement for UNT DI water in 0.0098% HF 
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Figure 19 potential measurement for milli-Q water in 0.0098% HF 



CHAPTER 3 

INVESTIGATION OF ORGANICS CONTAMINANTS BY FTIR-ATR 

3.1 Introduction 

In the past two decades, the relentless advancements in the microcomputer 

technology have greatly aided a continuing string of major scientific discoveries and 

technological breakthroughs. Perhaps the most impressive area of the improvement has 

been the evolution of the microprocessor.12 The integral step in the manufacture of high 

speed microprocessors is the fabricating of field effect transistor on a sub-micron scale. As 

the trend towards miniaturization continues, the effective control and detection of 

contaminants have emerged as a critical factor in achieving the desired technological goal. 

Trace levels of metal or organic contaminants in various processing chemicals has been 

shown to be adsorbed on silicon wafer surfaces and lead to defect formation at the 

oxide/silicon interface.13 Previously, we reported the nucleation and growth of metal 

nanoparticales on Si(100) surface in hydrofluoric acid (HF) solution using atomic force 

microscopy.8 Recently, a novel silicon-based potentiometric sensor that is capable of in 

situ monitoring of part-per-billion to part-per-trillion level of metal ion impurities in HF 

and other processing chemical was also reported.5 

HF etching is widely used to remove the surface oxide layer before the critical 

thermal gate oxide growth step. The HF etched silicon surface is terminated by hydrogen 

and is highly susceptible to organic contaminations. Adsorption of organic compounds 

38 
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onto the wafer surface can drastically alter the surface wettability that can yield uneven 

etching. In addition, organic films on a silicon wafer surface can affect the growth rates of 

gate oxide and result in uneven oxide layers. If the organic compounds are not completely 

removed before the important thermal oxide growth step, the organic compounds can be 

trapped between the silicon and oxide layers. It is believed that this might then result in the 

formation of a thin film of silicon carbide during the subsequent high temperature 

processing.14,15 Therefore, it is highly desirable to measure and quantify the organic 

contaminants in the HF solutions. 

In the present work, we focused our efforts on characterizing the trace levels of 

organic impurities in HF solutions using a silicon-based organics probe. As illustrated in 

scheme 4, a specially cleaned attenuated total reflection (ATR) silicon crystal was 

immersed in HF solution samples to extract organic impurities in the HF solutions by 

physical adsorption. The organics adsorbed on the silicon ATR probe surface were 

characterized by multiple internal reflection infrared spectroscopy (MIRIS).16 MIRIS 

directs an IR beam within the ATR silicon crystal to undergo multiple internal reflections 

(50 ~ 100), which greatly enhances measuring sensitivity.17,18,19 Each total internal 

reflection sets up a standing wave pattern (Evanescent wave) due to interference of the 

incoming wave and the outgoing wave. The Evanescent wave is confined to the submicron 

space above the silicon surface and can effectively detect trace levels of surface adsorbed 

organic species on the ATR silicon crystal. In addition to high detectivity and surface 

sensitivity, the silicon based ATR probe offers another important advantage as a specific 

organics probe which selectively measures only the organics adsorbed on the silicon wafer 
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Silicon ATR Crystal 

/ / Organic 
impurities 

IRin 

Evanescent 
X wave 

IRin IR out 

IR out 

HF solution 

Scheme 4 

The process to collect and measure organic 
contaminants in HF Solution 
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surfaces. Therefore, the organics adsorption data obtained via silicon based specific 

organics probe technique is direct relevant to the integrated circuit fabrication which rely 

mostly on the ultraclean silicon wafer surfaces to achieve its designed applications. 

3.2 Experimental 

All the solutions were prepared from pre-filtered, high purity electronic grade 

chemicals. The dilution was made directly in a Teflon beaker using ultrapure water (R > 

18.2M£2, total organic content < 3ppb). The Teflon labware was cleaned by boiling three 

times in 10% HNO3 (aq) followed by ultrapure water rinsing. Electronic grade HF acid 

solutions were obtained directly from different commercial chemical suppliers. 

The ATR elements were cut directly from a double polished silicon wafer and 

shaped into a parallelogram optical prism (10 X 60 X 0.7 mm, 45° bevel angle) which 

provides up to 86 internal reflections on each face with IR beam incidence normal to the 

bevel face.20 Silicon ATR crystal samples were first cleaned in a hot standard cleaning 

(SCI) solution21,22 (H2O2: NH4OH: H2O = 1:1:5,70°C) for 10 minutes and rinsed with 

ultrapure water. Then, the silicon crystals were etched in 4.9% HF (ultrapure, electronic 

grade) one minute to remove surface chemical oxide. Following a brief ultrapure water 

rinse, the silicon crystals were cleaned again in hot SCI solution, water rinsed and dried by 

ultrapure nitrogen. The residual organics content on the as-cleaned silicon crystal was 

determined by the MIRIS method. The SC1/HF/SC1 cleaning processes was repeated 

until the measured IR organics adsorption from the silicon surface was below a pre-

determined level with respect to the open channel background of an infrared spectrometer. 
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The multiple internal reflection FTIR spectra from the silicon parallelogram optical 

element were measured using a Bruker EQUINOX 55 spectrometer with a MCT detector 

(High D\ narrow band, EG&G). The vertical ATR optical accessory was obtained from 

Pike Technologies. The silicon ATR crystals were handled only by pre-cleaned Teflon 

based utensils to avoid organic contaminations through contact transfer. The spectrometer 

is constantly purged with ultrapure, low organic nitrogen gas in a class 10 cleanroom 

environment The resultant IR spectra were collected at 2 cm"1 resolution and arc the sum 

of 500 individual spectra. 

Freshly cleaned silicon ATR crystals were submerged for a period of 60 minutes 

in a HF (aq) sample in which the organics content was measured. To avoid the airborne 

organics interference, the HF (aq) sample was placed in a clean Teflon enclosure which 

was isolated from the cleanroom ambient by an ultrapure nitrogen blanket After 60 

minutes of immersion, the silicon ATR crystal surface were analyzed by MERIS. AD the 

reported IR spectra were normalized to the reference spectrum from the SC1/HF/SC1 

cleaned, oxide covered silicon wafer surface. 

3.3 Results and Discussion 

3.3.1 Novel method for organic detection 

Figure 20a shows an open beam spectrum collected from the FTIR spectrometer 

under constant dry nitrogen purging in the class 10 cleanroom. The single channel open 

beam spectrum represents the non-obstructed IR radiation throughput versus wavenumber 

and is collectively determined by the IR source output, beamsplitter characteristics, 
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detector response and other optical parameters. Without a thorough dry Nitrogen purge, 

additional fine IR absorption features from atmospheric molecules trapped in the 

spectrometer, such as CO2 (2500 cm"1), H2O (1400 -2200 cm'1,3500 -3900 cm"1) and 

other organics (2800 -3000 cm"1), can be found superimposed on the single channel 

spectrum. As indicated in Figure la, most of these atmospheric CO2 and H20 interferences 

can be thoroughly purged out of the spectrometer by dry nitrogen gas. However, a 

constant residual background organics absorption inherited with each spectrometer can be 

seen in the insert from figure 20 as three minute but distinct IR absorptions at 

approximately 2856,2928 and 2964 cm"1. These IR background organic absorptions 

(figure 20a, insert) represents the lowest limit of organics which can be discerned from the 

single channel spectrum. 

