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Semiconductor devices are built using hyperpure silicon 

and very controlled levels of doping to create desired 

electrical properties. Contamination can alter these 

precisely controlled electrical properties that can render 

the device non-functional or unreliable. It is desirable to 

determine what impurities impact the device and control 

them. This study consists of four parts: a) determination of 

acceptable SCI (Standard Clean 1) bath contamination levels 

using VPD-DSE-GFAAS (Vapor Phase Decomposition Droplet 

Surface Etching Graphite Furnace Atomic Absorption 

Spectroscopy), b) copper deposition from various aqueous HF 

solutions, c) anion contamination from fluoropolymers used 

in chemical handling and d) metallic contamination from 

fluoropolymers and polyethylene used in chemical handling. 

A technique was developed for the determination of metals on 

a silicon wafer source at low levels. These levels were then 

correlated to contamination levels in a SCI bath. This 

correlation permits the determination of maximum permissible 

solution contaminant levels. Copper contamination is a 

concern for depositing on the wafer surface from 

hydrofluoric acid solutions. The relationship between copper 



concentration on the wafer surface and hydrofluoric acid 

concentration was determined. An inverse relationship exists 

and was explained by differences in diffusion rates between 

the differing copper species existing in aqueous 

hydrofluoric acid solutions. Finally, sources of 

contamination from materials used in chemical handling was 

studied. The predominant anion contamination from 

fluoropolymers was found to be fluorides. Metallic 

contamination from fluoropolymers and polyethylene was also 

studied. The primary metal contamination comes from the 

actual fabrication of the polymer and not from the polymer 

resin. 



TABLE OF CONTENTS 

Page 

LIST OF TABLES . . . . . . . . . iv 

LIST OF ILLUSTRATIONS . . . . . . . vii 

Chapter 

I. INTRODUCTION . . . . . 1 

II. EXPERIMENTAL PROCEDURES . . . . .66 

VPD-DSE-GFAAS Analytical Technique 
Copper Deposition from aqueous HF 
Anion Leaching from fluoropolymers 

III. RESULTS AND DISCUSSION . . . . .91 

Determination of acceptable SCI bath 
contamination levels using VPD-DSE-GFAAS 

Copper deposition from aqueous HF 
Anion contamination from fluoropolymers 

used in chemical handling 
Metallic contamination from fluoropolymers 

and polyethylene used in chemical handling 

IV. CONCLUSIONS . . . . . . 167 

V. REFERENCES 171 

in 



LIST OF TABLES 

Table Page 

I. Process steps for the manufacture of DRAMs . 21 

II. Specifications for impurity levels in 
standard and ultrahigh purity (UHP) grade 
H2O2 and NH4OH . . . . . . . 33 

III. Typical values for impurity levels in 
standard and ultrahigh purity (UHP) 
grade H2O2 . . . . . . . 33 

IV. Typical values for impurity levels in 
standard and ultrahigh purity (UHP) 
grade NH4OH . . . . . . . 33 

V. Averages and standard deviations of metals 
on silicon wafer surfaces as measured by 
TXRF before and after switch to ultrahigh 
purity (UHP) chemicals . . . . .34 

VI. Comparison of ionic impurity levels (in ppb) 
in two HF materials . . . . 

VII. Impurities in SCI during evaluation 

VIII. Impurities in SCI during evaluation 

IX. Impurities in 0.5% HF during evaluation 

X. Impurities in 5% HF during evaluation 

39 

52 

52 

53 

53 

XI. Iron - furnace operating conditions and 
instrument parameters . . . . .72 

XII. Aluminum - furnace operating conditions and 
instrument parameters . . . . .73 

XIII. Calcium - furnace operating conditions and 
instrument parameters . . . . .74 

XIV. Sodium - furnace operating conditions and 
instrument parameters . . . . .75 

IV 



XV. Potassium - furnace operating conditions and 
instrument parameters . . . . .76 

XVI. Zinc - furnace operating conditions and 
instrument parameters . . . . .77 

XVII. Nickel - furnace operating conditions and 
instrument parameters . . . . .78 

XVIII. Magnesium - furnace operating conditions and 
instrument parameters . . . . .79 

XIX. Hydrogen peroxide detection limits and 
quantitation level . . . . . .88 

XX. Comparison of measurements by VPD-DSE-GFAAS 
and TXRF on silicon wafers . . . .101 

XXI. Comparison of aluminum measurements on silicon 
wafers by VPD-DSE-GFAAS and SIMS . . .101 

XXII. Application of VPD-DSE-GFAAS to low iron 
levels on silicon levels . . . . .101 

XXIII. Application of VPD-DSE-GFAAS to low 
aluminum levels on silicon levels . . . 102 

XXIV. Application of VPD-DSE-GFAAS to low 
calcium levels on silicon levels . . . 102 

XXV. Comparison of VPD-DSE-GFAAS detection limits 
to accepted detection limits for 
reference techniques . . . . .102 

XXVI. Maximum metal levels in SCI solutions 
(1:1:30)for semiconductor processing . .103 

XXVII. Potential for different copper concentrations 
as calculated using the Nernst equation . .121 

XXVIII. Semi empirical calculations for cell 
potentials for metal ions in dilute HF 
solutions in the presence of silicon . .121 

XXIX. Copper deposition from various concentrations 
of aqueous hydrofluoric acid . . . .126 

XXX. Copper species and fluoride ion concentration 
in varying aqueous HF solutions . . .126 

v 



XXXI. Diffusion constants for HF solutions, 
10 ppb Cu and 60s . . . . . .129 

XXXII. Energy of copper species present in 
hydrofluoric acid solutions and CuF6 . .135 

XXXIII. Bond Lengths Copper Complexes (Actual and 
Calculated) . . . . . . .13 5 

XXXIV. Change in LUMO with change in fluoride 
complexing for copper . . . . .135 

XXXV. Contamination sources in hdpe and fluoropolymer 
parts (primary/secondary) . . . .160 

vx 



LIST OF ILLUSTRATIONS 

Figure Page 

1. Sodium contamination (nitric acid matrix) 
in cleanroom and non-cleanroom environments . 18 

2. Sodium contamination (DI water matrix) in 
cleanroom and non-cleanroom environments . 19 

3. Calcium contamination (nitric acid matrix) 

in cleanroom and non-cleanroom environments . 20 

4. Average iron values on wafer surface . . . 3 1 

5. Average nickel values on wafer surface . . 3 1 

6. Average zinc values on wafer surface . . . 3 2 

7. Average copper values on wafer surface . . 3 2 
8. Streaks on wafer surface due to hydrogen 

peroxide decomposition 

9. FBGOI results for standard and UHP HF 

10. Summary chemical evaluation . 

11. GOI scrap during chemical evaluation 

12. GOI during evaluation . . . . 

44 

44 

55 

55 

56 

13. Optical configuration of the Varian Model 
300 with Zeeman background correction . . 7 1 

14. Instrumental configuration for a TXRF . . 82 

15. Typical TXRF spectrum . . . . . . 8 2 

16. Typical chromatogram for anions in 
hydrogen peroxide . . . . . . 8 8 

17. Relationship between iron in a SCI solution 
and on a silicon surface . . . . . 104 

Vll 



18. Relationship between zinc in a SCI solution 
and on a silicon surface . . . . . 105 

19. Relationship between calcium in a SCI 
solution and on a silicon surface 

20. Relationship between aluminum in a SCI 
solution and on a silicon surface 

21. Relationship between magnesium in a SCI 
solution and on a silicon surface 

22. Relationship between nickel in a SCI 
solution and on a silicon surface 

23. Relationship between sodium in a SCI 
solution and on a silicon surface 

24. Relationship between potassium in a SCI 

solution and on a silicon surface 

25. Potassium deposits on silicon wafer surface 

26. Sodium deposits on silicon wafer surface 

27. Equilibrium concentrations in dilute 

hydrofluoric acid . . . . . 

28. Copper species in aqueous fluoride solutions 

29. Illustration of the diffusion boundary layer 

30. CU(H20)s
+2 LUMO orbital squared, Alpha electron 

31. CU(H20)6
+2 LUMO orbital squared, Beta electron 

32. CUF(H20)5
+ LUMO orbital squared, Alpha electron 

33. CUF(H20)5
+ LUMO orbital squared, Alpha electron 

34. Fluoride extraction from PFA vessel 

35. Chloride extraction from PFA vessel 

36. Traditional fluoride extraction test 
41 day static soak . . . . . 

37. Metal extraction from high density polyethylene 
resins . . . . . . . 

38. Metal Extraction From Fluoropolymer Resins 

Vlll 

106 

107 

108 

109 

110 

111 

112 

112 

124 

125 

129 

136 

136 

137 

137 

143 

145 

148 

153 

154 



39. Metal extraction from fluoropolymer resins . . 163 

40. Metal extraction from high density polyethylene 
parts and resins . . . . . . . 157 

IX 



CHAPTER I 

INTRODUCTION 

The start of the semiconductor industry can be traced 

to the Electronic Numeric Integrator and Calculator or 

ENIAC. ENIAC was built at the Moore School of Engineering in 

Pennsylvania in 1947. ENIAC was the first computer and 

occupied 3,000 square feet and consisted of 19,000 vacuum 

tubes and thousands of resistors and capacitors. While no 

semiconductors were used in building ENIAC, the need for 

higher reliability components led to the development of the 

solid state transistor and ultimately to the integrated 

circuit. The capabilities of ENIAC were reproduced in the 

mid 1970's on a 3/8 square inch piece of silicon at a 

fraction of the cost. The trend of more capability in less 

area with reduced cost per function continues. The 

semiconductor industry has ushered in a new age; in the mid-

1970 's more people were working in information processing 

than in manufacturing. The information age has replaced the 

industrial age (1). 

The semiconductor industry is very capital intensive. 

Wafer fabs now cost $1 billion or more - a price tag that 

might rise to $10 billion by the early part of the next 

century. They typically become obsolete within 3-5 years (2-



4). As with most capital intensive industries, manufacturing 

is continuous - twenty four hours a day, seven days a week. 

Integrated circuits are fabricated on silicon wafers 

with each wafer containing hundreds to thousands of devices. 

The fabrication process is very lengthy and complicated. A 

typical wafer will undergo hundreds of individual process 

steps with the entire process taking approximately two 

months to complete. Since the entire wafer undergoes all 

process steps this means that the number of good devices per 

wafer is critical. The cost per device is determined by the 

number of good devices produced. Obviously the more good 

devices lower the cost per device. It is this constant 

pursuit of more good devices at the lowest cost that drives 

the semiconductor industry. For approximately 20 years the 

memory capacity of a DRAM has increased by a factor of 

16,000 while the cost per bit has declined an average of 25-

30% per year. This translates to an increase in 

productivity of more than 1 million times (5). The trends 

have most likely not changed as the industry trends bear 

this out; 1) smaller geometries, 2) larger die sizes and 

3)larger wafers. 

Smaller geometries are important since shrinking the 

structures of the integrated circuit allowed the entire 

circuit to become smaller. Currently device manufacturing 

takes place at 0.5 micron feature size with advanced 

manufacturing at 0.35 micron. As a comparison, a human hair 



has a diameter of about 100 microns. There are several 

benefits to making the circuit smaller with its increased 

circuit density. There is an increase in circuit speed since 

functions are much closer together. This means that 

information placed into the integrated circuit can be 

processed and returned quickly. In addition, these denser 

circuits require less power to operate. Most significantly, 

this shrinking allows more devices to be manufactured per 

wafer which reduces manufacturing costs per device. A 

counter trend is an increase in die sizes as a result of the 

increasing complexity of devices, i.e. the fourfold increase 

in the number of capacitors from a 16 megabit DRAM to a 64 

megabit DRAM. The larger device size means that fewer 

circuits can be made on a wafer which leads to an increase 

in costs per device. This is inevitably followed by shrink 

versions of the device to allow more devices to be 

manufactured per wafer. The trend to larger wafers simply 

allows more devices to be manufactured per wafer which helps 

to lower manufacturing costs. These major trends all have 

the same goal - increase the number of good devices per 

wafer. 

From a materials viewpoint, the interest in increasing 

the number of good devices produced translates into a 

struggle with contamination. The current term used for this 

struggle is contamination free manufacturing also known as 



CFM. Contamination during processing is a source of device 

failure and understanding and overcoming contamination 

problems have a significant impact on device yield. Yield is 

critical in this industry since there is a limited ability 

to rework or repair a defect. A defect that causes a problem 

in one part of the device essentially makes the entire 

device unusable. Semiconductor devices are built using 

hyperpure silicon and very controlled levels of doping are 

used to create the desired electrical properties. 

Contamination can alter these precisely controlled 

electrical properties that can render the device non-

functional or unreliable. 

The goal of contamination free manufacturing is to 

determine what impurities impact the device and control 

them. The concept of measurement actually precedes all 

understanding in contamination free manufacturing. In order 

to know that a contaminant is impacting a device, one must 

first know that it is present and how much is present. This 

is not always possible and good judgment has to be 

substituted for data. By focusing on critical contaminants, 

the next step can be taken to measure their level on the 

wafer. The assumption is made that if the contaminant is not 

present on the wafer then it cannot impact device 

performance. In other words, a contaminant present in the 

air or in a liquid does not mean it is harmful. A mechanism 



must exist for the contaminant to adhere to the wafer 

surface. Since the wafer surface is indeed the same as the 

device surface this is not an unreasonable assumption. Since 

monitoring and controlling contaminants of no impact adds 

cost to the process without adding value, it is important to 

at have at least this basic information. The last phase of 

contamination free manufacturing then becomes controlling or 

eliminating the contaminant from the process. Control 

mechanisms can include gettering mechanisms in the silicon 

to draw the contaminant away from an active area and retain 

it. However, the most prevalent process is to eliminate the 

source of the contamination. In order to eliminate the 

source of the contamination, it must of course be 

identified. This is often a very difficult process 

complicated by the low levels of contaminants that are 

usually being involved. 

This work will focus on contamination free 

manufacturing issues dealing with liquid chemicals, 

principally those dealing with cleaning. The cleaning 

process is especially critical since as the name implies the 

goal is to remove all contamination before further 

processing. A cleaning process that adds contamination to 

the wafer is usually a yield limiting process. Currently, 

the two main contamination concerns for liquid chemicals are 



metals and particles, although there are other concerns such 

as organics and anions. 

Until the last several years, the main source of 

concern has been particulate contamination on the wafer. 

This may be partially explained by the limited ability to 

measure metals on the wafer surface until recently and the 

widespread ability to measure particles on the surface using 

light scattering techniques. For this reason, little 

emphasis had been placed on non-particulate contamination in 

the past. A handbook of contamination control published in 

1988 by Tolliver at Motorola contained only 11 pages that 

discussed metallic contamination of 450+ total pages. The 

emphasis was on the impact and control of particulate 

contamination on semiconductor manufacturing (6). The use of 

total reflectance x-ray fluorescence (TXRF) has radically 

enhanced the industry's sensitivity to metal contamination. 

While other techniques have been and are being developed, 

the workhorse technique remains TXRF. Currently, there is a 

limited ability to measure organics and anions which limits 

investigation of these contaminants. 

Detrimental impurities present on a wafer surface can 

be detected either indirectly by the application of 

electrical techniques or directly by the application of 

analytical techniques. Indirect techniques are capable of 

showing the influence of an impurity on electrical 



parameters, such as minority carrier lifetime or minority 

carrier diffusion length. Traditionally, these methods rely 

on the measurement of parameters such as microwave 

photoconductive decay and surface photovoltage (7). Such 

techniques being nonspectroscopic, however, are incapable of 

determining or quantifying specific metal contamination. 

Several techniques have been employed for the direct 

detection of trace and ultratrace metals on silicon 

surfaces. Secondary ion mass spectroscopy (SIMS) and 

Rutherford backscattering spectrometry (RBS) have been 

applied with limited success. Unfortunately, these methods 

can be insensitive or difficult to quantify. Recently, 

additional techniques have been developed and optimized. 

Total reflection X-ray fluorescence (TXRF) has been shown to 

be an excellent method of identifying and quantifying trace 

levels of metals on silicon surfaces (7). TXRF detection 
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limits are on the order of 1010 atoms/cm for 3d transition 

metals such as iron, nickel, copper, and zinc(8-10). 

In TXRF, monochromatic X-rays impinge on an optically 

flat sample surface at an angle below the angle for total 

external reflection and excite only the top few atomic 

layers (about 3 nm in depth). The fluorescence X-rays from 

these top few monolayers emit in many directions, and a 

detector located perpendicular and close to the sample 

surface collects the emitted fluorescence X-rays and 



analyzes them according to energy. It is this energy 

analysis that yields elemental identification (7,9). 

Many studies have been conducted that demonstrate how 

metallic impurities can adversely affect oxide integrity 

(11,12), reduce minority carrier lifetimes, provide 

nucleation sites for stacking faults during film growth, 

cause surface microroughness(13-16), and cause a multitude 

of other process problems (17,18). It is well known that 

metal contamination can severely degrade gate oxide 

integrity(19-21). Metal contamination, particles and silicon 

surface roughness degrade gate oxide integrity (GOI) (22). 

It is also known that metal ions can degrade the electrical 

performance of solid state devices (23). Metal impurities 

can create generation-recombination centers in silicon that 

increase reverse-bias junction leakage (24) and also affect 

oxide breakdown strength and metal oxide semiconductor (MOS) 

capacitor leakage by dislocation decoration and stacking 

fault formation (17,25). Degradation of device performance 

can adversely affect the function of ULSI (Ultra Large Scale 

Integration) circuits, particularly the refresh 

characteristics of advanced memory cells (26). Metallic 

impurities have also been shown to adversely affect the 

stability of SCI (NH40H:H202 :H20) solutions (27) , thereby 

reducing their effectiveness. 



Anion contamination has been a relatively neglected 

area of study for semiconductor process chemicals. The need 

for low levels of anionic contamination along with the need 

for low levels of other contaminants can be inferred from the 

efforts at SEMI and SEMATECH. SEMI is the Semiconductor 

Equipment and Materials Institute which is a trade 

organization which has many activities devoted to developing 

industry standards. SEMATECH is a consortium of several U.S. 

semiconductor manufacturers. SEMATECH is primarily focused on 

developing process equipment but also works on select 

materials issues. 

Anion contamination causes corrosion problems in 

semiconductor processing. Anions such as chloride, sulfate, 

nitrate and nitrite and some cations such as sodium and 

potassium are known to cause corrosion on metals in 

electronic packaging processes.(28-30) Metal corrosion 

problems due to anion contamination have also been identified 

in device manufacturing processes.(31) This study found that 

chlorides and phosphates can cause corrosion on aluminum and 

aluminum/copper metallization in semiconductor device 

manufacture. Not unexpectedly, chlorides caused corrosion 

under almost all conditions. Fluorides did not cause 

corrosion in these studies, but there was anecdotal evidence 

of corrosion in specific situations. It appeared in these 

metal corrosion studies that an aqueous oxygenated solution 
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was necessary for corrosion to take place. Anion residues on 

the surface did not appear to cause corrosion until placed in 

an oxygenated solution.(31) This is in agreement with Alkire 

and Siitari, who found no sign of corrosion in deoxygenated 

solutions.(32) This would make any aqueous solution, 

particularly hydrogen peroxide, a particular corrosion 

concern when used during processing with exposed metal films. 

In another study fluoride from a chlorotrifluoroethylene 

polymer was responsible for the corrosion of aluminum-copper 

films.(33) 

In addition, to the problem of anion contamination 

during semiconductor processing, there is one additional 

concern for the level of anions in chemicals. The level of 

metals extracted from fluoropolymers in particle could be 

related to the fluoride level. All fluoropolymers are 

extruded or molded in contact with metal parts. At the 

elevated temperatures used for processing the fluoropolymers, 

there is a small amount of degradation of the fluoropolymer. 

This is illustrated by the use of exotic corrosion resistant 

alloys by the fabricators. It is highly probable that those 

metals corroded in this fluoride environment are incorporated 

into the fluoropolymer. A high fluoride content in the 

chemical should be especially conducive to the extraction of 

metals from the polymer into the chemical. 
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One of the difficulties of studying anion contamination 

in process chemicals is the difficulty of performing the 

analysis. Most process chemicals contain large amounts of 

anions which can seriously interfere with analysis. For 

instance, the analysis of ppb to ppm levels of fluoride in 

hydrochloric acid is difficult due to the per cent levels of 

chloride ions present. Most analytical methods for anions in 

process chemicals are based on wet chemistry methods and do 

not yield a value for the anion under consideration. Other 

methods used are relatively insensitive at the low ppb levels 

required for sub-micron processing. Analytical difficulties 

in measuring anions in process chemicals have undoubtedly 

limited the study of their impact on semiconductor 

processing. 

While the purity of the original chemical is important, 

the most important impurity level is at the wafer surface. 

Correlation of metallic contaminants on wafer surfaces to 

their concentration on wafer surfaces have been reported 

(34-39) . Metal deposition is known to have an impact on 

device electrical parameters (40). Copper deposition from 

hydrofluoric acid solutions onto silicon wafers has been 

demonstrated (41,42). This information will be used later 

to help understand the reactivity of the silicon surface. 

The purity of the chemical at the wafer surface is the 

last step in a long chain. This last step is an accumulation 
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of all the contamination acquired in all previous steps. The 

purity of the chemical produced is only the first step in 

this long purity chain. The most prophetic words that have 

been made on this topic were spoken by Dr. Michinosuke 

Hashimoto, past president of Hashimoto Chemical. To 

paraphrase, he said: "There are three aspects to ultra high 

purity chemicals, they are producing the chemical, analyzing 

the chemical and delivering the chemical to the point of 

use. The production is easy compared to the other two." 

Many additional opportunities for contamination exist after 

the time the chemical is manufactured. One of the most 

significant is the polymeric materials used to manufacture 

chemical containers and the components (tubing, fittings, 

valves, liners, etc.) used for constructing distribution 

systems. Substantial amounts of several metals have been 

shown to leach from polymers used in the packaging and 

distribution of semiconductor process chemicals. The metals 

may originate from either the resin or the fabrication 

process (43). Another significant source of chemical 

contamination is airborne impurities which include metals as 

well as particles. 

In addition to the chemicals as a source of 

contamination, the others include: the ambient atmosphere, 

people and the wafer processing equipment. Inside the wafer 

manufacturing facility all processing is done in a cleanroom 
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environment. A cleanroom is a specialized room where the air 

is filtered and protocols are followed to give a class 

designation according to Fed. Std 2 09B for the room. The 

cleanroom is used to control contamination in the ambient 

atmosphere at 0.5 micron, particularly particles. For 

instance, a Class 10 cleanroom would have no more than 10 

particles per cubic foot air greater than or equal to 0.5 

microns. However, the areas where the chemicals are handled 

are often in non-cleanroom environments and this can be 

another source of contamination. People are one of the more 

significant sources of contamination, especially particles. 

People working in a cleanroom are required to wear special 

non-shedding clothing which completely covers all areas of 

the body including the face. The eyes are the only area not 

covered by fabric and safety glasses are required. The other 

main contamination source is the equipment itself. The 

equipment wetted parts for aqueous solutions are constructed 

of either plastics or quartz. 

One of the most significant sources of chemical 

contamination is the polymeric materials used to manufacture 

chemical containers and the components (tubing, fittings, 

valves, liners, etc.) used for constructing distribution 

systems. Several studies have been performed to evaluate 

potential metallic contaminants from various polymers, with 

special attention paid to fluoropolymers of various types, 
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with the most attention being given to perfluoroalkoxy (PFA) 

resins (44-47). Only passing interest has been given to 

other fluoropolymer material or high density polyethylene 

(HDPE). 

Substantial amounts of several metals have been shown 

to leach from polymers used in the packaging and 

distribution of semiconductor process chemicals. The metals 

may originate from either the resin or the fabrication 

process. It should be noted that while contaminants 

originate from resins as well as manufacturing processes, 

the highest levels of contaminants were identified as 

originating from the manufacturing process used to make the 

containers, fittings and pipe. While the greatest potential 

impact is expected to be seen in static situations involving 

prolonged exposure (bottles, drums, and other storage 

vessels), a significant impact may also be observed during 

qualification of new distribution systems, or the 

requalification after repair. The impact will be affected by 

the chemical in use, due to solubilities and aggressiveness. 

As state-of-the-art semiconductor devices reach design 

rules of less than one micron, all process considerations 

increase in criticality. Nowhere is this more evident than 

in semiconductor process chemicals, where smaller particles 

and lower levels of impurities have a more drastic effect on 

process yields. For example, 0.5 micron design rules 
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typically require chemicals with particle specifications at 

0.2 microns or lower. Many chemicals have or will have 

metallic impurity specifications of 1 ppb per element or 

lower as projected by SEMATECH and SEMI (48). The 

contribution of the laboratory atmosphere to the analysis of 

environmental samples has been explored extensively, and is 

well documented (49-53). These studies demonstrate the level 

of contamination that can be expected from the atmosphere. 

As would be expected, ambient air has been found to have a 

significant effect on the analytical results obtained for 

particle counts in low-particulate (cleanroom packaged) 

chemicals (54). Perhaps less expected is the contribution of 

the ambient air to metal contamination. 

In order to evaluate the effect of a non-cleanroom 

environment on metal contamination, a comparative evaluation 

of high-purity dilute HF in drums was conducted. Initially 

these drums were tested with no consideration for the 

cleanliness of the air around the drum. Later, a portable 

laminar flow cleanroom sampling station was constructed to 

encompass the drum during sampling. A reduction of 

contaminant levels of over two orders of magnitude was 

observed in the case of aluminum, with significant 

reductions seen in several other elements. The source of 

this contamination is very likely the cement dust from the 

floor and wall materials. 
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GFAAS (Graphite Furnace Atomic Absorption Spectroscopy) 

and ICP-MS (Inductively Coupled Plasma Mass Spectroscopy) 

analyses were performed on duplicate samples and multiple 

analyses inside and outside of the cleanroom environment to 

determine the effects of exposure on contamination levels. 

The results indicate a drastic increase in the concentration 

of iron in samples analyzed in the ambient environment as 

well as a significant variation in the concentration from 

sample to sample of the same material. Also, replicate 

analyses of the same sample show much poorer reproducibility 

in the ambient samples than in the samples analyzed in the 

cleanroom. These results were observed in spite of the 

samples being handled in a laboratory where all extraneous 

metal had been removed. Similar problems were observed for 

elements such as calcium, aluminum, alkali metals, magnesium 

and zinc. 

Other chemicals (including DI water) are available in 

ultra-high purity (1-10 ppt) in extremely small volumes for 

laboratory sample preparation. The effect of the environment 

on the purity of these chemicals was evaluated by exposing 

samples of DI water and dilute high purity nitric acid to 

ambient and cleanroom air over a period of two hours. 

Variability was observed for calcium and sodium in nitric 

acid and sodium in DI water. There is a general although 

highly variable increase in contamination levels over time. 
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The variability is no doubt related to the contamination of 

the sample and analysis superimposed on the contamination of 

the exposed material. Material exposed, sampled and analyzed 

in a cleanroom environment showed very little variation or 

increase in contamination over time. This clearly indicates 

that an uncontrolled atmosphere is a source of metallic 

contamination (see Figures 1-3). 

Silicon wafer cleaning has remained an integral part of 

semiconductor device fabrication since the 1950s, and in 

fact, is the most frequently applied processing step in the 

integrated circuit (IC) manufacturing sequence (55,56). The 

objective of wafer cleaning is the removal of contamination 

from the silicon surface without degrading its texture. The 

importance of adequate cleaning cannot be underestimated in 

that contamination remaining on the substrate surface is 

known to degrade device performance, reliability, and yield. 

It has been estimated that over fifty percent of yield 

losses in IC manufacturing are caused by microcontamination 

(55). Wafer cleaning will continue to remain an important 

process step in device manufacturing especially as device 

geometries approach sub-half micron dimensions. 

Cleaning is the most frequently repeated step in IC 

manufacturing and is especially critical prior to high 

temperature treatments such as the formation of gate oxides 

(57). As noted in Table I, the number of wet cleaning and 
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Figure 1. Sodium contamination (nitric acid matrix) in 
cleanroom and non-cleanroom environments 
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cleanroom and non-cleanroom environments 



20 

0.12 

0.10 

0.08 

5 0.06 

0.04 

0.02 

0.00 

Hrre(rrin) 
Qeanroom 

-0-- Non-deanroom 

Figure 3. Calcium contamination (nitric acid matrix) in 
cleanroom and non-cleanroom environments 



<D 

o\° 

U) 
^ ft 
2 cu 

« w o\° 
P o\° o\° o\° o\° dP O MH VX> rH vH rH CM dP o\o O 
s o CO rH —̂1 rH "C—1 CM x—1 

-w ' — 1 >•—• •w- • — 

u 
Q) LD CM ro CM LD CM sji o 

rQ O CM CM CM CM rH o 

2 
<N 

a 

o\° 

W 
a a 
3! a) 
fy| j j 
P w , ~̂x s o\° 

o\° o\° o\0 dP o\° O 
^ M_| VD LD O dP CM O o\o O 
Vj0 0 CNI rH t—1 x—1 rH CM rH 
LO S w x w -

' ' 
> — 

CNJ U 
CD rH CM LO O 00 CM rH 

CM H —̂1 rH 00 

£ 

d 
0 

-rH 
W 

tn <4H 
C tr MH 0 

& •H fl -H a 
> a) to a -H P (d > p 

-U co id > a a & 
C/} » ( D U "c 0 a <d a 

0 i—1 4-J 0 i—| -rH cd i—i •H 
Ul o a w •rH rd -P a u 
w u •U 0 -H tr e 0) 
0) a i i rti •H U) 0 H -p rH 
V 

a i i 
••d E o - a 4J fd 

o 4J •H <D A •p a 3 4J 
<D X a) -H 0 a 0 

P-i 5 o O P J H 0) IH 



22 

etching steps is increasing as more complex devices are 

manufactured (58). The amount of process steps devoted to 

cleaning is growing rapidly with the increasing complexity 

of devices. 

Although many different types of chemical solutions 

have been used in wafer cleaning, aqueous cleaning solutions 

remain the most widely used because of their many advantages 

over alternative processes. Aqueous chemicals are easily 

rinsed with water, a wide variety of aqueous chemicals are 

available at relatively low cost, and aqueous chemicals are 

capable of removing contamination to very low levels (59). 

The most routinely used aqueous solutions have been the 

hydrogen peroxide (H2O2)-based RCA (Radio Corporation of 

America) mixtures introduced by Kern in 1970 (60). Although 

variations to the RCA clean are numerous, the traditional 

two-step procedure consists of immersing wafers in the 

following sequence and ratios of chemicals: 

NH4OH:H2O2:H2O (1:1:5) 

HCl:H2O2:H2O (1:1:6) 

The ammonium hydroxide (NH4OH)-based solution is commonly 

referred to as the standard clean-1 (SC-1) and the 

hydrochloric acid (HCl)-based solution is commonly referred 

to as the standard clean-2 (SC-2) (61,62). The SC-1 step is 
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an efficient particle remover, but is well known for leaving 

metallic impurities on the wafer surface. Conversely, the 

SC-2 step is capable of removing these metals but at the 

same time, is likely to deposit particles. These two types 

of contaminants, metals and particles, can be equally 

problematic during device manufacture, and tradeoffs must 

often be made between their removal. 

Various models for the mechanisms of the SC-1 and SC-2 

cleans have been proposed. As stated, the SC-1 is an 

efficient particle remover. Particles are classified as 

pieces of material larger than a cluster of molecules but 

small enough to remain suspended in solution (63). Particles 

disrupt device reliability by physically or mechanically 

interacting with the integrated circuit, for example by 

bridging separated features (64) . Adhered particles are 

removed from the semiconductor surface when the NH4OH in the 

SC-1 solution etches the silicon dioxide (Si02) just under 

them. The separated particles are driven off by electrical 

repulsion because both the oxidized wafer surface and the 

zeta potential of the particles are negatively charged in 

alkaline solutions (65) . Conversely, the SC-2 clean is more 

efficient at metal removal. The H2O2 in the SC-2 solution 

oxidizes the silicon surface. This oxide layer is porous 

and allows for the metals trapped in it to flow outward into 

the SC-2 solution. The metals closest to the surface will 
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tend to form chlorides with the HCl in solution; as the 

surface metal concentration is depleted, the metals deeper 

in the oxide will follow the concentration gradient and also 

migrate into solution. This complex formation also prevents 

metals from replating back onto the substrate surface. 

Contamination remaining on a semiconductor surface can 

cause a variety of adverse effects during subsequent 

processing that will depend on the nature of the impurity. 

Particles can cause blocking or masking of various 

processing operations, for example during etching or 

photolithography. Particles present during film growth or 

deposition can lead to pinholes and microvoids, and if 

sufficiently large or conductive, will cause shorting 

between conductor lines. Metallic impurities will also 

contaminate the silicon wafer surface at almost any step in 

device processing. Such contamination will contribute to 

the increase of current leakage at the p-n junction, 

decrease of oxide breakdown voltage, and deterioration of 

minority carrier lifetime (66). Many metals are capable of 

introducing localized energy states close to the middle of 

the silicon bandgap (1.12 eV), thereby creating efficient 

generation-recombination centers that degrade minority 

carrier lifetime. These centers are otherwise known as 

traps. For example, by introducing bulk traps at 0.40 and 

0.55 eV above the silicon valence band edge, iron may cause 
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leakage currents that prevent dynamic random access memory 

(DRAM) devices from meeting refresh specifications (67,68). 

In principle, cleaning solutions are intended to remove 

contamination such as metals from a wafer surface while not 

degrading its texture. It has been documented, however, 

that these solutions are capable of depositing metals with 

amounts dependent on the level of chemical impurity. For 

this reason, integrated circuit and wafer manufacturers must 

demand tight metal impurity specifications on their process 

chemicals. 

The precipitation of metallic ions from process 

chemicals onto the silicon wafer surface is based on several 

hypothesized mechanisms. One mechanism is considered to be 

due to a charge exchange between metallic ions and silicon 

atoms or hydrogen atoms terminating on the silicon surface. 

Noble metal ions such as copper, silver, and gold whose 

electronegativities are higher than those of silicon tend to 

be neutralized by withdrawing an electron from silicon, and 

will thereby precipitate on the silicon surface (70,71). 

Such chemisorbed impurities will form bonds that can be 

difficult to break. 