To quantitatively characterize the organics adsorbed on the silicon ATR crystal 

surface, a reference single channel IR spectrum from a perfectly clean silicon ATR crystal 

is needed. However, it is very difficult to quantitatively define the degree of cleanness 

from the silicon ATR crystal without a predetermined standard background spectrum. The 

literature reported IR data of adsored organics on silicon surface is generally compared to 

a reference background spectrum obtained from a silicon ATR crystal after certain specific 

cleaning treatments.23,24 However, variation in cleaning procedures could easily result in 

different degrees of cleanness on reference ATR crystal surfaces which make the data 

comparison less reliable. 
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Figure 20 Single channel spectrum 

a. open beam 

b. clean ATR element 

c. dirty ATR element 
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In this work, the intrinsic organics absorption background from the IR 

spectrometer was employed as a reference spectrum to evaluate the cleanness of the 

silicon ATR crystal surface. Two experimental considerations support this new approach 

and could provide more reliable quantization of the surface absorbed organics as 

demonstrated in this work. First, the intrinsic organics absorption background spectrum, 

as shown in figure 20a, can be reproducibly obtained from the spectrometer operated 

under open beam configuration with thorough dry nitrogen purging. Second, the single 

channel spectra recorded with the silicon ATR crystal (Figure 20b&20c) in the range of 

2500 to 4000 cm"1 was found to closely follow the IR absorption variation in the open 

beam single channel spectrum (Figure 20a). The observed similarity in the IR absorption 

variation provides a workable background for quantitative evaluation of adsorbed organics 

on silicon surfaces by direct comparison of the single channel spectra of silicon ATR 

crystals to the open beam spectrum. For instance, the insert from Figure 20 clearly 

demonstrates that the silicon ATR crystal surface (c) was contaminated with organic 

impurities. Increase of IR absorption intensities at 2856,2928 and 2964 cm'1 from the 

silicon ATR crystal surface (c) are easily observed in comparison with the preexisting 

spectrometer organics absorption background. 

In order to remove adsorbed organics, the silicon ATR crystals were carefully 

cleaned in SC1/HF/SC1 solutions with follow-up ultrapure water rinsing. Following the 

last SCI cleaning, the oxide covered silicon ATR crystals were quickly transferred into the 
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purged sample chamber of the infrared spectrometer to record an IR absorption spectrum. 

Figure 21 shows IR absorption spectra of a)clean silicon ATR crystal and two other 

silicon surfaces with different degrees of residual surface organic contaminants. The 

spectra were ratioed with the intrinsic organics absorption background from IR 

spectrometer (i.e. Figure 20a). As can be seen in Figure 21, the MIRIS technique is 

sensitive down to the submonolayer of organics absorbed on the silicon surface as 

revealed in the extremely low measured IR absorbance (10"4 to 10'5 per reflection).25,26 

Ideally, the IR absorption spectrum of an ATR silicon crystal surface completely 

free of organic contaminations should be near a straight line after being ratioed with the 

open beam single channel spectrum. However, the slight difference in single channel 

backgrounds between the clean silicon ATR crystal and open beam from spectrometer 

causes a small deviation from the straight line as shown in Figure 21a. The extent of 

deviation from the straight line can be statistically quantified by the standard deviation of 

the measured absorption spectrum. For instance, carefully cleaned silicon surfaces were 

found to show an averaged standard deviation of 7.7 X 10"5 in the absorption range of 

2800 to 3000 cm"1. The absorbance standard deviation affords a useful tool to 

quantitatively determine the effectiveness of the silicon wafer surface cleaning procedures. 

For all the "clean" silicon ATR crystals used in this work, the silicon crystals were 

carefully cleaned until the observed absorbance standard deviation did not exceed the 7.7 

X 10*5 limit 
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Figure 21 FTIR absoiption for different cleanness (open beam in figure 20a as reference) 

a: very dirty ATR element 
b: dirty ATR element 
c: clean ATR element 
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Currently, two major detection methodologies arc available to monitor and control 

total organic carbon (TOC) levels in microelectronic processing solutions. Off-line TOC 

testing involves chemical oxidation of all carbon bearing compounds by a strong oxidant 

(such as sodium persulfate).27 The final end product of the organic oxidation is carbon 

dioxide which dissolves in water and causes an increase in conductivity. The change in 

conductivity is recorded by an electrode and temperature compensated to represent the 

TOC values in the solution. However, off-line TOC monitoring is easily subjected to 

external organic contaminations from sample handling, containers and atmosphere. 

Alternatively, the chemical oxidation step can be replaced by a UV (185nm) 

activated photo-oxidation process on an electrode surface coated by a high band-gap 

titanium dioxide semiconductor thin film.28 The key photogenerated oxidants are hydroxyl 

radicals (*OH), which have an oxidizing potential that approaches atomic oxygen. The UV 

activated titanium dioxide sensor is well adapted to monitor TOC under in-line conditions. 

The aforementioned TOC monitoring techniques are most useful in providing the total 

concentration of oxidizable organic impurities presence in the pre-purified water. 

However, it is difficult to adapt the same monitoring methods to highly acidic and 

corrosive HF acids. Furthermore, current TOC detection methods measure the sum of 

both soluble ionic organics and non-volatile organics. Therefore, two water samples with 

comparable TOC content may have very different organics distribution. From the stand 

point of organic contamination control, water soluble organics pose less of a threat since it 

can be rinsed away from silicon surface. In contrast, strongly adsorbed organics which can 
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not be removed by water rinse can cause detrimental effects to the critical silicon/oxide 

interface. For the above reason, it is advantageous to determine the level of organic 

contaminants directly adsorbed on the silicon wafer surface after immersed in the solution. 

In the following section, we will discuss the measurement of organics content in various 

HF aid solutions using silicon based ATR crystals. 

3.3.2 Determination of the organic contaminants in the HF solutions: 

Freshly cleaned silicon ATR crystals can be etched in HF to remove surface oxide 

and terminate the silicon surface with hydrogen atoms.29 The hydrogen adlayer passivates 

most of the surface dangling bonds and effectively retards air oxidation to the underlying 

bare silicon. Therefore, complete hydrogen termination is one of the important processing 

requirements for ultraclean silicon wafer surfaces. However, the hydrogen passivation 

adlayer also transforms the silicon surface into a highly hydrophilic surface with a 

relatively high water contact angle of ca. 64°.30 Consequently, the hydrogen terminated 

silicon surface is known to strongly adsorb organic molecules from its surrounding 

environments.14'15 Figure 22 shows a series of time dependent IR absorption spectra 

measured from a hydrogen terminated silicon ATR crystal exposed to different 

environments including the cleanroom ambient and HF solutions. As revealed by a set of 

four time dependent spectra (broken line spectra, figure 22), the airborne organics, 

adsorbed on the silicon surface from the cleanrom ambient, were found to more than 

double at the end of 60 minutes exposure. The IR data indicate the level of airbore 

organics is rather high in cleanroom ambient despite its extremely low particle content 



50 

8 

I 
CO 

X> < 

5x10' 
v a - C H r 

A 

v a " C H 3 " / i 

/ V \ w 

fJ 

j i_ 

60m in 

30m in 

20m in 

10m in 

3100 3050 3000 2950 2900 2850 2800 2750 

Wavenumbers (cm1) 