Other metals, such as iron, chromium, aluminum, and 

potassium, having lower electronegativities than silicon are 

not directly adsorbed on the surface. It has been suggested 

that these metals become oxidized and incorporated into the 
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growing SiC>2 films, based on differences in the enthalpy of 

oxide formation between the metals and silicon. In a wet 

cleaning process, therefore, when a native oxide is formed 

on the silicon surface, those metals that are oxidized more 

easily than silicon will be preferentially included in the 

native oxide (72, 73). 

The practical application of research is vital for use 

in an industrial manufacturing process. Knowing that a 

correlation can be made between contamination and defects on 

the silicon surface in a controlled laboratory environment 

does not mean that this information has a practical 

application. As noted in this overview, there is a great 

body of evidence that demonstrates that metallic 

contamination can impact wafer cleanliness and device 

performance. What is not known is if this information has 

any application to a real world situation. The impact of 

metallic contamination on real world high volume 

manufacturing will be discussed in two respects. The first 

is the use of low metal chemical and its impact on metal 

levels on wafers in a production environment. The second is 

the use of low metal chemical and its impact on device 

electrical parameters in a production environment. 

The first issue in understanding the impact of chemical 

contamination on semiconductor processing is to determine if 

contaminants adhere to the wafer surface. The determination 



27 

of metal contamination in a production environment for 

silicon wafer manufacturing will be discussed. The same 

cleaning processes used as the final steps in silicon wafer 

manufacturing are the same as those used in semiconductor 

manufacturing and the purity requirements are equally 

stringent. This study is significant since observations in 

the controlled environment of the laboratory do not always 

translate into useful information for the production line. 

In the first study levels of iron, copper, nickel, and 

zinc levels measured on silicon wafer surfaces by TXRF over 

a 140 day period in a silicon wafer manufacturing operation. 

This time span covered the period in which the operation 

switched from the standard grade NH4OH and H2O2 to ultrahigh 

purity NH4OH and H2O2• The switch was made in an effort to 

reduce the levels of copper, nickel, iron, and zinc found on 

10 2 

the silicon wafers to below 5 x 1010 atoms/cm . The switch 

to ultrahigh purity H2O2 was made at day 34 and the switch 

to ultrahigh purity NH4OH was made at day 63. 

Specifications (highest acceptable tolerances of an 

impurity) for the four metals that were tracked during the 

study (zinc, copper, nickel, and iron) are listed in Table 

II. As can be seen, the switch to the higher purity grade 

chemicals resulted in tolerances that are tighter by 3 0 to 

50 times. 
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The metal impurity levels in the chemicals that were 

supplied were monitored by inductively coupled plasma-mass 

spectroscopy (ICP-MS) and graphite furnace atomic absorption 

spectroscopy (GFAAS). Wafers followed the normal process 

flow used by the silicon wafer manufacturer which included 

mechanical polishing and cleaning. The final process seen 

by the wafers included a pass through one of two possible 

cleaning routes. 

All wafers were first passed through a wet cleaning 

process that included an SC-1 clean (1:4:20 NH40H:H202:H20) 

for ten minutes at 80 °C, followed by a six minute room 

temperature deionized water rinse. Some wafers were then 

passed through an additional 60 °C, ten minute pass through 

an SC-1 solution (1:3:50 NH4OH:H2O2:H2O) followed by a one 

to two minute, room temperature hydrofluoric acid (HF) 

rinse, another 60 °C, ten minute SC-1 (1:3:50 

NH40H:H202:H20) clean, and a deionized water rinse. The 

purpose of the SC-1 was to remove particles and the purpose 

of the HF rinse was to remove residual process chemicals. 

In either event, the last process chemicals the wafers were 

exposed to included varying concentrations of H2O2 and 

NH4OH. 

The specifications listed in Table II refer to the 

highest acceptable levels for impurities in standard and 

ultrahigh purity grade chemicals. In actuality, impurity 
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levels are typically much lower. Tables III and IV give 

averages of actual metal levels in standard and ultrahigh 

purity H2O2 and standard and ultrahigh purity NH4OH. 

Decreases for zinc and copper were the most dramatic: zinc 

averages dropped from 3.16 to 0.2 6 parts per billion, ppb, 

in H2O2 and from 1.66 to 0.23 ppb in NH4OH while copper 

averages dropped from 0.04 to below instrumental detection 

limits in H2O2 and from 3.23 to 0.05 ppb in NH4OH. Nickel 

levels also dropped to below detection limits in ultrahigh 

purity H2O2 and from 0.96 to 0.06 ppb in NH4OH. Iron levels 

dropped from 0.44 to 0.29 ppb in the switch from standard 

grade to ultrahigh purity H2O2, and from 0.26 to 0.07 ppb in 

NH4OH. 

Average surface metal levels for zinc, copper, nickel, 

and iron, as measured by TXRF, were tabulated and plotted 

against a relative timeline of 140 days. These 

relationships are illustrated in Figures 4-7. The switch to 

ultrahigh purity H2O2 was made at day 34 and the switch to 

ultrahigh purity NH4OH was made at day 63. Averages and 

standard deviations before the switch were based on 

measurements taken before day 34. Averages and standard 

deviations after the switch were based on measurements taken 

after day 63. In this way, levels before the switch were 

based only on the effects from the standard grade chemicals 
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and levels after the switch were based only on the effects 

from the ultrahigh purity chemicals. These results are 

compiled in Table V. It should be noted that in many 

instances, especially for copper and nickel, the actual 

values were below the instrumental detection limits. In 

these cases, the detection limit was used as the surface 

metal value. The switch to ultrahigh purity chemicals 

resulted in a noticeable shift to lower surface metals in 

the case of zinc, copper, and nickel. No such shift was 

observed for iron. 

The surface zinc levels realized the most dramatic 

improvement with the average being reduced from 111.4 to 

30.3 x 1010 atoms/cm2. Surface copper was reduced from 7.2 

to 4.8 x 1010 atoms/cm2 while nickel was reduced from 3.6 to 

3.1 x 1010 atoms/cm2. Iron levels did not follow a similar 

trend; average surface values were raised from 12.6 to 15.5 

x 1010 atoms/cm2. In each case, however, an improvement in 

standard deviation was realized. The standard deviation for 

zinc levels improved from 31.6 to 14.3 x 1010 atoms/cm2 while 

that of copper was lowered from 9.7 to 3.7 x 10l° atoms/cm2. 

The standard deviation for nickel levels was lowered from 

1.1 to 0.2 x 1010 atoms/cm2 and from 7.4 to 6.1 x 1010 

atoms/cm2 for iron. 
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Figure 4. Average iron values on wafer surface 
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Figure 6. Average zinc values on wafer surface 
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Table II. Specifications for impurity levels in standard 
and ultrahigh purity (UHP) grade H9O9 and NHaOH 

Chemical Zinc, ppb Copper, 
ppb 

Nickel, 
ppb 

Iron, ppb 

H2O2, 

standard 
grade 

100 50 30 100 

H2O2, UHP 1 1 1 1 
NH4OH, 
standard 
grade 

50 50 50 100 

NH4OH, UHP 1 1 1 1 

Table III. Typical values for impurity levels in standard 
and ultrahigh purity (UHP) grade H9O9 

Element Avg. Value, 
std. grade, 
ppb 

Avg. Value, 
std. grade, 
PPb 

Detection 
Limit, ppb 

Zinc 3 .16 0.26 0.02 
Copper 0.04 <0.02 0.02 
Nickel 0.05 <0.02 0.02 
Iron 0.44 0.29 0.05 

Table IV. Typical values for impurity levels in standard 
and ultrahigh purity (UHP) grade NH4QH 

Element Avg. Value, 
std. grade, 
PPb 

Avg. Value, 
std. grade, 
PPb 

Detection 
Limit, ppb 

Zinc 1.66 0.23 0.02 
Copper 3 .23 0.05 0.02 
Nickel 0.96 0.06 0.02 
Iron 0.26 0.07 0.05 
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At this point, it is unclear as to why surface iron 

levels did not drop in response to the switch to ultrahigh 

purity chemicals. One possible explanation is that some 

iron contamination was introduced into the chemicals at some 

point along the distribution system. 

The cause and effect relationship between metal 

impurities in chemicals and impurity deposition on wafer 

surfaces is further illustrated by reference to Figure 7. 

In the time period between day 48 and 78, the heat exchanger 

in the NH4OH generator experienced a leak, allowing 

Table V. Averages and standard deviations of metals on 
silicon wafer surfaces as measured bv TXRF before 
and after switch to ultrahigh purity (UHP) 
chemicals 

Before Switch After Switch 
Avg, Std. Avg, Std. Det. Limit, 
E10 at./cm2 Dev. E10 at./cm2 Dev. E10 at./cm2 

Zn 111.4 31.6 30.3 14.3 4 
Cu 7.2 9.7 4.8 3.7 3 
Ni 3 . 6 1.1 3.1 0.2 3 
Fe 12.6 7.4 15.5 6.1 5 

elevated levels of copper to contaminate the chemical. 

Levels of copper in the NH4OH at this time ranged from 2.0 

to 18.1 ppb and averaged 12.1 ppb. This directly resulted 

in higher surface copper levels as measured by TXRF. Also 

at this time, a streaking pattern showed up on the wafers 
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that was termed "straight scratch". This pattern resulted 

from at least four particles in a row as detected by a WIS 

TM 

850 II Estek surface laser particle counter. At this 

time, the scratch was visible on at least 50% of the wafers. 

Almost immediately after the heat exchanger was repaired and 

copper levels returned to normal in the NH4OH, the scratch 

disappeared and surface copper levels returned almost to 

TXRF detection limits. 

This phenomenon is illustrated in Figure 8. In this 

particle map, points represent irregularities, presumably 

particles, present on the wafer surface. It is noteworthy 

that this streaking always occurred parallel to the flow of 

gravity. It is possible that these irregularities are not 

particles but are instead pits or roughening as caused by 

oxygen evolution during H2O2 decomposition: 

2H202 <=> 2H20 + 02 

The decomposition of H202 is extremely sensitive to 

catalysis and, because of complexes formed by impurities in 

basic solutions, is enhanced in the presence of NH4OH as 

found in SC-1 mixtures. For example, if copper is present, 

its tetraamine complex is believed to be responsible for 

this type of catalytic activity (22, 27). 
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This type of roughening of silicon surfaces has been 

previously documented. If not protected by a layer of SiC>2, 

the NH4OH has the ability to etch a silicon surface. 

Silicon surfaces are normally sufficiently protected by the 

oxidizing effects of the H2O2 in the SC-1. If decomposition 

of H2O2 is faster than the evaporation of NH3, however, the 

NH4OH/H2O2 ratio is increased to a level whereby the 

protection of silicon by H2O2 oxidation is not sufficient to 

prevent the NH4OH etching of the substrate (27,72). 

Recent work by researchers at the Interuniversity 

Microelectronics Center (IMEC) in Leuven, Belgium has 

demonstrated the correlation between silicon surface 

roughening and H2O2 decomposition. In the IMEC research, 

varying concentrations of NH4OH and metal impurities (iron 

and copper) in SC-1 solutions were prepared and their 

influences on H2O2 decomposition rates were examined. 

Higher impurity levels and NH4OH fraction (X:l:5) in SC-1 

were associated with faster H2O2 decomposition rates. 

Additionally, reference wafers cleaned in high purity SC-1 

did not show any significant increase in roughening. It was 

also noticed that wafers that did exhibit surface 

roughening, did so nonuniformly. The exclusion of some 

parts of the wafer from etching by adhered oxygen bubbles 
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generated by the decomposing SC-1 bath was postulated to 

account for this phenomenon (27). 

Upon inspection of Tables III and IV, which show 

improvements in impurity levels in H2O2 and NH4OH, and Table 

V, which lists the decreases in surface metal contamination 

upon switching to higher purity chemicals, it becomes 

apparent that there is a definite correlation between 

impurity levels in process chemicals and metal deposition on 

wafer surfaces. This type of relationship may appear 

intuitive or obvious, but in fact this outcome was not 

necessarily anticipated prior to the change in chemicals. 

Additionally, many wafer and device manufacturers currently 

do not use the highest available purity chemicals because of 

uncertainty in the outcome of important test parameters, 

such as minority carrier lifetime and gate oxide integrity. 

It has been shown here, however, that cleaner processing 

chemicals result in fewer deposited metal impurities on the 

wafer surface. It is for this reason that the control of 

metal contamination in semiconductor chemicals remains an 

important aspect of wafer and semiconductor device 

manufacturing. 

The deposition of metal contaminants from cleaning 

solutions onto silicon wafers was demonstrated in a 

production environment. The next issue is if an impact on 

device electrical parameters can be demonstrated. This is the 
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most important issue since an observation that does not 

impact the production environment has little to no commercial 

significance. 

A comparison of the impact of differing qualities of 

hydrofluoric acid was made in a high volume wafer 

manufacturing facility. The data found in Table VI was 

handled as follows: non-detected values were taken as zero 

and detected values were used as-is. The average and 

standard deviation were calculated for each element. If all 

values were below detection, then the detection limit is 

simply given. While no universally accepted method exists 

for comparing actual values with not-detected values, it is 

felt that data obtained from the same instruments at the same 

time can be compared in this manner. Of those metals 

detected, it appears that the High purity acid was 

consistently lower in metals, i.e. lower average and/or 

standard deviation, than the standard HF except for 

potassium. Zinc was considered equivalent in both acids. 

Elemental impurities were the main contaminants of 

interest early in this study. The anions sulfate, nitrate, 

phosphate, chloride, and fluosilicate were analyzed with no 

difference seen between the two acids. 

Electrical measurements consisting of minority carrier 

lifetimes, GOI breakdown voltages, stress CVs, refresh times 

and multiprobe yields were conducted. The wafers used were 
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Table VI. Comparison of ionic impurity levels (in ppb) in 
two HF materials. Aver = average; 
Std.Dev. = standard deviation 

Standard HF High Purity HF 
Element Average 

(ppb) 
Std. Dev. Average 

(ppb) 
Std. Dev. 

Silver <1 <1 
Aluminum <1 0.4 0.3 
Gold <1 <1 
Barium <1 <1 

Beryllium <1 <1 
Bismuth <1 <1 
Boron <1 <1 
Calcium 0.6 1.6 <0.1 
Cadmium <1 <1 
Cobalt <1 <1 
Chromium <1 <1 
Copper 0.2 0.5 <1 
Gallium <1 <1 
Iron 2.3 2.8 0.4 0.2 

Potassium 0.2 0.3 0.1 0.1 
Lanthanum <1 <1 
Magnesium 0.1 0.4 <1 
Manganese <1 <1 
Molybdenum <1 <1 
Sodium 0.2 0.8 0.2 0.2 
Nickel <1 <1 
Lead <1 <1 

Palladium <1 <1 
Platinum <1 <1 
Antimony <1 <1 
Strontium <1 <1 
Tantalum <1 <1 
Vanadium <1 <1 
Tungsten <1 <1 
Zinc 0.2 0.5 <1 

Zirconium <1 <1 
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150 mm P-type. All HF cleans were performed in recirculating 

filter baths equipped with 0.1 micron filters and operated at 

25 + 1°C. Split lot tests were performed in identical baths 

at the same time. The lots were split only for the cleaning 

sequence using the two acids. In all cases, wafers were 

rinsed after HF immersion for at least 10 minutes in a DI 

cascade rinse to constant conductivity, and then dried in an 

IPA vapor dryer. 

Two to four wafers were split between the standard HF 

and the high purity HF. The tests were repeated five or six 

times. After this initial testing, three split lots (48 

wafers/lot) were then committed, and the split was done at 

critical gate cleans. These lots were then processed 

normally through multiprobe. Multiprobe is the final 

inspection point in a wafer fabrication facility where fully 

functional devices are identified. Following favorable 

results at multiprobe, twenty full lots were then processed 

through the new acid. Electrical tests were conducted on 

these splits. 

Minority Carrier Lifetime (MCLT) - MCLT is related to 

many device properties. In DRAM devices, it limits the time 

between the refresh cycles that update the data. Transition 

metals, particularly copper and gold, are the contaminants 

that most affect MCLT (74). 
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After HF cleaning and drying, the split lot test wafers 

were placed in an oxidation furnace together. MCLT on the 

oxidized wafers was determined by the microwave reflectance 

technique using a Leo Gilken "Wafer Tau" Model LTA-13 0A 

apparatus. In most of the comparisons, the high purity HF 

was found to be as good as or better than the standard HF 

(see Table VI). Perhaps it is not too surprising that no 

significant difference between the two acids was seen in this 

test, since MCLT tests are often dominated by impurities 

present in the Czochralski crystal from which the wafers 

originate. 

Capacitance-Voltage (CV) Analysis - This test used six 

groups of 4 wafers. Each group of wafers was split, cleaned, 

dried, and oxidized as before. Polysilicon caps were then 

deposited on top of the oxide to make test capacitors. The 

capacitance of each MOS test structure was measured as a 

function of the applied voltage. The CV test is sensitive to 

conditions at the Si/Si02 interface. Among other things, CV 

tests can provide information regarding mobile ion 

concentrations in the oxide or at the interface (75) . Mobile 

ions like sodium and potassium can come from the cleaning 

process, or from the oxidation furnace (77) . As in the 

previous test, no significant differences were observed 

between the high purity HF and the standard HF. Again, this 

result may not be too surprising since mobile ions, espe-
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cially sodium, are not known to deposit in HF cleaning steps 

(77,78). Regardless, the high purity HF had a lower level of 

sodium, on average, than the standard HF. 

Full Bar Gate Oxide Integrity (FBGOI) Tests - FBGOI 

tests all the "bars," or chips, on a wafer. The performance 

of each gate on each bar is tested in order to determine the 

yield of good bars per wafer. The initial split lot tests 

were favorable, so the test was repeated with 20 full lots of 

wafers. The results of the FBGOI tests are shown in Figure 

9. The data indicates a significantly higher yield of good 

devices in the high purity HF split. FBGOI tests are sensi-

tive to both particulate and ionic contaminants, but the 

observed FBGOI yield difference is believed to be due 

primarily to the lower levels of metals in the high purity 

hydrofluoric acid. 

Refresh Characterization - Refresh characterization 

tests for current leakage. A cell will lose its value if 

there is a leakage path for electrons. The test is performed 

by writing "ones" to the entire array, then a 120 millisecond 

pause occurs during which time the array is not refreshed. 

After the pause, the entire array is read. The number of 

cells retaining the "one" value is then determined. The high 

purity HF demonstrated significantly fewer refresh failures 

as compared to the standard HF. This is believed to be 

related to the lower metallic content of the high purity HF. 
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Multiprobe Yield - The ultimate test for any 

semiconductor device is multiprobe yield. The impact seen in 

the refresh characterization and FBGOI tests was also seen at 

multiprobe. A yield increase of 5% was observed for those 

split lots processed through the high purity HF as compared 

to the standard HF. The yield difference was seen as 

significant with 90% confidence. Furthermore, multiprobe 

yield was compared for each hood before and after it was 

converted from standard to high purity HF. All lots that 

experienced problems during other parts of the process were 

removed from this statistical analysis. This additional 

verification also showed a 5% yield increase with a 95% 

confidence level in one hood, and a 99.9% confidence level in 

another. 

The very low levels of calcium, copper, magnesium and 

other metals in the high purity HF may be responsible for the 

yield improvement. Calcium has recently been linked to 

degradation of gate oxide integrity (79,80). Copper is 

notorious for its tendency to plate on silicon surfaces 

exposed in HF (70, 81-83). Copper can diffuse into silicon, 

even at room temperature (84). In addition, high temperature 

operations can cause copper to precipitate as a silicide, 

forming various crystallographic defects (85). 

The need for such extremely low levels of contamination 

in dilute HF has been advocated by SEMATECH (86) and 
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Figure 8. Streaks on wafer surface due to hydrogen 
peroxide decomposition 
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Figure 9. FBGOI results for standard and UHP HF 
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others (81,82). This work demonstrates a substantial yield 

improvement in a high volume DRAM manufacturing facility from 

the use of high purity HF. Results of the split lot FBGOI and 

refresh characterization tests suggest that the yield 

improvement is likely due to the low ionic impurity levels in 

the HF. 

Another study also established the relationship between 

device electrical characteristics and impurities found in 

cleaning chemicals during a long term, production scale 

evaluation. This study was conducted on sub-micron logic 

devices which are inherently more complicated than DRAMs. 

The chemicals evaluated during the evaluation included 

Standard Clean 1 (SCI) and hydrofluoric acid (HF). Because 

of its impact during this study, the HF chemistry was 

evaluated further to determine which of its qualities are 

important in semiconductor manufacturing. 

As previously stated, many studies have documented the 

relationship between metallic impurities in semiconductor 

process chemicals and device electrical characteristics (22, 

82,88,89). It is not always clear, however, what level of 

chemical purity is necessary for maximum yield in 

semiconductor manufacturing. A minimum level of chemical 

purity is necessary because contamination remaining on a 

wafer surface from chemical processing can cause a variety 

of adverse effects that will depend on the nature of the 
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impurity. For example, particles present during film growth 

or deposition can lead to pinholes and microvoids and if 

sufficiently large or conductive, will cause shorting 

between conductor lines (55). Metallic contamination left 

from chemical processing will contribute to the increase of 

current leakage at the p-n junction, decrease of oxide 

breakdown voltage, and deterioration of minority carrier 

lifetime (MCLT) (71). 

An eight month evaluation of various grades of SCI and 

HF chemistry was performed in a wafer fab manufacturing 

0.8 nm logic devices. Chemicals introduced for wafer 

cleaning during the evaluation included: 

1. Standard grade SCI chemicals 

2. Two different sources of ultrahigh purity (UHP) 
grade SCI chemicals 

3. Standard grade 0.5% and 5% HF 

4. UHP grade 0.5% and 5% HF 

The terms "standard" grade and "UHP" grade are defined 

by levels of impurities found in them. SCI refers to a 

1:1:5 mixture of hydrogen peroxide (H202) , ammonium hydroxide 

(NH4OH) and deionized (DI) water, as described by Kern (54). 

SCI chemistry is typically used in semiconductor cleaning 

processes for surface particle removal (5,7). HF-last 
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processes are attractive in processing because of the 

superior gate oxide integrity (GOI) and minority carrier 

lifetime (MCLT) they provide (90). 

A summary of the evaluation is included in Figure 10: 

the first switch of chemicals involved a change from 

standard grade to Source 1 UHP SCI. This combination was in 

place for 3V2 months. In the second switch, the source of 

UHP SCI was changed, and HF was upgraded to UHP. During the 

evaluation, GOI was characterized by measurement of 

breakdown voltage (Vba) . Chemical purity and GOI scrap rate 

were also monitored. Finally, an investigation of 

properties of standard and UHP 5% HF was undertaken. In 

this study, relative carbon content was determined, 

particles deposited from HF baths were monitored, and 

chemical states of adsorbed impurities, specifically carbon, 

were measured. 

During the evaluation, GOI (Vbd) was measured on all 

production lots. GOI was measured by exponentially ramping 

current in an I-V test until the oxide could no longer 

support the voltage drop across it. Breakdown field 

strength, as measured in MV/cm, was normalized to oxide 

thickness. P<100>, ll-15£2cm silicon wafers were processed 

during the evaluation. One wafer per lot was measured with 

four sites tested. Vba values were recorded for each of the 

four sites. Chemical purity was monitored with a Varian 
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SpectrAA 300/400 series graphite furnace atomic absorption 

spectrometer (GFAAS) and a Fisons Instruments PQS model 

inductively coupled plasma-mass spectrometer (ICP-MS). 

After the initial evaluation, a more complete study of 

HF properties was undertaken. First, a carbon analysis of 

5% standard grade and UHP grade HF was performed. The 

carbon analysis was determined with a Fisons Instruments 

ARL3520 inductively coupled plasma-atomic emission 

spectrometer (ICP-AES) at 247.856 nm. Because no attempt 

was made to separate the HF matrix from the carbon analyte, 

a PTFE spray chamber corrosion resistant nebulizer and an 

alumina injector torch were required to prevent etching of 

the usual glass and quartz components by the HF. A direct 

analysis approach was deemed the fastest way to get relative 

carbon values on these samples. 

Next, P<100>, 8-10 Qcm silicon wafers were exposed to 

static, 10 minute standard and UHP grade 5% HF baths and 

then analyzed for surface particles with a Tencor 

Instruments Surfscan 6200 surface particle analyzer. 

Similarly prepared wafers were also analyzed for 

chemical states of adsorbed surface impurities with a VG 

Scientific ESCAlab Mark II x-ray photoelectron spectrometer 

(XPS). A Mg Ka anode was used for the excitation. Sample 

size was 1 cm2. After the samples received the chemical 

exposure, they were all introduced at the same time into the 



49 

sample preparation chamber, and then into the main analysis 

chamber which was pumped to a base pressure of 1CT9 Torr. 

A dramatic reduction in GOI scrap rate was observed 

with the switch from standard grade to Source 1 UHP SCI 

chemicals (switch 1), Figure 11. This can be correlated to 

a reduction in metallic impurities in the H202 and NH4OH. 

Reductions in impurity levels for Ca, Na, Fe, and Al in the 

SCI ranged from 74% to 97%, Table VII - VIII. 

Previous research has documented the effect of metallic 

contamination on oxide breakdown properties. Specifically, 

IMEC research has revealed the detrimental effects of Ca, 

Fe, and Al on the breakdown of thermal oxides (1-3) . In the 

IMEC research, Ca was incorporated into the thermal oxide 

and degraded GOI by inducing surface roughness. 

Additionally, it was found that SCI solutions with the 

highest Ca content also promoted the most surface roughening 

during clean up. Fe degraded oxide integrity by formation 

of defect spots during oxidation. Zinc was found to diffuse 

into the silicon substrate, or evaporate in the oxidation 

ambient, and therefore have essentially no effect on oxide 

integrity (1). In the present study, Ca averaged 0.85 ppb 

in the standard grade SCI, 0.21 ppb in Source 1 UHP SCI, and 

0.15 ppb in the Source 2 UHP SCI. 

Baseline improvements in GOI as measured by VM were 

observed with the switch from Source 1 to Source 2 UHP SCI 
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chemicals, and from standard to UHP HF (switch 2), Figure 

12. Further, but less dramatic, impurity reductions were 

seen in the SCI chemicals (except for Zn and Fe), 

Table VII - VIII. 

In order to isolate the cause of baseline GOI shifts, 

other tests were run, and improvements always correlated to 

the introduction of UHP HF. Impurity outplating from HF is 

important because several critical steps in the fab use HF 

for oxide stripping. In these steps, the oxide is 

completely stripped and the silicon substrate exposed to the 

HF solution, making HF purity particularly significant. No 

significant differences in metallic impurities monitored 

during the evaluation were observed between the two sources 

of HF, Tables IX and X, so tests were undertaken to quantify 

any other differences between the two. First, an ICP-AES 

analysis for carbon content was conducted on standard and 

UHP grade 5% HF. A carbon analysis was considered important 

because an organic type of residue was observed during 

analysis of standard grade but not UHP grade HF. The ICP-

AES analysis revealed that the standard grade HF contained 

at least 3 to 5 times more carbon than did the UHP grade HF. 

Only relative values are reported because of the difficulty 

in obtaining good analytical results at the low ppb level by 

the ICP-AES method. Difficulties include high background 

levels and possible discrimination of organic species in the 
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sample introduction process. However, only a relative 

confirmation of carbon levels was needed to confirm that the 

residue from the standard grade acid contained significantly-

higher levels of carbon. 

X-ray photoelectron spectroscopy (XPS) analysis of a 

set of similarly prepared wafers was undertaken to reveal 

chemical states of adsorbed impurities. A carbon Is peak at 

seven times the area of the Si 2p peak was observed at 

binding energy 285.0 eV on standard grade HF-treated wafers. 

No carbon peak was found on UHP HF-treated wafers. No other 

impurities were detected by XPS analysis, probably because 

impurities (if present) were present at less than the 

monolayer coverage (1015atoms/cm2) needed for detection with 

this method. 

The introduction of improved-quality (lower impurity) 

SCI chemicals into the fab for wafer cleaning was strongly 

correlated to a reduction in GOI scrap rate. This was 

attributed to lower levels of several impurities in the SCI, 

specifically Ca, Fe, Na, Zn, and Al. This correlation 

between reductions in Ca, Al, and Fe content in SCI 

chemicals and improved GOI is consistent with previously 

published data that shows a direct relationship between 

these specific impurities and GOI (1-3). 

The introduction of UHP HF was correlated to baseline 

GOI improvements as measured by Vbd. No major differences in 

levels of metallic impurities were measured in the standard 
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Table VII. Impurities in SCI during evaluation source 1 
(standard deviation in parentheses) 

PPb Standard UHP, Source 1 

Ca 0.85 0.21 (0.29) 

Fe 0.63 0.10 (0.02) 

Na 1.55 0.14 (0.07) 

Zn 1.64 0.19 (0.06) 

Al 0.92 0.03 (0.01) 

Table VIII. Impurities in SCI during evaluation source 2 
(standard deviation in parentheses) 

ppb Standard UHP, Source 2 

Ca 0.85 0.15 (0.07) 

Fe 0.63 0.13 (0.03) 

Na 1.55 0.05 (0.04) 

Zn 1.64 0.30 (0.15) 

Al 0.92 0.01 (0.01) 
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Table IX. Impurities in 0.5% HF during evaluation (standard 
deviation in parentheses) 

ppb Standard 0.5% HF UHP 0.5% HF 

Ca 0.18 (0.32) 0.19 (0.31) 

Fe 0.33 (0.24) 0.32 (0.20) 

Na 0.03 (0.03) 0.06 (0.05) 

Al 0.11 (0.05) 0.11 (0.05) 

K 0.01 (0.01) 0.01 (0.01) 

Table X. Impurities in 5% HF durincr evaluation (standard 
deviation in parentheses) 

ppb Standard 5% HF UHP 5% HF 

Ca 0.02 (0.03) 0.02 (0.02) 

Fe 0.26 (0.21) 0.49 (0.48) 

Na 0.03 (0.05) 0.02 (0.01) 

Al 0.03 (0.02) 0.02 (0.02) 

K 0.02 (0.02) 0.01 (0.01) 
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grade and UHP grade 0.5% and 5% HF, so in relation to this 

study, it is impossible to correlate any particular impurity 

in HF to device performance. A significant difference in 

carbon content, however, was found between the standard and 

UHP grade HF. Carbon was 3-5 times higher in standard HF 

than in the UHP material. Carbon was also found by XPS 

analysis on the surface of standard HF-treated wafers, while 

none was detected on the surface of UHP HF-treated wafers. 

Contamination concerns in semiconductor manufacturing 

is primarily focused on particles, metals, anions and 

organics. Historically, particles have received the most 

attention principally due to the ease of measurement. Metals 

have recently started to receive attention with the 

application of total reflectance x-ray fluorescence. 

Organics and anions have received little attention with 

analysis being difficult. Contamination has been shown to 

have a significant and detrimental impact on semiconductor 

yields. The ability to measure is the key to solving the 

contamination puzzle. With the ability to measure comes the 

knowledge to solve problems and to derive an understanding 

of the chemistry of contamination. 

The first item that will be explored in this study is 

the measurement of metal contamination on the surface of a 

silicon wafer. The measurement of contamination at the wafer 

surface is a fundamental precept in contamination free 
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manufacturing practice. This measurement technique will be 

used to establish maximum solution contamination levels for 

a SCI cleaning solution, providing a guideline for 

contamination control and monitoring. Secondly, noble 

metaldeposition from aqueous hydrofluoric acid solutions 

will be explored. Dilute aqueous hydrofluoric acid solutions 

are another critical cleaning solution. An inverse 

relationship exists between hydrofluoric acid concentration 

and copper deposition on a silicon wafer. These two aspects 

of metal contamination on the silicon wafer are at the top 

of the contamination food chain. The next part of this work 

will address the bottom of the contamination food chain -

the source. Anion contamination originating from 

fluoropolymers commonly used to contain, transport and 

distribute these cleaning chemicals will be discussed. In 

addition, metal contamination originating from 

fluoropolymers and high density polyethylene used to handle 

these high purity cleaning chemicals will also be explored. 

This work covers contamination free manufacturing for the 

most important aqueous cleaning chemicals using a soup to 

nuts approach. 
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CHAPTER II 

EXPERIMENTAL PROCEDURES 

This section will consist of four sections including 

of: a) analysis of surface metals on silicon wafers, 

b)analysis of copper deposition from various aqueous HF 

solutions, c) extraction of anions from fluoropolymers and 

d) extraction of metals from fluoropolymers and 

polyethylene. 

VPD-DSE-GFAAS ANALYTICAL TECHNIQUE 

Analytical techniques for extremely small quantities of 

metals are sensitive to contamination from many sources. 

Extreme care must be taken during these analyses to minimize 

the opportunity for contamination. Atmospheric contamination 

for metals is well documented and can significantly affect 

analysis for low levels of metals (1). A cleanroom 

environment can successfully minimize atmospheric 

contamination and all work in this study was therefore 

performed in a Class 10 cleanroom. Inert plastics such as 

Teflon® were used for chemical handling. Howeve, these 

plastics are sources of contamination at these levels and 
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had to be carefully cleaned before use (2,3). Cleaning 

consisted primarily of soaking all plastic materials in 

ultra high purity dilute hydrofluoric acid before use. This 

level of attention to detail is critical to achieving low 

detection limits. 

All work was conducted with prime high purity p type 

<100> 8-10 £2-cm 150mm silicon wafers. Wafers from the same 

lot were used for each set of experiments in order to reduce 

variation in the starting material. 

Vapor phase decomposition-droplet surface etching-

graphite furnace atomic absorption spectrometry (VPD-DSE-

GFAAS) is a true surface technique with no contribution from 

metal contaminants below the atomic surface of the silicon 

wafer. The technique consists of three parts: VPD which is 

used to dissolve the oxide surface, DSE which is used to 

collect the metals and GFAAS which is used to detect the 

amount of metal present. VPD is performed by placing the 

silicon wafer to be analyzed in a PTFE chamber that holds a 

container of approximately 70 mis of 49% ultra high purity 

hydrofluoric acid (UHP HF). The wafer is placed in the 

chamber and hydrogen fluoride vapors are allowed to come in 

contact with the wafer for twenty minutes. 

DSE is performed by placing a droplet of 1:3:96 volume 

percent of 49% HF:31% H202:DI water on the wafer surface. 

Again, extremely high purity chemicals were used to 
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formulate the collection droplet. This care is needed to 

minimize sources of contamination that would be detrimental 

to achieving low detection limits. The purpose of the 

droplet is to collect all metals on the wafer into the 

droplet. The droplet volume used in this work was 500 (il. 