Figure 22 Time effect of organic contaminants on ATR element in different environment 

dash line : in cleanroom air 
solid line : in 4.9% HF (Hashimoto) under N2 purge 

circle : in 4.9% HF (Hashimoto) open to air 



5 1 

(less than 10 particle per cubic feet). Separate measurements also demonstrate that the 

airborne organics adsorption rate on hydrogen terminated silicon surface in class 10 

cleanroom can be comparable to the regular laboratory ambient 

In order to selectively analyze the organic contamination solely originating from 

the HF solution phase, a nitrogen purge system is employed to isolate HF solution from 

the airborne organics. The effects of purging protection is demonstrated in the following 

two set of experiments. Freshly cleaned silicon ATR crystals were immersed in 4.9% HF 

solutions with or without purging. IR absorption spectra of silicon ATR crystals were 

measured at the end of each immersion time interval. As shown in figure 22 (spectra with 

open circles), note the rapid increases in organics adsorption were noted on the silicon 

ATR crystal which was immersed in the HF solution without nitrogen purging. The data 

indicated that airborne organics gradually diffused into the HF solution and were adsorbed 

on the ATR silicon crystal. In contrast, the level of organic absorptions increase much 

more slowly on the ATR crystal immersed in a HF solution which was enclosed in the 

nitrogen purging system (solid line spectra, figure 22). 

The dynamics of the diffusion process of airborne organics is seen in figure 23, 

which plots the integrated absorbance from the C-Hx stretching region (2800 to 3040 cm" 

') versus immersion time. For the first twenty minutes, the level of organics adsorbed on 

silicon surface from HF solution without N2 purging is only slightly higher than with N2 

purging. The data suggest that the organics detection in HF solution using the silicon ATR 

silicon probe can be completed within 20 minutes with relatively minor airborne organics 

interference. With extended immersion time, however, the level of organics adsorbed on 
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silicon ATR crystal surface from HF solution without N2 purging were found to increase 

rapidly and reach to the comparable level from cleanroom ambient. In contrast, the ATR 

crystal immersed in the HF solution under N2 purging showed only a slow increase of 

adsorbed organics from 20 to 60 minutes of immersion time. The data demonstrates the 

effectiveness of N2 purging setup in preventing the airborne organics contamination. In 

addition, the small IR organics absorption peaks (<0.001 absorbance), confirms that the 

degree of organic contaminants, in this particular electronic grade ultrapure HF solution 

sample, is relatively low. Separate MERIS experiments using the silicon based organics 

probe also demonstrate that significant variation in organic contamination level can be 

observed from the HF solution samples with a stated comparable purity specification but 

from different chemical sources. 

Higher levels of organic impurities were consistently observed in all concentrated 

HF solutions we have obtained and analyzed. Figure 24a and 24b show IR organic 

absorption spectra on the silicon probe surface after immersion in 49% and 4.9% HF 

solutions respectively for 60m in. The 4.9% HF solution sample (b) was prepared by 

diluting 49% HF solution sample (a) with ultrapure water. Based on the integrated IR 

absorbance values, the organics contents in the 4.9% HF solution (b) prepared by tenfold 

dilution did not decrease to one tenth of organic content in 49% HF solution. Instead, the 

organics content in diluted HF solution sample (b) is only decreased to 1/3 from the more 

concentrated 49% HF solution. This observation clearly indicates that additional organics 

from different sources were incorporated in the more diluted solution during the dilution 
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process. Our IR data suggest that the ultrapure water was a major contributor to the add-

on organic impurities found in the diluted HF solution. This assertion is further supported 

by the organics content in the ultrapure water as measured from the integrated IR 

absorption value from figure 24e. Therefore, simple dilution will not proportionally 

decrease the organics impurities due to the add-on background organics from water. It is 

also interesting to note that the commercially available ultrapure 4.9% HF (figure 24, 

sample c) prepared in a strictly controlled environment does show approximately 20% 

decrease in organics content compared to the 4.9% HF solution sample (b) prepared in 

house. 

Surface adsorbed organic contaminants were found to randomly orient on the 

silicon ATR crystal surface. As showed in figure 25, both p- and s- polarized IR 

absorption spectra are very similar to the unpolarized spectra. Lack of polarization 

suggests that surface adsorbed organics likely consists of a mixture of organic compounds 

randomly adsorbed on silicon surface. In addition, the organic impurities from HF solution 

were found to strongly adsorb on the hydrogen terminated silicon surface and could not be 

removed by ultrapure water rinsing, as shown in the figure 26. These types of non-rinseble 

organic contaminants could be especially problematic in the so called "HF-last" silicon 

wafer cleaning processes which utilize HF etching as the last cleaning treatment before the 

critical thermal oxide growth step. 
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In summary, IR data clearly demonstrated the capabilities of a silicon based ATR 

probe to evaluate trace levels of organic impurities present in different medias. This new 

detection methodology could potentially be used in the area of organic contaminations 

control which is vital to the success of integrated circuit chip making. More importantly, 

the prevention strategy for minimizing organic contamination can be more effectively 

planned if the origins of the organic impurities can be identified by this relatively simple 

silicon based ATR detection methodology. Another important advantage is that the same 

silicon surface from ATR organics probe can be routinely used as the starting substrate for 

all highly sophisticated microelectronic architectures. Therefore, knowledge obtained from 

the organics adsorption on silicon ATR crystal probe can be directly applied to the 

organics contamination prevention in the integrated circuits fabrication process. For 

instance, certain types of organic molecules (like ionic surfactants) may only weakly 

adsorb on silicon wafer surface and can be easily rinsed away by water. However, tightly 

held organics could transform into the undesirable silicon carbide during the following 

thermal oxide growing process. 

3.3.3 Analyzing commercial HF solutions 

The following section details the results of organic detection for various HF 

samples from different commercial suppliers. Basically, there are five concentration of HF 

solutions were tested. They are 0.49% HF, 4.9% HF, 6% HF, 49% HF and 0.49% buffer 

HF. As shown in previous figure 24, the organic content in original 4.9% HF from the 

Hashimoto supplier is only 1.25 time above the organics background in TI ultrapure 
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water. The Hashimoto HF is the best quality of HF solution available in the market Also, 

seperate experiments confirm that the device yield loss is minimized when high purity 

Hashimoto HF was used in the actual IC production line. Based on these information, we 

used the different concentration of HF from Hashimoto as the standard reference baseline 

to compare with other HF from different sources. 

Before each organics detection run, the silicon ATR crystal was cleaned by SC-1 

(high temperature) several times until it met the pre-set cleanness standard. The ultraclean 

ATR element then was dipped in the sample solution for 60 minutes to collect the organics 

from the sample. Both the ATR element and sample were sealed in a N2 purged chamber. 

Figure 27 shows the organics detection results for a 0.49% HF sample from 

supplier E. The 0.49% Hashimoto HF was prepared by dilution from 4.9% Hashimoto HF. 

It is expected that some contamination may be introduced during dilution as observed in 

figure 24. However, the HF sample E (0.49% HF, curve a), has much more organic 

contamination than high purity 0.49% HF from Hashimoto(curve b). Figure 28 shows the 

organic contamination detection for 4.9% HF samples. The original 4.9% HF solution 

from supplier B was repackaged in a plastic contain which is labeled as sample B. As 

shown in figure 28, it was found that sample B is more than three times dirtier than 

Hashimoto HF. Therefore, the repackaging process introduces large amounts of organic 

contamination which could originate from the exposure to air as well as the plastic 

container itself. Besides sample B, another sample D is 6% HF, the result in figure 29 

shows the quality of sample D is slightly worse than that of sample B. Figure 30 shows the 

result of concentrated HF which is used most commonly in chip making line. Besides the 
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organic absorption (3000cm1 ~ 2800cm"1), there is another absorption at 3330cm'1, which 

can be rinsed away as illustrated in figure 31 and did not show up in diluted 4.9% HF. 

Again, the HF from Hashimoto is the cleanest acid among all the concentrated HF 

solutions. HF solution obtained from sample tank (curve a) has highest organics content 

In order to prevent the interference from roughness caused by the concentrated HF 

solution, we prepared 4.9% HF diluted from 49% HF samples. The diluted samples' 

results show in figure 32 that the quality sequence starting from the best is Hashimoto, 

sample A, sample G, sample F, sample tank. The peak at 3330cm"1 in figure 31 may be 

the Si-F bonding from the rough surface caused by dirty concentrated HF. 
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Figure 31 FTER spectra for sample tank and rinsed sample tank 

a. sample Tank Integration (3440~3100)=1.084 (3030~2760)=0 706 
b a f K r r i n s e 0*62 



65 

8 
3 

1 
CO X> < 

T 0.0005 

3100 3050 3000 2950 2900 

Wavenumbers 

2850 2800 2750 

Figure 32 Fi lR spectra for diluted HF samples 

Integration of Absorbance 

a: diluted sample tank 
b: diluted sample F 
c: diluted sample G 
d: 4.9% HF (Hashimoto) 
e: H water 
f: in cleanroom air lmin 

0.147 
0.145 
0.102 
0.030 
0.017 
0.011 



66 

3.3.3 Monitoring organics in air 

Besides the organic contamination from wet processes in fab line, another major 

source of organic contamination is the air. A lot of chip making processes are handling in 

regular air and the Airborne Molecular Contamination (AMC) will affects the quality of 

chips. According to John Mikulsky31 and Devon Kinkead,32 AMCs are most conveniently 

classified as acids, bases, condensables or dopants. AMC and AMC-related process effects 

are a new field of challenge on contamination issue and must be placed in proper 

perspective among other manufacturing trends and process hazards. 

Three critical processes were identified as being the most sensitive to AMCs: gate 

oxidation, silicidation and contact resistance. AMC will deposit onto wafer surfaces at a 

rate proportional to the gas phase concentration at standard temperature and pressure. 

The contaminant may be phscically adsorbed or chemically adsorbed onto the surface, 

depending upon the wafer surface chemical status. 

According to John Mikulsky31, a simplified model of air transport in the fab is 

shown in figure 33. Outside air is drawn into through the air handing system, usually 

through a significant pre-filter system and heating, ventilating and air conditioning 

(HVAC) equipment. At HVAC, the fresh air was mixed with re-circulated air and sent on 

its way to the ceiling high efficiency particulate air (HEPA) filter array for the cleanroom. 

Once inside the cleanroom, the air moves downward and out of the room for eventual re-

circulation. Also in the air circuit are various venting systems which remove exhaust air 
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from processing equipment. As the air moves through this entire air handling circuit, 

chemical contamination can be introduced or removed at any point. While the 

Fab Air Circuit 
Outside air w 

Pre-fi ter 

Vent 

Figure 33 simplified model of air transport in the fab 

conventional air handling systems effectively minimize particle contamination, many do 

little to address the issue of organic contamination. 

The source of airborne chemical contaminants can be divided into five groups.31 

1. Outside air: Normal urban air contains a variety of organic and inorganic molecular 

species. Unless special filtering methods are used, they will typically pass through the air 

handling system into the fab operating environment. This is in contrast to the excellent 

performance of contemporary air handling systems in removing particulate matter from 

outside air. Typical measurements have shown, however, that the volatile contaminants 
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generated and released within the fab generally far outweigh those introduced by outside 

air. 

2. Air handling systems: The entire air handling circuit is a potential source of molecular 

contamination, numerous elastomers and sealants are present in air handling systems and 

they can produce a variety of organic contaminants. 

3. Construction materials: The many polymer products used in fab construction are a 

common source of molecular contaminants. Other than a few fluoropolymers, virtually all 

polymeric materials contain various additives - flame retardants, anti-oxidants, catalysts, 

plasticizers, color concentrates and residual processing agents. The plasticizers and 

processing agents usually are organic compounds while the others tend to be inorganic. 

Many flame retardants are phosphorous, antimony or halogen based compounds. The 

organic additives often are low molecular compounds, relative to the base polymer, that 

easily volatile. Paints, coatings, wire insulations and adhesives are another typical source 

of airborne organic contaminants, especially the solvents used in their formulation. Each 

material and its respective manufacturer tend to have unique formulations, so materials in 

the same generic class can have markedly different contamination signatures. 

4. Fab equipment: for protection from corrosive solutions, polymeric materials are used 

routinely in fab equipment, cleanroom grad, containers and the like. These items can 

generate similar contamination effects as do the construction materials noted above. 

5. Processing chemicals: Inherent in the semiconductor fabrication process are various 

chemicals with volatile components, especially cleaning solutions and photolithographic 
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materials. These contaminants tends to be concentrated in the immediate vicinity of the 

workstation where they are used. However, the air handling system will often cause them 

to diffuse throughout the fab. Even if well vented, sometimes wind direction changes can 

cause them to be sucked back into the air handling system by downstream air intakes. 

6. Mini-environments and containers: mini-environments and closed wafer carriers 

represent a special subset of this issue. As confined spaces, the air flow within them maybe 

stagnant or significantly reduced relative to the general airflow within the fab. As such, 

there is the potential that contaminants can concentrate significantly higher levels than 

observed in the general fab environment Also, depending on the thermal and equilibrium 

conditions, contaminants in these confined spaces may adsorb onto or absorb into the 

container walls only to re-evaporate when the equilibrium forces are reversed. 

While the existence of airborne molecular contamination is undeniable, the reseach 

on the AMC, such as concentration of the organic contamination in the air, the diffusion 

rate to the wafer surface, the affinity of the contaminant for the wafer surface and the 

contaminant to spontaneously evaporate from the wafer surface, becomes extremely 

important to the IC fabrication industry. The following work is on the organic 

contamination in class 10 cleanroom in Texas Instruments. (TI) 

From figure 22 and figure 23, we learn that the airborne organic can easily diffuse 

into processing solutions and contaminate the silicon wafer surface which can potentially 

cause the device yield loss. So, it is quite important to control and minimise the organic 

contamination from air. The ATR element is made from P(100) CZ double polished wafer. 
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After carefully cleaning, the ultraclean ATR element with two different surface condition, 

which are silicon oxide covered surface and hydrogen terminated surface, was exposed in 

class 10 cleanroom and measured the IR spectra periodically over time. At the end of 

testing cycle, the ATR element was rinsed by ultrapure water and then measured again. 

The figure 34 shows the organic absorption behavior on hydrogen terminated 

silicon ATR crystal. There are three major peaks which have been identified previously in 

figure 22. It was found that after 2 hours the peak position shifts to higher wavenumber. 