The droplet is moved across the surface of the wafer so that 

the droplet contacts every part of the wafer. This process 

is performed twice. Hydrofluoric acid has long been used in 

semiconductor processing as a metal cleaning solution. It 

etches the silicon oxide layer typically present allowing 

any trapped metals to dissolve in the solution. By placing 

an oxidizing agent such as hydrogen peroxide into the 

solution, an acidic oxidizing environment is created. 

Looking at potential vs. pH diagrams for aqueous solutions, 

in the manner of Pourbaix (4), shows that the most 

thermodynamically favored state is the ionic form for almost 

all metals of interest. The ionic form of these metals are 

much more likely to go into the fluoride collection 

solution. 

The analysis of the droplet is performed by GFAAS. The 

droplet is picked up using an Eppendorf pipette which has 

been cleaned by soaking in UHP HF. The sample is introduced 

into a polystyrene material sample vial that has also been 

soaked in UHP HF and placed on an automatic sample table. 

The samples were analyzed with a Varian SpectrAA 300 with 
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Zeeman background correction. The GFAAS operating conditions 

used were originally developed for the analysis of ultra 

high purity aqueous chemicals by the Analytical Services 

Laboratory at Texas Instruments. Pyrolytic coated 

partitioned graphite tubes were used for all analyses. A run 

on the GFAA includes a blank and a three point calibration 

followed by Hashimoto SAXX grade 49(w/w)% hydrofluoric acid 

to clean the sampler tip, followed by a sample of DI water 

to rinse the tip and finally the sample from the wafer. Two 

samples are run from the wafer and averaged. 

The first problem encountered in generating uniformly 

contaminated wafers was that the "as-received" wafers were 

not sufficiently or uniformly clean enough to perform this 

work. This is a crucial factor in working at extremely low 

levels of contamination. Otherwise the wafer to wafer 

variability for low level spiking leads to a large 

variability in the measurements. The inherent contamination 

on the wafer also led to a general flattening of the 

response on the spiked samples at the 1010 level since this 

is the average contamination level on the wafers. For 

correlation to a reference technique such as TXRF at higher 

levels of contamination this is not an issue since a 

background level of 1010 atoms/cm2 with a spiking level of 

1012 atoms/cm2 to 1013 atoms/cm2 does not introduce a 

significant error. However at low levels of contamination at 
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the 1010 atoms/cm2 level or below this becomes a serious 

problem. Most of these wafers were contaminated at the low 

1010 atoms/cm2 level. This problem was overcome by 

scrupulously cleaning the wafers to remove any metal on the 

surface. In order to generate a set of "clean" wafers, each 

wafer was cleaned using the VPD-DSE process two times with 

the droplet being discarded each time. The droplet from the 

third VPD-DSE clean was then analyzed to verify that the 

iron level was below detection limits. 

GFAAS has certain advantages which make it suitable for 

this application such as high sensitivity and the 

requirement for extremely small sample volumes. Background 

adsorption is necessary in GFAAS since background or non-

atomic adsorption is quite common in GFAAS and makes 

correction essential. The optical configuration of the 

Varian Model 3 00 with Zeeman background correction is 

illustrated in Figure 13. 

The furnace operating conditions and instrument 

parameters are found in Tables XI-XVIII. The objective in 

selecting the operating parameters is to completely 

desolvate the sample, remove the matrix material during the 

ash stage, provide analytical sensitivity and separate the 

analyte peak from non-atomic absorption peaks (5). 
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Figure 13. Optical configuration of the Varian Model 
300 with Zeeman background correction 
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Table XI. Iron - furnace operating conditions and instrument 
parameters 

Step No. Temp (°C) Time (s) Gas Flow 
(1/min) 

Gas Type Read 

1 85 10.0 3 . 0 Argon No 

2 95 60.0 3.0 Argon No 

3 120 50.0 3 . 0 Argon No 

4 700 2 . 0 3.0 Argon No 

5 700 5.0 3.0 Argon No 

6 700 1.0 0.0 Argon No 

7 2300 1.2 0.0 Argon Yes 

8 2300 2.0 0.0 Argon Yes 

9 2600 2.0 3.0 Argon No 

Furnace Operating Conditions 

Lamp Current (ma) 6 

Slit Width (nm) 0.2 

Wavelength (nm) 248.3 

Maximum Absorbance 0.90 

Sample Volume (fxl) 65 

Instrument Parameters 
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Table XII. Aluminum - furnace operating conditions and 
instrument parameters 

Step No. Temp (°C) Time (s) Gas Flow 
(1/min) 

Gas Type Read 

1 120 5.0 3.0 Argon No 

2 120 30.0 3 . 0 Argon No 

3 220 20.0 3.0 Argon No 

4 330 5.0 3.0 Argon No 

5 330 20.0 3.0 Argon No 

6 330 2.0 0.0 Argon No 

7 2700 1.2 0.0 Argon Yes 

8 2700 2.0 0.0 Argon Yes 

9 2700 2.0 3.0 Argon No 

Furnace Operating Conditions 

Lamp Current (ma) 10 

Slit Width (nm) 0.5 

Wavelength (nm) 396.2 

Maximum Absorbance 2.00 

Sample Volume (fil) 20 

Instrument Parameters 
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Table XIII. Calcium - furnace operating conditions and 
instrument parameters 

Step No. Temp (°C) Time (s) Gas Flow 
(l/min) 

Gas Type Read 

1 85 5.0 3.0 Argon No 

2 95 40.0 3.0 Argon No 

3 120 10.0 3.0 Argon No 

4 1000 5.0 3.0 Argon No 

5 1000 1.0 3.0 Argon No 

6 1000 2.0 0.0 Argon No 

7 2600 1.2 0.0 Argon Yes 

8 2600 2.0 0.0 Argon Yes 

9 2600 2.0 3.0 Argon No 

Furnace Operating Conditions 

Lamp Current (ma) 10 

Slit Width (nm) 0.5 

Wavelength (nm) 422.7 

Maximum Absorbance 

o
 
o
 

CNl 

Sample Volume (|Hl) 20 

Instrument Parameters 
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Table XIV. Sodium - furnace operating conditions and 
instrument parameters 

Step No. Temp (°C) Time (s) Gas Flow 
(1/min) 

Gas Type Read 

1 85 5.0 3.0 Argon No 

2 95 50.0 3.0 Argon No 

3 120 20.0 3.0 Argon No 

4 700 20.0 3.0 Argon No 

5 700 5.0 3.0 Argon No 

6 700 2.0 0.0 Argon No 

7 1900 1.0 0.0 Argon Yes 

8 1900 2.0 0.0 Argon Yes 

9 2300 2.0 3.0 Argon No 

Furnace Operating Conditions 

Lamp Current (ma) 5 

Slit Width (nm) 0.2 

Wavelength (nm) 589.6 

Maximum Absorbance 1.50 

Sample Volume {)Ltl) 20 

Instrument Parameters 
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Table XV. Potassium - furnace operating conditions and 
instrument parameters 

Step No. Temp (°C) Time (s) Gas Flow 
(1/min) 

Gas Type Read 

1 85 5.0 3.0 Argon No 

2 95 50.0 3.0 Argon No 

3 120 20.0 3.0 Argon No 

4 700 5.0 3.0 Argon No 

5 700 1.0 3.0 Argon No 

6 700 2.0 0.0 Argon No 

7 2100 0.7 0.0 Argon Yes 

8 2100 2.0 0.0 Argon Yes 

9 2100 2.0 3.0 Argon No 

Furnace Operating Conditions 

Lamp Current (ma) 6 

Slit Width (nm) 1.0 

Wavelength (nm) 766.5 

Maximum Absorbance 

i 1 

O
 

o CM
 

Sample Volume (Jll) 20 

Instrument Parameters 
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Table XVI. Zinc - furnace operating conditions and 
instrument parameters 

Step No. Temp (°C) Time (s) Gas Flow 
(1/min) 

Gas Type Read 

1 85 5.0 3.0 Argon No 

2 95 40.0 3.0 Argon No 

3 120 10.0 3.0 Argon No 

4 300 5.0 3.0 Argon No 

5 300 1.0 3 . 0 Argon No 

6 300 2.0 0.0 Argon No 

7 1900 0.8 0.0 Argon Yes 

8 1900 2.0 0.0 Argon Yes 

9 1900 2.0 3.0 Argon No 

Furnace Operating Conditions 

Lamp Current (ma) 4 

Slit Width (nm) 1.0 

Wavelength (nm) 213 .9 

Maximum Absorbance 0.90 

Sample Volume (|il) 20 

Instrument Parameters 
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Table XVII. Nickel - furnace operating conditions and 
instrument parameters 

Step No. Temp (°C) Time (s) Gas Flow 
(1/min) 

Gas Type Read 

1 85 5.0 3 . 0 Argon No 

2 95 50.0 3 . 0 Argon No 

3 120 20.0 3 . 0 Argon No 

4 800 5.0 3.0 Argon No 

5 800 1.0 3.0 Argon No 

6 800 2.0 0.0 Argon No 

7 2500 0.9 0.0 Argon Yes 

8 2500 2.0 0.0 Argon Yes 

9 2500 2 . 0 3.0 Argon No 

Furnace Operating Conditions 

Lamp Current (ma) 9 

Slit Width (nm) 0.2 

Wavelength (nm) 232.0 

Maximum Absorbance 0.90 

Sample Volume (jul) 40 

Instrument Parameters 
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Table XVIII. Magnesium - furnace operating conditions and 
instrument parameters 

Step No. Temp (°C) Time (s) Gas Flow 
(1/min) 

Gas Type Read 

1 85 5.0 3.0 Argon No 

2 95 40.0 3.0 Argon No 

3 120 10.0 3.0 Argon No 

4 900 5.0 3.0 Argon No 

5 900 1.0 3.0 Argon No 

6 900 2.0 0.0 Argon No 

7 2200 1.0 0.0 Argon Yes 

8 2200 2 . 0 0.0 Argon Yes 

9 2200 2.0 3.0 Argon No 

Furnace Operating Conditions 

Lamp Current (ma) 4 

Slit Width (nm) 0.5 

Wavelength (nm) 285.2 

Maximum Absorbance 0.55 

Sample Volume {|LLl) 20 

Instrument Parameters 
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COPPER DEPOSITION FROM AQUEOUS HF 

Copper deposition onto wafers was performed using 

150 mm n-type wafers. All hydrofluoric acid solutions were 

made on a weight/weight basis. NIST copper standard for 

atomic absorption was used as the copper source. An aqueous 

concentrated copper solution was made and verified using 

GFAAS. All HF solutions were spiked to 10 ppb with copper 

and the wafers were immersed for one minute. All wafer 

rinsing and drying was performed in a spin rinse dryer made 

by SEMITOOL. Analysis of the copper concentration on the 

surface of the wafer was performed using TXRF. 

In TXRF, monochromatic X-rays impinge on an optically 

flat sample surface at an angle below the angle for total 

external reflection and excite only the top few atomic 

layers (about 3 nm in depth). The fluorescence X-rays from 

these top few monolayers emit in many directions, and a 

detector located perpendicular and close to the sample 

surface collects the emitted fluorescence X-rays and 

analyzes them according to energy. It is this energy 

analysis which yields elemental identification (6,7). 

Figure 14 (7) depicts the instrumental configuration of 

a typical TXRF unit. The Rigaku 3726 Total Reflection X-Ray 

Fluorescence system was used for this study. The Rigaku 

3726 employs a rotating anode with a tungsten target. The 
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monochromator selects the tungsten-L beta line as the energy-

source which is effective at exciting transition metals. 

The lithium fluoride crystal monochromator, together with 

slits for elimination of excess scattering, reduces 

background signals, thereby improving detection limits. The 

2 

solid state detector is an 80 mm area silicon lithium 

energy dispersive spectrometer which is located 

perpendicular to the sample matrix and collects the emitted 

fluorescence X-rays. The scintillation counter adjusts for 

the total reflection position. The sample chamber adjusts 

for the total reflection position. The sample chamber is 

turbo-molecular pumped to a base pressure of 0.1-0.2 torr in 

order to prevent atmospheric contamination and X-ray 

scattering (7). 

Figure 15 illustrates a typical TXRF spectrum. 

Fluorescence intensity (I) in counts per second (cps) is 

plotted against fluorescence energy from 0 to 10 KeV. The 

large peak occurring at 1.74 eV originates from the silicon 

substrate and the source of the other large peak at 9.67 eV 

is from diffracted tungsten (7,8). 

Wafers were then analyzed by total reflection X-ray 

fluorescence, TXRF. A Rigaku 3726 unit, using a glancing 

angle of 0.13°, was employed for detection of surface 

metals. A current of 2 00 mA and a potential of 3 0 kv were 

supplied. 
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Figure 15. Typical TXRF Spectrum 
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ANION LEACHING FROM FLUOROPOLYMERS 

Three 200 gallon commercially available PFA lined 

stainless steel pressure vessels were used in this study. 

These pressure vessels have PFA 440HP rotomolded liners. The 

chemical chosen for testing was 31% hydrogen peroxide. 

Hydrogen peroxide was used for several reasons. First, 

hydrogen peroxide will leach fluorides from fluoropolymers 

more effectively than DI water, earlier work with PVDF and 

PFA had shown high levels of extractable fluorides with PVDF 

and lower levels with PFA. However the ability of hydrogen 

peroxide to extract fluorides at levels significantly greater 

than DI water was demonstrated. Second, it is possible to 

accurately analyze hydrogen peroxide for anions to very low 

levels using ion chromatography. Third, hydrogen peroxide is 

widely used especially in critical wafer cleaning processes. 

No single liquid chemical, excluding DI water, is used as 

widely and in as many critical processes as hydrogen 

peroxide. This study was performed using procedures and 

methods that are generally accepted as reasonable and 

standard for placing a vessel of this type into service for 

electronic chemicals. This study is not intended to 

determine the optimum preparation procedure but only to 

determine the impact of anionic leaching under "normal" 

conditions. 
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The vessels were prepared, filled, sampled and analyzed 

at different times and on different schedules. This is the 

reason the starting materials, sample times, etc. are not 

identical for each of the vessels. The pressure vessels were 

rinsed for 24 hours with ultrapure DI water by introducing 

the water through the dip tube and allowing it to exit 

through the drain (see Drawing 1). The vessel was then 

drained. The vessels had PFA hoses with PFA valves attached 

as an integral part of the vessels. These hoses had been 

previously cleaned by the manufacturer and were rinsed with 

ultrapure DI water before use. One hose was attached to the 

nitrogen/vent line and one hose was attached to the 

product/dip tube line. The vessels were then filled with high 

purity 31% hydrogen peroxide and sampled on a periodic basis. 

The vessels were stored in a temperature controlled 

environment with a range of 70-80°F. 

The vessel was pressurized to 5 psig using filtered 

nitrogen to facilitate sampling. The samples were taken from 

the vessels in new high density polyethylene bottles. The 

polyethylene bottles are blowmolded using filtered air. The 

bottles are capped immediately after molding. The bottles 

are then placed in polyethylene bags (40 bottles/bag). This 

rigorous manufacturing procedure helps ensure a clean bottle 

for use with electronic chemicals. An aliquot of hydrogen 

peroxide from the vessel was rinsed through the hose into the 
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bottle and discarded. The sample was collected in the rinsed 

bottle. The vessel was then vented and the product/dip tube 

hose was drained. The same sampling procedure was used 

throughout the study. 

The analysis for anion was performed using ion 

chromatography. A Dionex 4000 ion chromatograph was used 

with AS-5A columns and micro-membrane suppression. A 

conductivity detector was employed in the analysis. The 

eluent used was a sodium hydroxide solution. Sulfuric acid 

was used to regenerate the suppressor. A 250 microliter 

sample loop was used. The hydrogen peroxide is first 

decomposed in quartz beakers using high purity platinum as a 

catalyst. The hydrogen peroxide is fully decomposed before 

injection into the ion chromatograph. The sample is injected 

neat without further handling. 

Detection limits are defined as the level at which the 

instrument could consistently detect a peak with areas of + 

fifty per cent reproducibility. Quantitation levels are 

defined as ten times the detection limit and are important 

because these are the levels at which the instrument can 

measure with a high degree of confidence the level of the 

anion of interest. The detection limits and quantitation 

level for hydrogen peroxide can be seen in Table XIX. 
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The typical chromatogram for anions in hydrogen 

peroxide can be seen in Figure 16. The peaks in the 

chromatogram are as follows: 

A - Fluoride B - Acetate C - Formate 
D - Chloride E - Nitrate F - Sulfate 
G - Spurious H - Phosphate 
Other peaks and fine structure are believed 
to be due to other organic acids 

Several organic anions are present in hydrogen peroxide. 

These anions are believed to be decomposition products from 

the organic synthesis process used in the manufacture of 

hydrogen peroxide. The possibility that these anions could 

cause problems in semiconductor manufacture exists but was 

not explored. Fluoride ion is a known problem in 

semiconductor manufacture but is not typically specified or 

monitored in semiconductor process chemicals. 

An additional test was performed using the more 

traditional approach to anion leaching with both the normally 

used DI water and hydrogen peroxide. PFA and PVDF pipe 

fittings and PTFE gaskets were used in the study. A high 

polymer surface area to liquid volume ratio was utilized as 

is often used in studies of this type. 