The shift is possiblely due to the oxidation of the hydrogen terminated surface by air. The 

resulting silicon oxide makes the C-H* vibration frequency of adsorbed organics shift to 

higher energy. The evolution of silicon hydride with time was shown in figure 37. In the 

first 3 hours the Si-H decreases very quick and the organic contamination increases very 

fast and the backbond silicon oxide appears. In the following hours, the organic 

contamination reaches a plateau and the Si-H decreases to a very low level. After 40 

hours, the organic increases again, but the O-Si-H decrease to a new lower level. This 

figure shows that the oxide surface can continually accumulate the organic with time. 

Figure 36 further proves this point again. In this figure the integration of C-Hx of organic 

contamination on silicon oxide surface increase continually. Compared to hydrogen 

terminated surface, the contamination rate at the first 5 hours on oxide surface was much 

lower. The fact that no higher wavenumber shift was observed in figure 35 further 

confirms the conclusion of oxide surface effect to the C-Hx IR absorption peaks as derived 

from figure 34. The different degree of organic contamination was absorbed on the 

different surface conditions. After 90 hours, the organic contamination on the two surface 
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was almost same. Figure 38 shows the water rinsing effect of the two surfaces. It was 

found that the organic contamination on the oxide covered surface can be rinsed almost 

However, there is some organics still adsorbed on the hydrogen terminated silicon surface 

and this maybe due to residual Si-Hx still left on the surface. 
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Figure 38 FTJR spectra for the rinsing effect on figure 34(0), figure 35(1) 
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CHAPTER 4 

INVESTIGATION OF SILICON BASED SENSOR'S PERFORMANCES IN 

SEMICONDUCTOR WET CHEMICAL PROCESSING ENVIRONMENTS 

4.1 Introduction 

Alkaline hydrogen peroxide solution (NH4OH/H2O2/H2O) was first developed by 

Kern in 1967 to remove adsorbed organic contaminants from silicon wafer surface.13 

Although the exact formulation may vary, this frequently referred standard clean-1 (SC-1) 

solution is still widely used in large quantity as an effective organic cleaning solution for 

the preparation of ultraclean silicon substrates for microelectronics device fabrication. The 

organic cleaning function was achieved through a dynamic balance between oxide 

formation and etching which simultaneously took place on the wafer top surface in 

alkaline hydrogen peroxide solution. The adsorbed organic (especially particles) can be 

detached during these face-lifting oxidation/etch cycles and effectively removed from the 

silicon surface. However, there are two major drawbacks arising from the SCI treatment. 

First, the nonuniform chemical etching can enhance undesirable microscopic scale surface 

roughening. Second, a trace level of metal impurities (especially iron) from 

(NH4OH/H2O2/H2O) aqueous solution can easily contaminate the silicon wafer surface to 

strongly degrade the minority carrier lifetime and cause premature breakdown of gate 

oxide.4'33'34 

76 
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Recently, we reported that direct open-circuit potential measurements on a silicon-

based sensing electrode provided a sensitive method for directly monitoring ultratrace 

(part-per billion to part per trillion)metallic impurities in HF-related solutions.5 The unique 

feature of this new detection methodology is that the sensing electrode was derived 

directly from the regular silicon wafer. Consequently, the Si-based sensor was designed to 

respond selectively to contaminants which react with the silicon wafer surfaces. We report 

here the potentiometric investigation of the silicon electrodes immersed in various 

(NH4OH/H2O2/H2O) solutions. Our potentiometric data demonstrate that detection of part 

per billion level of iron impurities is feasible in the highly basic and oxidizing SC-1 solution 

using a silicon wafer-based sensing electrode. In contrast to direct metal deposition on the 

silicon surfaces in HF solution, our data demonstrate that the observed positive silicon 

potential shift originates from the trace level of iron impurities adsorbed by the thin 

surface chemical oxide layer formed during the NH4OH/H2O2 cleaning treatment. 

4.2 Experimental 

All potentiometric measurements were performed using previously described 

procedures.3 Briefly, a computer interfaced, high impedance potentiometer was used in 

conjunction with a double junction standard Ag/AgCl reference electrode to measure the 

open-circuit potential of the silicon electrodes immersed in various SC-1 solutions. The 

silicon electrodes were prepared from boron-doped Czochralski (CZ) wafers P(lll). The 

electrical contact was made to the back side of the silicon chip using Ga/In eutectic 

(99.99% AESAR). In this part, four different surfaces were prepared to investigate the 
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mechanism of potential response of silicon based sensor. They are hydrogen terminated 

surface, silicon chemical oxide surface, silicon native oxide surface as well as thermal 

silicon oxide surface. For chemical oxide surface, the silicon electrode was etched by 

hydrofluoric acid (4.9%, electronic grade) and immersed in the SCI (NH4OH/H2O2/H2O, 

1:1:5) solution for 30min to cover the silicon surface with chemical oxide. A follow-up 

HF etching (5min, 4.9% HF) was employed if the hydrogen terminated silicon surface is 

required. Native oxide surface was the original oxide (30 ~ 50 A0) on the wafer surface 

after exposed to air. Prior to the potentiometric measurements, the native oxide surface 

was rinsed with ultrapure water. The thermal oxide surface was prepared by heating the 

hydrogen terminated silicon substrate in 900°C for 5 minutes. All the solution were 

prepared in precleaned Teflon labwares. The Fe3+/SC-l solutions were prepared through 

dilution of a concentrated Fe3+ ICP standard solution (Aldrich) with electronic grade SC-1 

solution. The typical potential measurement involves measuring the base line potential for 

60min in the clean SC-1 solution and then replacing it with Fe3+ spiked SC-1 solution. The 

Fe3+ loaded silicon-based sensing electrodes were regenerated by dipping into either 4.9% 

HF or 1 mM HC1 solution. 

4.3 Results and Discussion 

4.3.1 OCP on chemical silicon surface 

The time dependent open-circuit potential (Voc) response of silicon electrode 

immersed in SC-1 solution (NH4OH/H2O2/H20,1:1:30) is shown in figure 39. Prior to the 

potentiometric measurements, silicon electrode was pretreated in SC-1 to cover the top 
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surface with a thin layer of chemical oxides. As shown in figure 39, the Voc of the oxide 

covered silicon electrode started at -770mV and quickly stabilized at a constantly base line 

potential at ca. -690 mV in less than 5 min. This particular potentiometric responses can 

be rationalized by considering that the surface chemistry ocurred on the silicon electrode 

submerged in the SC-1 solutions. The oxide layer which already formed in SC-1 

pretreatment is the reason why the electrode potential reaches stable baseline so quickly. 

Potentiometric responses of silicon electrodes to lOppb Fe3+ in SC-1 solution. ~ 

After establishing a stable base line potential for 60min, the silicon electrodes were 

immersed in a new SC-1 solution which contained lOppb Fe3+. The observed 

potentiometric responses from the chemical oxide covered silicon electrodes are shown in 

fig 40. A rapid positive silicon Voc jump (ca. 70m V) is clearly observed in Fig 40 at the 

first contact of silicon electrode with Fe3+ contaminated SC-1 solution. The potentiometric 

data demonstrate that a trace level of 10 ppb Fe3+ in SC-1 solution is capable of increasing 

the silicon electrode Voc about 230mV at the end of a 150 min measuring cycle. This 

extremely sensitive detection capability and fast response characteristics make the silicon-

based sensing electrode potentially useful in monitoring the onset of metallic contaminants 

in SC-1 solutions. 