The leaching test was performed in quartz beakers to 

eliminate contribution from the container. The quartz 

beakers and tops were etched in high purity hydrofluoric acid 

and rinsed in ultrapure DI water. Each beaker was then 

soaked for 24 hours in the chemical that would later be used 
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for the extraction. The chemical in each beaker was then 

discarded. Each beaker was then filled with 500 ml of the 

chemical to be used for the extraction. The material to be 

used for extraction was then rinsed in ultrapure DI water and 

placed in the beaker and a quartz top placed on the beaker. 

One beaker had no material for extraction placed in it and 

was used as a blank. 

The material was stored at room temperature (65-75°F) 

for a period of 41 days. The solutions were analyzed using 

ion chromatography in the same manner as described earlier in 

this paper. DI water was injected directly into the ion 

chromatograph. 
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Table XIX. Hvdrocren peroxide detection limits and 
quantitation level 

FLUORIDE CHLORIDE SULFATE NITRATE PHOSPHATE 

DETECTION 

LIMIT 0.1 PPB 0.5 PPB 1.0 PPB 1.0 PPB 2.5 PPB 

QUANT. 

LEVEL 

1 PPB 5 PPB 10 PPB 10 PPB 25 PPB 

I I I | I I 
G.DD 
I 1 1 1 1 I I I I | I I I I | I II I | I I I I 

1G DD 2D.DD 26 DD 

Figure 16. Typical chromatogram for anions in 
hydrogen peroxide 
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METAL LEACHING FROM POLYMERS 

Resin samples were extracted without further 

preparation. Fabricated samples such as fittings were ground 

using a tungsten carbide tool, and tungsten was ignored in 

the analytical results. Extraction vessels were precleaned 

125 ml PFA bottles with screw caps, into which 1-2 grams of 

sample were weighed. The samples were rinsed with deionized 

water in a class 10 cleanroom, to remove surface 

contaminants introduced by handling. A 10% solution of sub-

boiling distilled nitric acid in deionized water was 

prepared, and 50 ml of this solution was placed in each 

bottle. A control sample was prepared in a similar manner, 

except no sample was placed in the bottle. The samples were 

placed in a deionized water bath, and extracted for 100 

hours. The temperature was cycled between room temperature 

and 80°C during the extraction. The analysis was performed 

in a Varian Spectra-AA 400Z GFAA for sodium, potassium, 

calcium, and iron. The remaining elements were analyzed on a 

VG PQ-S Turbo Plus ICP-MS. 
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CHAPTER III 

RESULTS AND DISCUSSION 

This chapter will consist of four sections: a) 

determination of acceptable SCI bath contamination levels 

using VPD-DSE-GFAAS, b) copper deposition from various 

aqueous HF solutions, c) anion contamination from 

fluoropolymers used in chemical handling and d) metallic 

contamination from fluoropolymers and polyethylene used in 

chemical handling. 

DETERMINATION OF ACCEPTABLE SCI BATH CONTAMINATION 

LEVELS USING VPD-DSE-GFAAS 

The manufacture of semiconductor devices is based on 

the controlled contamination of silicon to create known 

electrical properties. Uncontrolled contamination during 

processing is a major concern because these impurities 

change the electrical characteristics in uncontrolled and 

therefore unpredictable ways. It is well known that many 

metallic impurities can adversely affect gate oxide 

integrity (1,2), reduce minority carrier lifetime, provide 

nucleation sites for stacking faults during film growth, 

cause surface microroughness (3-6), and generate a multitude 

of other process problems (7,8). Only a few of the many 
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possible metal contaminants have been characterized as to 

their impact on a device. Currently it is not well 

understood which metals will adhere to a silicon or silicon 

oxide surface much less the impact on the electrical 

parameters if they do adhere. A method to help decide which 

metals might adhere to a silicon or silicon oxide surface 

would be highly beneficial in narrowing the list of 

contaminants for troubleshooting a process or in designing 

experiments to study contamination in semiconductor 

processing. In order to understand the issue of metal 

contamination on a wafer surface, it is necessary to have an 

analytical technique for this purpose. 

Vapor Phase Decomposition-Droplet Surface Etching-

Graphite Furnace Atomic Absorption Spectroscopy (VPD-DSE-

GFAAS) will be discussed as a technique for analysis of 

metals on a silicon surface. This technique is complementary 

to Total Reflectance X-Ray Fluorescence Spectroscopy (TXRF) 

in that it is sensitive to elements such as aluminum and 

sodium that cannot be detected by TXRF. It provides a low 

cost alternative to TXRF and SIMS which should make metal 

analysis on silicon surfaces more widely available. The 

primary disadvantages to this technique are that it is slow 

and does not provide wafer mapping capabilities. This and 

related techniques are reported often in the literature as 

the analytical tools used in studies of contamination on 
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silicon oxide wafers. However, there are few reported 

descriptions of this technique and even fewer reports that 

attempt to characterize the accuracy and validity of the 

technique (9-15). This study was undertaken to characterize 

the accuracy of this technique through the use of secondary 

calibration methods. Identically prepared samples were 

analyzed by VPD-DSE-GFAAS, TXRF and SIMS. TXRF and SIMS were 

used as secondary standards. 

Analysis of silicon wafers is the intended application 

for this technique. Since standards for metal contamination 

on a silicon surface are not available, other generally 

accepted techniques were used to generate a standard 

reference. The two reference techniques chosen were TXRF and 

SIMS. Silicon wafers contaminated with various metals were 

generated for analysis. A standard semiconductor process 

that is well known to leave metals on the silicon is the SCI 

process (16,17). Wafers were prepared by placing them in a 

contaminated SCI (1:1:30 NH4OH: H202: H20, room temperature) 

bath for 10 minutes. The wafers were rinsed and dried using 

a SEMITOOL spin dryer. The baths were spiked with high 

purity metal salts to the desired level. The metal levels in 

the bath were in the ppt to ppb range. The SCI solution was 

analyzed by GFAAS to verify the level of the metal salt 

addition. Wafers were then split between the VPD-DSE-GFAAS 

and the reference analytical techniques. All data at each 
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contamination level consisted of six wafers analyzed by VPD-

DSE-GFAAS, two wafers analyzed by TXRF, and two analyzed by 

SIMS. Iron, zinc, calcium and aluminum were used as the 

contaminants to investigate the viability of the technique. 

These were chosen since these are some of the most 

ubiquitous and detrimental contaminants seen in 

semiconductor processing. Iron, zinc and calcium have been 

well characterized on silicon surfaces using TXRF (18). 

Measurements were made at reasonable levels far removed 

from the noise at the detection limits of the techniques 

studied. Three elements studied by TXRF were selected as 

references for the VPD-DSE-GFAAS technique. Iron and zinc 

are commonly studied using TXRF, the third element, calcium, 

is not as commonly seen. 

The data for comparison of the VPD-DSE-GFAAS and the 

reference TXRF technique can be found in Table XX. A large 

number of samples were not analyzed by the TXRF since a 

large database already exists from which the standard 

deviation of each element can be calculated. These standard 

deviations were used for the statistical comparisons(19). A 

null hypothesis (20) was created at the 95% confidence level 

to determine if the VPD-DSE-GFAAS data was the same as the 

data generated by the TXRF samples. The statistical 

evaluation found no difference in the two data sets at the 
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95% confidence level. The result of this evaluation 

demonstrates the validity of the VPD-DSE-GFAAS technique. 

Another accepted technique although not as widely used 

at this point for analysis of contamination levels on 

silicon surfaces is SIMS. Aluminum was studied using SIMS as 

the reference technique. TXRF is not used to analyze 

aluminum since silicon partially covers the aluminum peak. 

The data for comparison of the VPD-DSE-TXRF and the 

reference SIMS technique can be found in Table XXI. The 

samples were generated as described above. The data 

generated from the test technique was compared statistically 

to the reference data. There was excellent agreement at a 

95% confidence level. The result of this data demonstrates 

the validity of the VPD-DSE-GFAAS technique. Using the TXRF 

and SIMS techniques as the reference standard, the VPD-DSE-

GFAAS technique is shown to be a valid, reliable technique 

for the analysis of metal contamination on silicon wafers. 

The contamination levels studied in the 1011 atoms/cm2 

range are appropriate and of interest to researchers 

studying wafer contamination in the semiconductor industry. 

However, the need for most semiconductor contamination 

issues is to measure lower levels. Currently the level of 

interest is at 1010 atoms/cm2 and will reach 109 atoms /cm2 in 

the near future. This is primarily due to the ever shrinking 
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geometries of semiconductor devices and the sensitivity of 

these geometries to lower levels of contamination. 

Iron was selected from the TXRF study and aluminum from 

the SIMS study to demonstrate the applicability of this 

technique to lower levels of contamination. Calcium was also 

studied since it is below TXRF detection levels but still 

within SIMS detection levels. 

The utility of the VPD-DSE-GFAAS at lower levels was 

shown to be outstanding for the elements selected and the 

same performance is expected for the other elements studied 

earlier (see Tables XXII, XXIII and XXIV). Measurement in 

the 1010 atoms/cm2 to 1011 atoms/cm2 range is generally of the 

most interest currently. The applicability of this technique 

to most of the metallic elements of general interest to the 

semiconductor industry should be excellent. 

In order to determine the detection limits of this 

technique a blank had to be created. A blank wafer was 

created by cleaning a prime, high purity, p type <100>, 8-10 

Q -cm silicon, 150 mm wafer. Wafers from the same lot were 

used for each set of experiments in order to reduce 

substrate variation. The wafer was cleaned by repeating the 

collection technique described above three times with a 

fresh droplet used for each cleaning. The droplets were 

discarded. The detection limit of the entire technique was 

determined by performing the VPD-DSE technique followed by 
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the GFAAS analysis. The detection limit includes the errors 

from the entire technique. 

Determination of a detection limit was made for each 

element by analyzing three blank wafers using the technique 

described above. Three measurements were made from the 

droplet collected for each wafer. The detection limit was 

then calculated by calculating the 95% confidence limit 

using: 

\Y . - Tu > tv [M±EE-L 
L\X min — X 1 Xb tL TS -\/ N1N2 

where Ax mm is the minimum detectable quantity 
b refers to the blank determination 
t refers to the statistical parameter often called 

Student's t 
s is the sample standard deviation 
Nx is the number of wafers analyzed 
N2 is the number of analysis per wafer 

The value t was used since a relatively small sample 

size was used which gives more uncertainty to the 

determination of the standard deviation. The actual 

detection limit contains the values as determined for the 

entire VPD-DSE-GFAAS process (Table XXV). 

Detection limits of the technique are dependent on the 

instrument capability, volume of the droplet used and the 

contamination inherent in the sample collection and analysis 

process (including atmospheric contamination). The 

limitations of the volume of the droplet can be overcome by 



98 

using multiple inject and dry steps in the GFAAS to 

concentrate the analysis sample or other concentration 

techniques. There is also a dependence on wafer diameter 

with the larger the wafer to be analyzed yielding more atoms 

to be detected and therefore a lower detection limit. (Table 

XXV) . 

These current detection limits will allow this 

technique to be used with confidence for today's needs as 

well as the needs for the next few years. These detection 

limits are better than standard TXRF levels and are very 

comparable to today's SIMS capabilities (19, 22) (see Table 

XXV). Most future high sensitivity work will occur on 200 mm 

wafers or larger which will slightly improve the detection 

limits of this technique. There is not a fundamental reason 

that will prevent further improvements in detection limits 

for these techniques. Further improvements in the 

sensitivity of the GFAAS itself and improvements in sample 

preparation and handling will further extend the usefulness 

of this technique. The improvements in the sample 

preparation and handling at these levels will no doubt be 

the more formidable task. 

A correlation can be made between contamination in a 

SCI solution and the contamination deposited on a silicon 

wafer. A linear relationship exists for the metal level in 

the solution and the metal level found on the wafer for 
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iron, zinc, calcium and aluminum. This data has been graphed 

with the linear regression overlaid on the same graph in 

Figures 17-20. The linearity of the data is remarkable with 

correlation coefficients of 0.99 for iron, calcium and 

aluminum with 0.97 for zinc. This information can be used to 

predict the maximum acceptable contamination in a SCI bath 

by taking the recommended surface contamination levels from 

the Semiconductor Industry Association's Roadmap (SIA)(21) 

and using the linear relationship from this study. These 

findings have been summarized in Table XXVI. Values for 

sodium and potassium were included even though the 

relationship between solution concentration and 

contamination on the wafer is poor. In these cases, the 

conclusion is that sodium and potassium in solution can be 

quite high with relatively low amounts adhering to the 

wafer. This type of study is useful for establishing 

processing guidelines as well as assisting in establishing 

material purity guidelines for semiconductor processing. 

Obviously this technique can be used for solving process 

problems as well as being extended to other metals and other 

solutions. 

The next step was to evaluate other metallic 

contaminants to understand the applicability of the method 

to a wider array of metals and to determine if this method 

could fill in gaps in the TXRF technique such as sodium and 
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potassium. Magnesium and nickel, see Figures 21 and 22, were 

also studied with similar responses to the other transition 

metals previously studied. Sodium and potassium, see Figures 

23 and 24, do not exhibit the linear relationship seen for 

the transition metals and aluminum. The sodium and potassium 

levels on the wafer surface were essentially independent of 

solution concentration. There appears to be a slight 

positive relationship but the large standard deviation in 

the data renders this observation meaningless. The reason 

for this behavior is unclear at this time. The most likely 

possibility is that sodium and potassium are sufficiently 

soluble in water that if any deposits from heavily 

contaminated solutions, it is easily rinsed off in the 

subsequent rinse and dry steps. Even though solubility of 

potassium in the rinse water is a likely factor, additional 

studies showed an unexpected behavior. The potassium 

concentration on the wafer was localized to those areas with 

the presence of micron-size potassium deposits. The presence 

of these deposits was identified using an image of the 

surface in areas with high potassium values using a 

secondary ion beam from a Cameca IMS 4F spectrometer. Those 

areas that were clear of deposits showed no detectable 

quantities of potassium. Atomically absorbed potassium is 

likely either not absorbed or easily rinsed and the only 

potassium found is associated with the presence of 
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Table XX. Comparison of measurements bv VPD-DSE-GFAAS and 
TXRF on silicon wafers 

VPD-DSE-GFAAS TXRF 
(atoms/cm2) (atoms/cm2) 

X S ' X s 
Iron 3.6 xlO11 2.6 xlO10 2.6 xlO11 9.6 xlO10 

Zinc 8.4 xlO11 4.1 xlO1" 1.0 xlO12 3.7 xlO11 

Calcium 3.1 xlO11 1.1 xlO10 3.6 xlO11 1.3 xlO11 

Table XXI. Comparison of aluminum measurements on silicon 
wafers bv VPD-DSE-GFAAS and SIMS 

VPD-DSE-GFAAS 
(atoms/cm2) 

SIMS 
(atoms/cm2) 

X s s 
Aluminum 1.1 xlO13 1.9 xlO11 1.2 xlO" 1.3 xlO12 

Table XXII: Application of VPD-DSE-GFAAS to low iron 1pvp!s 
on silicon levels 

VPD-DSE-GFAAS 
TXRF 

3.3 xlO1" 5.4 xlOiU 

9 xlOs <5.0 xl0lu 
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Table XXVI. Maximum metal levels in SCI solutions (1:1:30' 
for semiconductor processing 

SIA 0.35(X 
Surface 

Contamina-
tion Level 
(atoms/cm2) 

Maximum 
0.3 5(4, 

Solution 
Level 
(ppt) 

SIA 0.25|X 
Surface 

Contamina-
tion Level 
(atoms/cm2) 

Maximum 
0.25(1 

Solution 
Level 
(ppt) 

Iron 5 xl0iu 76 2.5 xlO10 41 

Zinc 5 xl0lu 15 2.5 xlO10 7 * * 

Calcium 1 xlO11 2700 5 xlO10 996 

Aluminum 1 xlO11 53 5 xl0lu 14 

Nickel 5 xlO10 4383 2.5 xl0lu 2351 

Sodium 5 xlO10 85519 2.5 xlO10 28808 

Potassium* 5 xlO10 13931 2.5 xl0lu 5442 

Magnesium* 5 xlO10 15 2.5 xl0lu 6** 

(* no SIA values, same values as sodium and iron 
(** values of SCI >100 ppt eliminated from data 

get a non-zero value) 

used) 
in order to 
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Ĉ/5 

o 2.5001 e+11 
S 
o 2.0001 e+11 
CC tl Z$ 
<0 1.5001e+11 
c 
o 
o 
= 1.0001 e+11 

5.0010e+10 

1.0000e+7 
400 500 

Actual 
Linear Regression 

SC1 Bath (ppt) 

Figure 17. Relationship between iron in a SCI solution 
and on a silicon surface 
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Zinc 
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Figure 18. Relationship between zinc in a SCI solution 
and on a silicon surface 
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Figure 19. Relationship between calcium in a SCI 
solution and on a silicon surface 
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Figure 20. Relationship between aluminum in a SCI 
solution and on a silicon surface 
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Figure 21. Relationship between magnesium in a SCI 
solution and on a silicon surface 
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Figure 22. Relationship between nickel in a SCI 
solution and on a silicon surface 
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Figure 23. Relationship between sodium in a SCI 
solution and on a silicon surface 
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Figure 24. Relationship between potassium in a SCI 
solution and on a silicon surface 
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Figure 25. Potassium deposits on silicon wafer surface 

Figure 26. Sodium deposits on silicon wafer surface 
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micron-size potassium deposits (see Figure 25). The 

composition of these is not known at this time. It was found 

that the sodium behavior is identical to the behavior seen 

for potassium. (See Figure 26) 

In summary, the VPD-DSE-GFAAS technique was validated 

by analyzing identically prepared samples by TXRF, SIMS and 

VPD-DSE-GFAAS. TXRF and SIMS served as secondary standards 

since they are calibrated using primary standards. This was 

a rigorous evaluation of the technique and has clearly 

demonstrated its viability. 

The detection limit for the technique was then 

determined by creating and analyzing blank wafers using the 

entire analytical process. In addition the detection limit 

for this technique was extended to the 107 to low 109 

atoms/cm2 level for key metals of interest to the 

semiconductor industry. 

A linear relationship was demonstrated between metal 

levels in SCI solutions and metal levels on silicon surfaces 

except for sodium and potassium. This relationship can be 

used to set process control and process operating 

conditions. Sodium and potassium levels were found to be 

essentially independent of solution concentration. Sodium 

and potassium contamination on silicon surfaces appear to be 

related to a particulate type contamination and not atomic 

contamination of the surface. This study clearly 
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demonstrates the applicability of this technique to 

analytical studies of contamination on silicon surfaces. 

COPPER DEPOSITION FROM AQUEOUS HF 

The objective of wafer cleaning is the removal of 

particulate and metallic impurities from the silicon surface 

without damaging or altering the surface. The state in which 

a surface is left after a clean is as important as the clean 

itself. A surface that does not stay clean before the next 

processing step is of little value. Therefore a cleaning 

process must not only clean the surface but it must leave a 

stable and relatively passive surface for the next 

processing step. One commonly used method for cleaning and 

passivating the surface is to use dilute hydrofluoric acid 

to dissolve the surface oxide releasing contaminants on the 

surface and those trapped in the oxide. The silicon surface 

is now known to be oxide-free and passivated with hydrogen 

(23). This hydrogen terminated surface is hydrophobic and is 

not wet by aqueous solutions. 

Copper tends to be studied more than the other noble 

metals because it tends to show up most often as an impurity 

in semiconductor process chemicals and in semiconductor 

processes. Copper is present in significant quantities (50— 

700 ppb) in the anhydrous HF used to make aqueous 
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hydrofluoric acid (35). Typical levels found in electronic 

grade hydrofluoric acid range from 0.01 to 1.0 ppb. 

Copper deposition from hydrofluoric acid solution is 

widely known. The kinetic relationship of deposition has 

been studied. Empirical relationships concerning solution 

copper concentrations and surface copper concentrations have 

been determined (25-27). 

It is commonly known that copper deposition from 

an aqueous hydrogen fluoride solution occurs easily onto a 

silicon wafer. The hydrofluoric acid solution is a needed 

ingredient for the observation since a bare silicon surface 

is needed for the reaction. Park (26) shows no deposition on 

oxide surfaces. Silicon is easily oxidized in air and a thin 

native oxide forms. This native oxide prevents the redox 

reaction with copper. The hydrofluoric acid solution etches 

this oxide exposing the bare silicon surface. Therefore the 

necessary ingredients for this reaction are a bare silicon 

surface and an aqueous copper solution. Hydrofluoric acid 

is a key ingredient since HF strips the oxide present 

leaving the bare silicon surface. 

Thermodynamics and kinetics of copper deposition from 

hydrofluoric acid solutions have been studied. The 

deposition reaction consists of a nucleation phase followed 

by a growth phase of metallic copper nodules. This study 

also identified that the deposition reaction is diffusion 
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controlled and follows Cottrell conditions (24). The purpose 

of this investigation is to determine the solution 

conditions that favor noble metal deposition using copper as 

an example. By understanding the most favored conditions for 

noble metal deposition it is hoped that this information can 

then be utilized to understand those processes that 

contribute to this phenomena. 

Copper deposition in hydrofluoric acid onto a silicon 

(100) surface has been proposed to be an oxidation/reduction 

reaction at the silicon surface(28). The identity of 

metallic copper being deposited on the surface has been 

confirmed by glancing-angle x-ray fluorescence (GAXF) 

spectroscopy using synchrotron radiation (29) . The principal 

reactions of interest for this oxidation/reduction reaction 

are the reduction of copper and the oxidation of silicon. It 

is well accepted that this reaction takes place, although 

the values of the silicon half-cell reaction in hydrofluoric 

acid are not well documented. The values for the metal half-

cell reaction in hydrofluoric acid are not known. Therefore 

the values for the standard reduction potentials are used to 

gain at least a qualitative understanding. Standard 

reduction potentials are measured using 1 molar aqueous 

solutions; it is realized that these values cannot be 

accurate for copper in a hydrofluoric acid solution but 
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should lend a sufficient qualitative feel for the situation. 

The standard reduction potential for copper is: 

Cu+2 + 2e~ -> Cu° e0 = +0.337 V (vs. SHE) 

Using the Nernst equation, the values for the copper 

reduction potential at the extremely small quantities 

commonly seen in high purity processing are determined. 

These values can be found in Table XXVII; the value for the 

standard concentration of 1M is included for reference. The 

values are calculated using the Nernst equation for the 

reduction of copper: 

E=E° + 0.0592/n log (Cu+2) 

or more specifically 

E= 0.337 + 0.0592/2 log (Cu+2) 

Two reactions are commonly cited as the appropriate 

reaction for the reduction of silicon. They are as follows: 

(I) SiF6~
2 + 4e~ -> Si° + 6F" E°= -1.4 V (vs. SHE) 

(II) Si02 + 4H
+ +4e~ -» Si° + 2H20 E°= -0.84 V (vs. SHE) 

The first reduction potential is often cited since this 

potential is commonly found in tables and would appear to be 

the most direct route of silicon oxidation. However, this 

reaction does not describe the attack of hydrofluoric acid 

on a silicon wafer. Fluoride is not the species that reacts 

with silicon; it is HF (30). The species of interest in the 

silicon half reaction in a hydrofluoric acid solution is 
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fluosilicic acid (H2SiF6) (31) . Unfortunately this value is 

not available in standard tables. Reaction (II) is another 

proposed oxidation route for silicon and has been proposed 

by Ohmi as the more likely route (32). However reaction (II) 

is for the oxidation of silicon in the presence of water not 

in a hydrofluoric acid solution. In either case, there is 

not enough information to be comfortable with the 

assumptions that must be made to use these standard 

reductions. 

Fortunately, there are a few reports where the 

reduction potential of a Si(100) surface in contact with a 

dilute hydrofluoric acid solution has been measured. One 

report has shown that the potential of a Si(100) surface in 

dilute HF is -0.25 volts (vs. SHE) (33). The concentration 

range for dilute HF was not discussed but other discussions 

for dilute HF solutions in the report ranged from 0.1-5% HF. 

Another report measured the potential of a silicon electrode 

made from either n-type or p-type silicon was measured in 

2.5N (5%) HF and found it to be -0.035 V (vs. SHE) (34). 

These measurements were not described fully so it is 

difficult to determine the reason for any difference in the 

potentials measured. Clearly, the reduction potential for 

silicon in a dilute HF solution is on the order of 0 to -

0.25 V, not the -1.40 V commonly used. The cell potential 

for copper and silicon in 0.1-5% HF would be approximately: 
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for 1 ppm Cu+2 Ecell = 0.193 V - (-0.25V) 
= 0.443 V 

for 1 ppb Cu+2 Eeell = 0.093 V - (-0.25V) 

= 0.343 V 

Assuming the potential is -0.035 V for silicon, the cell 

potentials would be: 

for 1 ppm Cu+2 Ecell = 0.193 V - (-0.035V) = 0.228 V 
Jcell 

for 1 ppb Cu+2 Eoell = 0.093 V - (-0.035V) 
= 0.128 V 

In all cases a galvanic cell is created and the 

electrochemical reaction will take place. Electrons are 

transferred from silicon to copper. Copper is reduced and 

silicon is oxidized. 

This situation where a galvanic cell is created between 

the metal in solution and the silicon surface applies to the 

noble metals. The transition metals would create an 

electrolytic cell and since in semiconductor processing 

there is no force to drive the reaction, metal deposition by 

this process will not occur. Metal reduction potentials and 

cell potentials illustrating this can be found in Table 

XXVIII. Clearly the deposition of elemental metals on a 

silicon surface will be primarily limited to the noble 

metals, although species such as lead in high enough 

concentration could also undergo a redox reaction with 

silicon. 

The HF solution is a needed ingredient for the 

observation since a bare silicon surface is needed for the 
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reaction. Park has shown that no copper deposition takes 

place on an oxide surface. Not only does this lend further 

evidence to the electrochemical reaction but also indicates 

that other mechanisms such as precipitation are not taking 

place. Silicon is easily oxidized in air and a thin native 

oxide forms. This native oxide is enough to prevent the 

electrochemical reaction with copper. The hydrofluoric acid 

solution etches this oxide exposing the bare silicon surface 

and setting up the conditions necessary for the reaction. 

Kern noticed that copper deposited is in inverse 

relation to the HF concentration in solution. Kern 

precleaned wafers with a RCA-HF process and then used 1 ppm 

copper for 10 minutes in 0.5% HF and 50% HF (36). A similar 

experiment was performed in this study to confirm Kern's 

results. 150 mm n-type wafers were immersed in 0.05% HF, 

0.5%, 5.0% HF and 50% HF containing 10 ppb Cu for 1 minute. 

Lower copper concentrations and shorter immersion times were 

used to closer approximate conditions that could be seen in 

a process bath. Naturally lower values of deposited copper 

would be expected and the amount deposited under the various 

conditions should be less. Copper deposition under these 

conditions can be found in Table XXIX. These results agree 

with Kern's observation that more copper deposition takes 

place at lower hydrofluoric acid concentrations. 
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Table XXVII. Potential for different copper concentrations 
as calculated using the Nernst equation 

Copper Concentration E 

63,540 ppm (1M) + 0.337 V 

1 ppm (1.57 e-5M) + 0.195 V 

1 ppb (1.57e-8 M) + 0.093 V 

Table XXVIII. Semi empirical calculations for cell 
potentials for metal ions in dilute HF 
solutions in the presence of silicon 

Metal E (V) Ecell(V) 
Ref. 29 

Ecell(V) 
Ref. 3 0 

Fe - lppm -0.581 -0.546 -0.331 

Fe - lppb -0.669 -0.634 -0.419 

Ni - lppm -0.391 -0 .356 -0 .141 

Ni - 1 ppb -0.480 -0.445 -0.230 

Pb - lppm -0.283 -0.248 -0.033 

Pb - lppb -0 .372 -0.337 -0.122 
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In this study, no significant differences were seen in 

copper deposition for 0.49%, 4.9% and 49% HF. As seen in 

Table XXX, the copper species in these solutions is very 

similar. A slight trend for increasing deposition of copper 

as the HF dilution increases is expected. However, the 

conditions used in this work (low copper concentration and 

short times) did not allow for sufficient deposition to 

distinguish the slight variations in copper species in these 

solutions. The deposition at one minute was still in the 

nucleation phase while at ten minutes the deposition would 

clearly be in the growth phase (34). Kern did notice a 

difference for 50% and 0.5% under his conditions of high 

concentrations and long exposure times. 

The copper species in solution can be determined 

by determining the equilibrium conditions for copper in a 

fluoride solution. The first order of business is to 

determine the equilibrium species for a hydrofluoric acid 

solution. The HF equilibria are described by the following 

relationships (37): 

HF + H20 <=> H30
+ + F" K, = 6.7 X 10~4 

HF + F" <=> HF2" K2 = 4.3 

The fluoride ion concentration at the various 

hydrofluoric acid solution strengths can be found in Figure 

27 (33). Next, the equilibrium concentrations for copper in 
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a fluoride solution must be determined. The copper species 

concentration at various fluoride ion strengths can be found 

in Figure 2 8 (50). 

For 0.049% HF, the copper species in solution is 

very different from those in the more concentrated HF 

solutions. As previously stated, the deposition of copper 

from hydrofluoric acid solutions proceeds by an 

electrochemical mechanism. Copper is reduced at the silicon 

surface. It appears that Cu+2 is the species being reduced at 

the silicon surface. This appears to be the case since the 

deposition goes up significantly with the almost complete 

presence of Cu+2 present at 0.049%. The increased amount of 

Cu+2 in 0.049% HF as compared to the more concentrated 

solutions holds the key to the increased amount of copper 

deposited. 

It has been shown that copper deposition is a diffusion 

controlled process (29, 38). The copper reacts very rapidly 

at the silicon surface and creates a near absence of copper 

ions at the surface. This is illustrated in Figure 29 which 

shows the diffusion boundary next to the wafer surface in 

contact with the hydrofluoric acid solution. This boundary 

layer exists for any liquid in contact with a solid surface 

and is referred to as a boundary layer or diffusion layer. 

The lack of copper ions at the silicon surface can be 
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Table XXIX. Copper deposition from various concentrations 
of aqueous hydrofluoric acid 

HF w/w% 0.049% 0.49% 4.9% 49% 

Cu 

atoms/cm2 

lell 1.3el0 2.5el0 <lel0 

Table XXX. Copper species and fluoride ion concentration in 
varying aqueous HF solutions 

HF w/w % HF (M) F" (M)"s Cu Species40 

(% total Cu) 
0.049 0.0245 0.002 l%CuF\ 

99% Cu+2 

0.49 0 .245 0.008 8% CuF+, 
92% Cu"2 

4.9 2 .45 0.012 11% CuF+, 
89% Cu+2 

49 24.5 0.012 11% CuF+, 
89% Cu+2 
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illustrated by calculating the copper concentration at the 

silicon surface using the electrochemical relationship: 

E (Si+4/Si) = E(CU + 2/CU) 

CU+2 Concentration at surface for 0.1-5% HF 
E (Si+4/Si) = -0.25 = 0.337 + 0.0592/2 log (Cu+2) 

Cu+2 = 1.475 x 10~20 M 

As illustrated, there is a large concentration gradient 

between the bulk solution and the silicon surface. With 

copper being essentially completely reduced at the silicon 

surface and the resulting large concentration gradient, this 

reaction should be diffusion controlled. It has been 

demonstrated that this reaction obeys the Cottrell 

relationship with a nucleation phase followed by a growth 

phase (41). 

The diffusion relationship is (32, 42), 

Q = 2Q CCu+2 (Dt/n)
1'2 

where Q is the total amount of deposited atoms, £2 is the 

effective area available (cm2) , CCu+2 is the amount of cupric 

ion concentration in solution (atoms/cm3) , D is the 

diffusion coefficient (cm2 s"1) , and t is the immersion time 

(s). It is possible to estimate the diffusion constant using 

the diffusion law 

D = 7Cq2 / 41 (CCu+2)
2 
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where q = copper concentration at the surface (atoms/cm2) 

and t = 60s. The diffusion constants for the various HF 

concentrations can be found in Table XXXI. 

The diffusion constant for the very dilute HF solution 

is significantly greater than the more concentrated HF 

solutions. There is some uncertainty in the values for 0.49% 

and 0.49% as discussed earlier but the constant for 0.049% 

HF is about two orders of magnitude higher than the more 

concentrated solutions. The higher solution concentration 

for Cu+2 in 0.049% HF from Table XXX appears to be sufficient 

to increase the diffusion rate leading to increased copper 

deposition. 

The deposition of copper from hydrofluoric acid 

solutions appears to occur by the Cu+2 ion being reduced by 

silicon at the surface. The increasing concentration of Cu+2 

ions at lower HF concentrations indicates that this is the 

case. Since the reaction of copper at the silicon surface is 

a diffusion controlled reaction, then the increased 

deposition of copper must result from a higher diffusion 

rate. As the HF concentration is reduced, the amount of Cu+2 

ions in solution increases. This higher concentration of Cu+2 

ions intuitively would drive a higher diffusion rate. This 

has been confirmed by calculating the diffusion constants 

under the conditions studied. In summary, Cu*2 ions are 
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reduced at the silicon surface under diffusion control. The 

increased deposition at low HF concentrations is due to the 

higher solution concentration of Cu+2 ions which has a higher 

diffusion rate than the complexed copper species. This is 

consistent with the observation by Torcheux that the 

diffusion rate for Cu(NH3)4
+2 was less than the diffusion rate 

for Cu+2 in solutions containing hydrofluoric acid and 

ammomonium fluoride(32). 

It is important to note that these conditions, low 

copper concentrations and short contact times, approximate 

semiconductor processing conditions. Even under these very 

low copper metal concentrations, a measurable difference in 

copper deposition was noted. The industry is driving toward 

more dilute processing conditions to reduce costs and reduce 

chemical use and therefore reduce the creation of hazardous 

waste. In the case of HF processing, two opposing forces for 

noble metal contamination come into play. Increasing 

dilution will lower the solution metal concentration since 

the DI water used is extremely low in metal contamination. 

However, increasing metal dilution will also increase the 

concentration of uncomplexed metal ion leading to increased 

deposition rates. These two factors must be recognized and 

taken into account to control wafer level contamination. 