In alkaline oxidizing environment like SC-1 solution, it is well documented that the 

silicon top surface is continually covered by a thin oxide layer.35'36'37 Therefore, the 

observed open circuit potential responses should directly measure the overall potential 
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distribution across the three distinct phases composed of silicon/surface oxide/SC-1 

solution. The potentiaometric data from fig 40 demonstrates that a trace level of iron 

impurities in SC-1 solution phase strongly affects the final potential distribution across 

silicon/surface oxide/SC-1 interfaces. However, it is important to identify the specific 

phase which dominates the potential response to further improve detection sensitivity. Our 

experimental results suggest that the SC-1 solution phase does not contribute directly in 

raising the Voc of silicon electrode other than providing a solution contact for the iron 

impurities to reach the surface oxide layer. Two experimental evidences support this 

assertion. First, the redox potentials of SC-1 solution remained constant with or without 

adding lOppb Fe3+ as in figure 41. The curve b is the open circuit potential of platinum 

redox electrode in diluted SC-1 solution and diluted SC-1 solutions spiked with different 

concentrations of Fe3+. This observation shows that a trace quantity of iron species in SC-

1 does not significantly alter the energetic level of SC-1 solution phase. Second, 

supporting evidence is derived from a potentiometric measurement which involves 

switching the silicon electrode from Fe3+ spiked SC-1 solution back to clean SC-1 

solution after a thorough ultrapure water rinse. As shown in Fig 42, about 90% of V® 

increase on silicon electrode was retained in clean SC-1 after water rinsing. The data 

demonstrates that the solution phase is not the dominant factor in control of the final Voc 

values of silicon sensing electrode. The chemical oxide surface incorporated by the iron 

impurities in SC-1 is directly responsible for the observed silicon Wx increase. 
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Previously, we reported that the highly oxidizable noble metal ions like Ag+, Cu+2, Au+3, 

Pt+2 and Pd+2 in HF solution can readily be reduced and deposited on the oxide-free silicon 

surface.5 However, the same displacement type of metal deposition is not expected to be 

operative in the lOppb Fe+3/SC-l solution based on the following considerations. First, the 

silicon surface is already in an oxidized state and surface chemical oxide is not capable of 

reducing Fe+3 in SC-1 solution. Second, the strong oxidizing environment imposed by 

H2O2 in SC-1 solution restricts the iron species to remain in the 3+ oxidation state. 

Therefore, the observed significant increases of silicon electrode may be due to the 

inclusion of iron species in the 3+ oxidation state directly into the surface oxide matrix. 

Helms and Park have proposed that Fe203 and Fe2Si04 are the most likely chemical forms 

existing in the oxide layer based on the consideration of relatively low oxide solubility in 

alkaline oxidizing environments37 This assertion is supported by the experimental fact that 

the absorbed iron impurities can be dissolved and removed from silicon wafer surfaces in 

acidic solutions like HC1 and HF. 

Figure 43a and 43b illustrates a sequence of experiments which were designed to 

probe the effects of HC1 and HF treatments on the silicon electrode potentiometric 

responses. Following the acid treatment, fig 43a and b, the silicon electrodes previously 

contaminated by iron no longer retain a positive Voc increase in the clean SC-1 solution. 

Instead, silicon electrode potential dropped consistently in negative direction in clean SC-1 

solution after acid treatment. The observation of negative potential shift strongly indicates 

that the adsorbed iron impurities were dissolved and removed from silicon electrode 
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surface. Finally, the freshly regenerated silicon electrodes were immersed in a more 

concentrated lOOppb Fe+3/SC-l solution. As shown in Fig. 43a and b, an expected larger 

positive shift of silicon V,* (ca. 370mV) was observed in response to the tenfold increase 

in iron impurities in SC-1 solution. The detection sensitivity is ca. 140mV/dec change in 

iron impurities concentration in SC-1 solution. The results further validate the sensing 

capability of silicon electrode toward different levels of iron impurities in SC-1 solution. 

The potentiometric data reveal a subtle but important difference between two acid 

cleaning procedures. HF is well known to be a powerful chemical etching reagent for 

silicon oxides. The iron contaminated oxide layer was removed completely by HF etching 

to afford an oxide-free silicon surface. In contrast, HC1 only dissolves and leaches out the 

absorbed iron species but preserves the existing oxide layer. Consequently, the iron-

contaminated silicon electrode after HC1 cleaning regained its stable base line potential 

quickly in a clean SC-1 solution since its surface was still oxide covered. In contrast, the 

HF cleaned oxide-free silicon electrode showed a gradual increase of as a result of the 

oxide formation process. That silicon electrode drops after the iron impurities are 

selectively leached out by HC1 from the existing oxide layer strongly suggests that the 

uptake of iron species by the oxide layer is the key controlling factor for the final potential 

responses. Additional experiments shown below were carried out in an attempt to obtain 

more insights of the iron uptake process by surface oxide. 

Besides the OCP measurement in SCI solution, other solutions were employed to 

probe the mechanism of the silicon-based sensor's potential response for 10 ppb Fe3+. 
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Figure 44 is the potential responses of chemical oxide covered silicon electrode in diluted 

NH4OH (NH4OH: H20 = 1:31). As shown in figure 44, the unique potential change 

reflects the oxide etching by alkaline NH4OH solution. For the first 30 minutes, the 

potential drops slowly and corresponds to the oxide etching before the solution reach the 

Silicon/Silicon oxide interface. During the next 20 minutes, the potential changes abruptly. 

Now the solution is etching the Silicon/silicon oxide interface. The FTIR data shows after 

37 minutes the oxide surface was covered by a unique silicon hydride absorption mode 

and at the same time AFM images indicate the silicon surface was quite rough. The water 

contact angle data in figure 46 illustrates the surface wettability changes associated with 

NH4OH etching. The surface becomes increasingly hydrophobic after ca.37 minutes. All 

these observations are consistent with the chemical reaction between silicon oxide and 

NH4OH as well as between silicon and NH4OH. From figure 44, we found that the silicon 

potential was affected by both surface condition and solution composition. The 

hydrophobic surface after 210 minutes run indicated the surface was hydrogen terminated. 

Figure 45 shows the open circuit potential (OCP) response of 10 ppb Fe3+ in NH4OH 

solution. After immersed in NH4OH for 90 minutes, the electrode was dipped into NH4OH 

solution spiked with 10 ppb Fe3+. No response to 10 ppb Fe3+ in figure 45 supports the 

idea that the chemical oxide surface is necessary for ultrasensitive response to trace iron 

contamination. Figure 47 shows the rate of oxide etching affected by the different 

concentrations of NH4OH solution. The Tmax is the time that the potential reach the 

maximum. The stronger base solution makes the etching rate much faster. 
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Figure 48 is the ocp measurement in H202 solution (H202 : H20 = 1:31). Before the 

experimental run, the chemical oxide covered surface was rinsed thoroughly to remove the 

residual SCI solution. After being dipped in H202 solution (H202: H20 = 1: 31) for 60 

minutes, the electrode was immersed in H202 solution contaminated by 10 ppb Fe3+. The 

higher baseline means the potential response is also affected by the solution composition. 

The almost 220 mV response to 10 ppb Fe3+ in H202 solution supports the above idea 

again. Figure 49 is measured with experimental conditions similar to figure 48 except that 

pure water is used instead of H202. The lower potential response of 100 mV shows that 

the H202 plays an important role in this situation. The H202 facilitates Fe3+ incorporation 

into oxide layer. The FTIR data in figure 66 shows that the induced silicon oxide in H202 

is much thicker than that in pure H20. This also backups the different potential response in 

these two solutions. 

The standard clean-2 (SC2, H202 :HC1: H20 = 1:1:30) is the second wet cleaning 

step used in the RCA standard cleaning. The purpose of the SC2 cleaning step is to 

remove metal contamination by the complexing effect of CI" on metal ions. Theoretically, 

the iron ion will dissolve in HC1 solution. Figure 50 has the same experimental procedure 

as in figure 49. There is no response when the silicon electrode was immersed in 10 ppb 

Fe3+ contaminated in SC2 solution. Here, the iron can not form iron oxide to be 

incorporated into silicon oxide layer. The potential result agrees well with the idea that the 

uptake of iron species by the oxide layer is the major controlling factor for the final 

potential responses. 
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HPM solution (H202 :HF: H20 = 1:1:30) is also a widely used cleaning method in 

semiconductor industry. In figure 50 (curve b) shows there is no potential response to 10 

ppb Fe3+ in HPM solution. The oxide layer was removed by HF in the HPM solution. The 

contact angle of chemical oxide covered silicon was less than 10°. However, after 60 

minutes in HPM, the contact angle goes up to 55°. It is a hydrophobic surface. The FTIR 

spectrum shows a strong Si-H absorption peak. The hydrogen terminated silicon surface 

can not detect trace iron ion as just demonstrated earlier in figure 45. 

4.3.2 OCP measurements on other silicon surfaces 

In contrast to figure 39, the Voc of hydrogen terminated electrode started at a 

much more negative potential (-1070 mV) and increased slowly toward a constant base 

line potential at -730 mV as shown in figure 51. This distinctly different potentiometric 

response can be rationalized by considering that the surface chemistry took place on the 

two different silicon electrodes submerged in the SC-1 solutions. Initially, the more 

negative Voc of silicon electrode can be contributed to the more reductive nature of the 

hydrogen terminated silicon surface. When immersed in SC-1 solution, the hydrogen 

terminated silicon electrode was gradually oxidized by H2O2 and converted into an oxide-

covered surface. The observed positive Voc shift of silicon electrode reflects well with the 

expected chemical oxide growing process, which was independently confirmed by the 

contact angle and multiple internal reflection Frourier transform infrared (FTIR) 

measurements. 
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Figure 52 is the ocp measurement on 10 ppb Fe3+ in SC-1 solution starting with hydrogen 

terminated surface. It was found that there was almost the same potential increase to 10 

ppb Fe3+ as in SC-1 pretreated chemical oxide sensing electrodes. The hydrogen 

terminated surface was oxidized gradually by H2O2 and converted into an oxide-covered 

surface. So, the trace level of Fe3+ can be detected in this situation. 

As in figure 45, the hydrogen terminated silicon surface was immersed in NH4OH 

for 60 minutes then changed to 10 ppb Fe3+ spiked ammonium hydroxide solution. In 

figure 53, no response to trace iron ion shows the silicon oxide layer is the key on the 

trace level Fe3+ detection. 

Figure 54 shows the baseline measurement of different surfaces in clean diluted 

SC-1 solution. Curve a is the native oxide surface. The fresh assembled silicon electrode 

was immersed in diluted SC-1 solution for blank measurement. Curve b is obtained from 

chemical oxide surface and curve c is from the hydrogen terminated surface. Similar to the 

chemical oxide surface silicon electrode, the native oxide silicon surface electrode reaches 

equilibrium very quickly because of the oxide layer already exist. The more positive 

potential of native oxide surface electrode could be the result of thicker native oxide 

involved. 

Figure 55 is the potential response of 10 ppb Fe3+ in diluted SCI solution on 

different surfaces. Curve a is the native oxide, curve b is the chemical oxide and curve c is 

the hydrogen terminated surface. All of them have the potential responses and that is due 

to the oxide layer on silicon surface. 
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Figure 56 is the ocp measurement of 10 ppb Fe3+ in diluted SCI solution on thermal oxide 

surface. The thermal oxide was formed by heating in 900°C furnace for 5 minutes. After 

being dipped in blank SC-1 solution for 90 minutes, the electrode was immersed into 

diluted SC-1 spiked with 10 ppb Fe3+. The very high initial potential (1257mV) was due 

to the very thick oxide layer. The decreasing potential reflected the etching by ammonium 

hydroxide in SC-1 solution. The potential was not stable even after 90 minutes in diluted 

SCI solution and no response to 10 ppb Fe3+ in diluted SCI solution means the oxide is so 

thick that the adsorbed iron species have no effect to the silicon/silicon oxide interface or 

the surface structure is different so that the iron can not be incorporated into the thermal 

oxide layer. 

4.3.3 Quantitative analysis of Fe3+ 

Figure 57 shows the ocp measurement of different Fe3+ concentration in diluted 

SC-1 solution. Before each potential measurement run, the silicon surface was pretreated 

in SC-1 solution to cover with chemical oxide. Curves a, b, c and d depict the potential 

responses from 100 ppb, 50 ppb, 10 ppb and 1 ppb Fe3+ in diluted SC-1 respectively. It is 

rather clear that the potential response is increasing with the increase of iron 

concentration. From the calibration curve, we found the potential response is linear to log 

[ CFe
3+ ]. 

Figure 59 shows the ocp measurement of different concentration of Fe3+ in diluted 

HF solution. The surface of silicon electrode was etched by 4.9% HF for 5 minutes to get 

a hydrogen covered silicon surface. Curves a, b, c and d are the potential responses from 
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50 ppm, 10 ppm, 5 ppm and 1 ppm of Fe3+ in 4.9% HF respectively. Similar to figure 58, 

the potential response of the sensing electrode to Fe3+ is linear to log [ Cfc
3+ ]. The 

sensitivity of hydrogen terminated silicon electrode toward Fe3+ detection is 1000 times 

less than that of chemical oxide. 

The difference of detection sensitivity is caused by the different sensing 

mechanisms from oxide covered and hydrogen terminated sensing electrode. Hydrogen 

terminated silicon electrode can not adsorb any significant amount of iron species in acidic 

0.0098% HF solution. The potential response may mainly reflect the redox potential of the 

solution. On the other hand, the iron species can be incorporated directly into the chemical 

oxide under a more alkaline and oxidative SCI chemical environment and result in a large 

potential shift. 

Figure 42 and figure 61 are the good examples to show the difference between the 

two different sensors. As described in 4.3.1, after ocp measurement in SC-1 and 10 ppb 

Fe3+ spiked SC-1 solution, rinse the electrode with plenty water, the potential only drop 

less than 10%. However, in figure 61, after ocp measurement in HF and 5ppm Fe3+ spiked 

HF solution, the potential drop more than 90%. The reason is that in the first case the iron 

has incorporated into surface oxide layer but in the second case the iron can be rinsed 

away. 

4.3.4 FTIR study on the silicon surface after immersed in Fe3+/SC-l solution 

In this section, we focused our efforts on characterizing the interaction between 

silicon chemical oxide and Fe3+ in diluted SC-1 solution by multiple internal reflection 
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infrared spectroscopy (MIRIS). As shown in scheme 4, MIRIS directs an IR beam within 

the ATR silicon crystal to undergo multiple internal reflections (50 ~ 100), which greatly 

enhances measuring sensitivity. Each total internal reflection sets up a standing wave 

pattern (Evanescent wave) due to interference of the incoming wave and outgoing wave. 

The Evanescent wave is confined to the submicron space above the silicon surface and can 

effectively detect the species on the ATR silicon crystal, such as silicon hydride and silicon 

oxide. 

All the solutions were prepared from pre-filtered, high purity electronic grade 

chemicals. The Teflon labware was cleaned by boiling three times in 10% HN03 (aq) 

followed by ultrapure water rinsing. The ATR elements preparation is described in chapter 

3. Silicon ATR crystal samples were first cleaned in a hot standard cleaning solution (SC-

1) solution (H2O2 :NH4OH: H20 = 1:1:5,70°C) for 10 minutes and rinsed with ultrapure 

water. Then, the silicon crystals were etched in 4.9% HF (ultrapure, electronic grade) one 

minute to remove surface chemicals oxide. Following a brief ultrapure water rinse, the 

silicon crystals were cleaned again in hot SCI solution, water rinsed and dried by ultrapure 

nitrogen. 

The multiple internal reflection FTIR spectra from the silicon parallelogram optical 

element were measured using a Bruker EQUINOX 55 spectrometer with a MCT detector 

(High D*, narrow band, EG&G). The vertical ATR optical accessory was obtained from 

Pike Technologies. The resultant IR spectra were collected at 2 cm"1 resolution and are the 

sum of 500 individual spectra. 
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After being cleaned in hot SC-1 solution, the silicon ATR element was immersed into 

diluted SC-1 solution for 60 minutes, then change to SC-1 solution spiked with different 

concentration of Fe3+ last to 90 minutes. Figure 62 is the FTIR measurement on silicon 

oxide growth induced by Fe3+ in diluted SC-1 solution. The spectrum taken after hot SC-1 

cleaning is the background for all the spectrum in figure 62. There is no extra oxide 

formation during the first 60 minutes in diluted SC-1 solution. However, the extra silicon 

oxide formed after the ATR crystal was immersed in diluted SC-1 solution spiked with 

different concentration of Fe3+. This demonstrate the Fe3+ could induce silicon oxide on 

chemical silicon oxide surface. Figure 63 is the evolution of peak height from 1212 cm"1 

peak in figure 62. It is shown that after 90 minutes the induced silicon oxide almost 

saturated. The induced silicon oxide is almost same after 90 minutes means that the 

reaction between silicon and Fe3+ is a kind of catalyst reaction. As described in figure 43, 

after HC1 clean the electrode, the potential dropped back to the same potential level of 

blank SC-1 solution. That means the iron was washed out. However, as shown curve 7 of 

figure 62, the induced silicon oxide after HC1 rinse still exits. So, the potential shift after 

adding Fe3+ must be caused by iron not by Fe3+ induced oxide layer. 

Figure 64 and figure 65 are the polarization effects on the two different silicon 

oxides. Bulk vitreous silica is known to exhibit a single infrared active Si-0 stretching 

band, centered near 1075cm"1, and at higher frequency, only a disorder-induced tail which 

extends up to 1200cm"1. The absorption of silicon oxide layer on silicon surface can be 

observed in the region 900 ~ 1200 cm"1, which corresponds to the asymmetric vibration of 
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silicon oxide. In extremely thin cubic crystalline films, s-polarized light shows only the 

transverse optical (TO) polar lattice vibration modes (parallel to the surface), whereas not 

only the TO but also the long-wavelength longitudinal optical (LO) polar lattice vibration 

modes (normal to the film surface) are observed by p-polarized light. This is so called 

Berreman effect.38'39 As a result using the above method a band at approximately 1240cm" 

1 and another at approximately 1080cm'1 are observed in the spectra of thin thermal oxide 

layers on silicon. These bands are assigned to an LO polar vibration mode (1240cm1) and 

its TO mode (1080cm1), respectively. In figure 64, the chemical oxide formed in SC-1 has 

two peaks, one is located at 1210cm'1 and the other is at 1040cm"1. The 1210cm"1 peak is 

enhanced by p-polarized light and the 1040cm"1 is enhanced by s-polarized light. However, 

in figure 65, the iron induced silicon oxide only has one peak (1221 cm"1) that is at a 

higher wavenumbers than LO in SC-1 chemical oxide. Also, the iron induced silicon oxide 

has the polarization effect. So, after immersed in SC-1 solution spiked with different 

concentration of Fe3+ for 90 minutes, the total oxide have two contributions. One is from 

preexist chemical oxide which remain constant during the postcleaning experiment, 

another is from Fe3+ induced oxide. 

The figure 66 is the FTIR results of 10 ppb Fe3+ in diluted SC-1, H2O2 and H2O. 

There is no oxide formed during the 60 minutes blank and the thickness of induced oxide 

layer in diluted SC-1 is larger than that in H2O2 solution and there is almost no induced 

oxide in H2O. This suggests that the H202 is very important to oxide growth in 10 ppb 

Fe3+ solution. 
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Similar to the ocp measurement, the silicon surface changes after immersed in 

NH4OH can be measured by FTIR. As shown in figure 68, the silicon oxide decrease when 

the chemical oxide covered silicon ATR element was immersed in NH4OH. While the 

oxide was etched away by NH4OH, a new kind of Silicon hydride was formed on the 

surface. As shown in 69, the new Si-H has polarized effect. This means the etching by 

NH4OH is not isotropic. Figure 70 and figure 71 are the evolution of peak height of Si-H 

and Si-O. From them we found that the Si-H increase very quick around 30 minutes and 

this is corresponding to the abrupt potential changing in figure 44. The surface condition 

changing also shows in the contact angle measurement in figure 46. After 30 minutes, the 

increasing contact angle means the degree of hydrogen termination, which indicates 

hydrophobic surface properties, is increasing too. 
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Figure 69 Polarization effect on Si-H formed by NH4QH etching 

a. POL=91 
b. 0 
c. 45 
d. 90 



124 

0.030 

0.025 -

0.020 -

0.015 -

S 0 
l> 
as 
ci 
00 
o 
<N 
33 
1 

00 
0.010 -

XI 
&JD 

*53 
XJ 
M cd 
<L> 
Oh 

0.005 -

0.000 -

15 

Time (min) 
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covered silicon surface 
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CHAPTER 5 

CONCLUSION 

In this thesis, we used silicon based sensor, AFM and ICP to detect part-per-billion 

to part-per-trillion metallic impurities in wet process solution commonly used in chip 

fabrication line. The quality of water available in the lab and from KODAK company were 

evaluated by FTIR, AFM, silicon based sensor and ICP. We applied FIIR-ATR to 

evaluate trace levels of organic impurities present in HF solution and the airborne organic 

contamination in class 10 cleanroom. The following are the main conclusions we learn: 

1. The water quality of the five types of water available in Dr. Oliver Chyan's lab follow 

the following order ultrapure milli-Q water = TI ultrapure water > regular milli-Q water > 

UNT DI water > Tap water. 

2. The Ag+ content in KODAK waste solution is ca. 150 ~ 300 ppb and that in Canadian 

Riverine Standard Water Sample (SLRS-3) is below 66 ppt. 

3. A new methodology was developed to detect trace level organic contamination in HF 

solution and cleanroom air as well. It was found that the HF from Hashimoto company has 

the least organic contamination and the organic contamination in class 10 cleanroom air is 

severe. 

4. The silicon based sensing electrode can have practical applications in detecting part-per-

billion levels of iron impurities in SC-1, H202 and pure H20 and detecting part-per-trillion 

silver impurities in HF solution. 
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