The reduction of Cu+2 ion in preference to the copper 

complexes will be explored using frontier molecular orbital 



131 

theory. Frontier molecular orbital theory will be used to 

discuss the silicon surface/copper ion reaction in a 

qualitative sense. The orbitals that need to be understood 

involving electron transfer are from the highest occupied 

molecular orbital (HOMO) of one species and the lowest 

unoccupied molecular orbital (LUMO) of the other system (43-

46). The electrons would flow from the HOMO to the LUMO 

(47). The frontier orbitals (i.e. HOMO and LUMO) are very 

important in understanding reactions and reaction mechanisms 

(48), in this case from silicon to copper. The use of the 

relative positions of the HOMO-LUMO gap has been 

successfully used to predict the reaction of metal 

hydroxides with a silicon oxide surface (49). 

The orbitals of interest are the HOMO of silicon 

and the LUMO of copper. For a qualitative discussion the 

HOMO of the silicon surface is not of much interest since 

the silicon surface is not changing with the differing 

hydrofluoric acid concentrations and the HOMO will therefore 

remain fixed. However the LUMOs of the differing copper 

species are of interest, since the species will change as 

the hydrofluoric acid concentration changes. Therefore as 

the LUMO of the copper species decrease, it will be moving 

toward the HOMO of silicon. The smaller gap between the HOMO 

and LUMO, the easier and more likely will be the transfer of 

electrons. 
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Increased fluoride complexing occurs as the amount of 

fluoride in the solution increases (i.e. as the 

concentration of hydrofluoric acid increases)(40). Copper 

will exist in three different complexes depending on the 

fluoride concentration of the solution. Copper will exist as 

the cupric ion in low HF concentration solutions, as cupric 

fluoride as the concentration increases and finally as 

cupric trifluoride as the fluoride concentration further 

increases. In all cases copper will exist as an octahedral 

complex in the aqueous environment present in a hydrofluoric 

acid solution. For the cupric ion, water molecules will 

occupy the octahedral sites with two of the bonds being 

longer due to the Jahn-Teller effect. For the copper 

fluoride compounds the remaining sites of the octahedral 

complex will be occupied by water molecules. Addition of 

ligands to such aqueous solutions leads to the formation of 

complexes by successive displacement of water. The fifth and 

sixth ligands are hard to add and are weakly held even for 

water. The water molecules are weakly held and exchange very 

fast with the water in the bulk (50). Fluoride ligands for 

Cu+2 ions are also weakly held (51) . The species of interest 

for hydrofluoric acid solutions are Cu+2 and CuF+ (see Table 

XXX) . 

Ab initio calculations were made on the copper 

complexes of interest using HyperChem® with a STO-6G* basis 
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set. The suitability of the ST0-6G* basis set was explored 

by comparing the geometry obtained to the actual for known 

aquo and fluoride octahedral copper compounds appropriate to 

this exercise(Table XXXII). While the calculated bond 

lengths for the complexes are not identical to the actual, 

the agreement is quite good. A small difference was found 

for the hexafluoride and a 0.4 angstrom difference for the 

axial water molecules in the aquo ion. In both cases an 

octahedral compound with Jahn-Teller distortion was 

predicted. 

The STO-6G* basis set uses a contraction of 6 

primitive Gaussians for each basis function, where the 

contraction coefficients and exponents are chosen so that 

the basis functions approximate Slater functions. This basis 

set has d-type polarization functions added. The d-type 

functions used are Hermite Gaussians( 52). The minimum 

energy geometry of each complex was obtained using the STO-

6G* basis set. A vibrational analysis was performed on each 

structure to determine if a true minimum energy geometry was 

obtained. In all cases, no negative vibrations were present 

which indicates that a true minimum was obtained. The 

energies and LUMO's were calculated and the results found in 

Tables XXXIII and XXXIV. 

The purpose of this exercise is not to determine or 

predict the silicon to copper electron transfer in a 
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quantitative sense. Instead a qualitative argument will be 

made to illustrate the increasing reactivity as fluoride 

ions are removed from the complex. The complexes for Cu+2 and 

CuF+ are decreasing in energy, which means that a more 

stable complex has been formed. This agrees with the 

decreasing deposition of copper onto a silicon surface as 

Cu+2 is converted to CuF+ at increasing fluoride levels. The 

LUMO of the complex also increases from Cu+2 to CuF+. As 

illustrated by the squared molecular orbitals in Figures 3 0-

33, the LUMOs have their areas of highest probabilities at 

the copper atom. This is appropriate since the copper atom 

will be the species undergoing reduction in these reactions. 

The gap between the HOMO of the silicon surface and the 

LUMO of the copper complex is shrinking as the amount of 

fluoride complexing decreases. The closer the energy gap the 

more likely the electron transfer. The ab initio 

calculations demonstrate a significant decrease in LUMO 

energy from CuF(H20)5
+ to Cu(H20)6

+2. This indicates that the 

CU(H20)6
+2 species present in the very dilute hydrofluoric 

acid species is the most probable compound participating in 

the redox reaction at the silicon surface. 
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Table XXXII. Bond lengths copper complexes (actual and 
calculated) 

Cu(H,0)fi, aqueous 
bond length 
(angstroms) 

axial equatorial 

CuF 
bond length 
(angstroms) 

axial equatorial 
Actual 2.43" 1.94 2.27"4 1.93 

ST0-6G* 2.10 1.96 2 .46 1.92 

Table XXXIII. Energy of copper species present in 
hydrofluoric acid solutions and CuF,. 

Energy (kcal/mol) 
Cu (H,0) * -1,309,218 
CuF (H,0) S

+1 -1,323,945 
CuFc -1,395,744 

Table XXXIV. Change in LUMP with change in fluoride 
complexing for copper. 
All calculations with ST0-6G*. 

LUMO (ev) 
Cu (H,0) O

 
LD

 

O
 II 
8
 P = 0 . 5 9 

CuF(H,0),+1 a=5.43 (3=5.05 
CuFfi a=36.21 (3=36.55 
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Figure 30. Cu(H,o)/" LUMO orbital squared. Alpha electron 
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Figure 31. Cu(H20)/
2 LUMO orbital squared, Beta electron 
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Figure 32. CuF(H,0)/ LUMO orbital squared, Alpha electron 
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ANION CONTAMINATION FROM FLUOROPOLYMERS 

USED IN CHEMICAL HANDLING 

A significant amount of work has been performed to 

determine the metallic contributions of various materials to 

process chemicals used in the semiconductor manufacturing. 

Anionic contamination has been a relatively neglected area of 

study for semiconductor process chemicals. The need for low 

levels of anionic contamination along with the need for low 

levels of other contaminants can be inferred from the efforts 

at SEMI and SEMATECH. These needs have been published in the 

SEMASPECS for chemicals developed by SEMATECH (56-62) and the 

guidelines for sub-micron process chemicals issued by SEMI 

(63). These specifications and guidelines demonstrate a need 

for lower levels of anions in process chemicals for future 

device fabrication. 

Anion contamination causes corrosion problems in 

semiconductor processing. This is not generally a problem for 

aqueous chemicals since they are not used once metal has been 

placed on the device. A more relevant concern for the 

presence of anions in an aqueous solution is that they would 

help to solubilize any metals present. As previously 

discussed, in manufacturing polymer containers, fittings and 

pipe the manufacturing process added the most metal 

contamination. A likely scenario, especially for 
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fluoropolymers, is that corrosive fluoride species are 

produced during the high temperature molding process. These 

fluoride species then oxidize the metal in the molds and 

incorporate them into the surface. This attack is known to 

occur since the part fabricators use exotic corrosion 

resistant alloys to prolong their mold life. These metals are 

likely to be in a state that would enable them to easily go 

into solution, especially if anions such as chlorides or 

fluorides were present to aid in their complexation. 

Fluorides can affect oxide thickness by etching the 

oxide. Kern and Puotinen (64) studied the effect of fluoride 

contamination on what has become the most widely used 

cleaning processes for semiconductor manufacture. Kern and 

Puotinen found that fluoride contamination will etch both 

silicon and silicon oxide. Approximately fifty angstroms of 

N-epitaxial silicon was etched in ten minutes at the lowest 

level of fluoride contamination studied (approx. ten ppm 

fluoride). Approximately eighty angstroms of 1000 degrees C 

steam oxide on an N-EPI layer was removed in ten minutes at 

the lowest level of fluoride contamination studied (approx. 

fifty ppm). While these were insignificant problems at the 

time of the study due to the very thick gate oxides, Kern and 

Puotinen did demonstrate the problem of fluoride 

contamination in process chemicals. As gate oxides have 

become thinner and thinner, then this small amount of etching 
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will produce a large variation in total oxide thickness. This 

variation would have the effect of making the device 

unreliable since there might not be enough current to switch 

the gate on and off. Fluorides are also believed to cause 

wafer surface attack or pitting due to high temperature 

volatilization of SiF4 (65) . 

One of the difficulties of studying anion contamination 

in process chemicals is the difficulty of performing the 

analysis. Most process chemicals contain large amounts of 

anions that can seriously interfere with analysis. For 

instance, the analysis of ppb to ppm levels of fluoride in 

hydrochloric acid is difficult due to the percent levels of 

chloride ions present. Most analytical methods for anions in 

process chemicals are based on wet chemistry methods and do 

not yield a value for the anion at low levels. Other methods 

used are relatively insensitive at the low ppb levels 

required for sub-micron processing. Analytical difficulties 

in measuring anions in process chemicals have undoubtedly 

limited the study of their impact on semiconductor 

processing. 

This study was conducted to determine the anion 

leaching from PFA into process chemicals and to illustrate 

the utility of using ion chromatography for the analysis of 

anions at low levels in process chemicals. To achieve this 

purpose, two studies were performed. One study was a long 
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term leaching of a PFA lined vessel in contact with hydrogen 

peroxide. The second study was conducted to simulate the 

traditional leaching test normally performed and compare the 

results to a "normal operating" test. 

Work by previous authors indicates that fluorides are 

extracted from PFA including PFA 440HP. The fluoride 

extraction of high purity PFA including PFA 440HP while 

significantly better than other fluoropolymers does appear to 

leach fluorides into liquid chemicals (66-69). Yabe, et al. 

found large amounts of extractable fluorides in PFA(70). 

Several studies using PFA pipe with fluids (DI water or 

water/methanol) sealed inside were conducted at both 25 and 

80 degrees C.(66-70) All studies showed fluoride leaching 

from the PFA at room temperatures with much higher levels 

found at elevated temperatures. In each case the extracting 

liquid was imprisoned in sealed pipe. These studies used 

relatively high ratios of surface area to liquid volume and 

static conditions. A low level of anions in the chemicals 

used for extraction and a low detection limit for the 

analytical method is implied in these studies. It is also 

implied that the samples were not cleaned before the 

experiments. The lack of discussion of the analytical 

methods also limits the ability to interpret this data at the 

low levels seen for high purity PFA. Concern for potential 

chloride leaching has also been raised (69, 70). These 
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findings raise concern for anyone handling high purity-

chemicals . 

The conclusion to be drawn from these papers is that 

fluorides and perhaps chlorides are extracted even from high 

purity PFA. It appears from the extractions under short, 

mild conditions that extractable fluoride is present on the 

surface of the PFA. Extraction of fluorides from the bulk is 

implied from the extractions conducted at elevated 

temperatures. These findings indicate that fluoride 

extraction into semiconductor process chemicals could occur. 

However, in practice, 1) the PFA is cleaned before use -

potentially decreasing surface fluoride levels, 2) chemicals 

are not stored or distributed at high temperatures -

potentially decreasing bulk extraction rates and, 3) 

chemicals more aggressive than water are used - potentially 

increasing fluoride extraction rates. Analytical methods 

were not fully discussed making it difficult to judge the 

accuracy of fluoride values given especially at levels below 

1 ppm. Taking all these factors into consideration makes 

judging the impact of fluoride extraction under "normal 

operating conditions" difficult. The issue of fluoride and 

chloride extraction was investigated by conducting a test 

under "normal operating conditions". 

Several organic anions are present in hydrogen 

peroxide. These anions are believed to be decomposition 
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products from the organic synthesis process used in the 

manufacture of hydrogen peroxide. The possibility that these 

anions could cause problems in semiconductor manufacture 

exists but was not explored. Fluoride ion is a known problem 

in semiconductor manufacture but is not typically specified 

or monitored in semiconductor process chemicals. 
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Time (Days) 
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Figure 34. Fluoride extraction from PFA vessel 
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The results of the extraction study can be seen in 

Figure 34 for fluorides and in Figure 35 for chlorides. No 

detectable level of fluoride or chloride leaching occurred 

into hydrogen peroxide from the PFA 440HP lined containers. 

Typically the amount of contamination arising from the 

polymer would be expressed as the amount of contaminant per 

area of polymer. Since no extractable levels of 

contamination were detected, the level of contaminant 

measured in the hydrogen peroxide was simply reported. Many 

extraction tests are conducted at abnormally large surface 

area to liquid volume ratios. While this does enable the 

lowest possible extractable level to be determined, it 

provides little guidance in a "normal" situation where 

relatively small surface area to liquid volume ratios is 

found. Simply knowing a contaminant can extract does not 

provide the engineer with adequate knowledge to optimize a 

process for both performance and cost. 

The exceedingly long contact time used for extraction 

does indicate that hydrogen peroxide, and likely other 

process chemicals, can be used in contact with PFA with 

little fear of fluoride or chloride extraction. The use of 

PFA for storage vessels would be the most severe application 

since the contact time is relatively long and any 

contamination would build in the static chemical. The use of 

PFA in a dynamic situation such as in piping and valves would 

have much shorter contact time for a "unit" of flowing 
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chemical and thus little opportunity for extraction into the 

chemical. The issue of a dynamic versus a static situation 

was discussed by Goodman and Van Sickle as it applied to 

metallic contamination.(68) The argument can be applied 

equally to anionic contamination. The results from this 

study appears to conflict with earlier studies, however this 

study employed "normal" conditions of ambient temperature and 

cleaned PFA surfaces. Analytical methods used in prior 

studies were also not fully described and the possible lack 

of sensitivity at these lower levels could also influence the 

results at low levels. For this work, no problems were 

encountered from operating near the detection limits of the 

ion chromatograph and all values measured were above the 

quantitation level for fluorides and chlorides. 

The initial purpose of the long term vessel study was 

to look at extractable fluoride and chloride. However, other 

anions were also studied at the same time and no sign of 

extraction into hydrogen peroxide was observed. Sulfates, 

nitrates and phosphates were also monitored. Phosphates were 

not detected at any time during the study. Nitrate 

measurements were very erratic but no trend was observed in 

this study. The measurements for sulfate were not as erratic 

and the measurements followed a relatively flat line over the 

course of the study. The reason for the more variable 

results for sulfates and nitrates are unknown but are 
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believed to be related to container sampling and sample 

handling. Although one study did find an environmental 

contribution for sulfate. This contribution may be of a 

particulate nature due to the difference in levels found in a 

cleanroom and a non-cleanroom environment (71) . More 

sophisticated sampling methods will have to be employed to 

accurately measure small changes in these parameters. 

However, no leaching of these anions from the PFA liners into 

the hydrogen peroxide was observed. 

No extractable anions other than fluorides were found 

in the traditional leaching study. Fluorides extracted from 

each material in both ultrapur^ DI water and in hydrogen 

peroxide can be seen in Figure 36. The level of extractable 

fluoride was approximately the same for PFA and PTFE in both 

DI water and hydrogen peroxide. Hydrogen peroxide appears to 

extract significantly larger quantities of fluorides from 

PVDF. This confirms our earlier findings that hydrogen 

peroxide is a more effective extracting media for anions than 

DI water. 

The levels of fluorides extracted from PFA in this 

standard extraction study are comparable to the work 

performed by Yabe, et al.(22) The PVDF levels in this study 

were much higher than those reported by Yabe, et al.(22) 
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Figure 36. Traditional fluoride extraction test 
41 day static soak 

The traditional leach test does show that fluorides are 

leached from fluoropolymers. However, the very high surface 

area to fluid volume ratios, the use of high temperatures, 

the possible use of inadequate cleaning methods, etc. make 

this type of data hard to use for the practicing engineer. 

The only firm conclusion is that fluorides and possibly 

chlorides will leach if fluoropolymers are used. This study 

attempts to illustrate that in "normal" use that PFA is an 

excellent choice for use with high purity chemicals and can 

be used with little fear of anionic contamination at today's 

purity levels. 
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Ion chromatography is the most accurate and reliable 

method for the analysis of anions in semiconductor process 

chemicals. New methodologies are rapidly being developed for 

the more difficult process chemicals. The study of anionic 

contamination has long been a neglected area of semiconductor 

contamination control. These new methods should provide the 

impetus to increase the base of knowledge in this long 

neglected field. 

METALLIC CONTAMINATION FROM FLUOROPOLYMERS AND 

POLYETHYLENE USED IN CHEMICAL HANDLING 

While the purity of the original chemical is important, 

the most important impurity level is at the wafer surface. 

Many additional opportunities for contamination exist after 

the time the chemical is manufactured. One of the most 

significant is the polymeric materials used to manufacture 

chemical containers and the components (tubing, fittings, 

valves, liners, etc.) used for constructing distribution 

systems. Several studies have been performed to evaluate 

potential metallic contaminants from various polymers, with 

special attention paid to fluoropolymers of various types, 

with the most attention being given to perfluoroalkoxy (PFA) 

resins (68,72-74). Only passing interest has been given to 

other fluoropolymer material or high density polyethylene 

(HDPE). Extractions used to evaluate the material have been 
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performed under varied conditions, making the information of 

limited value for comparison purposes between sources. Often 

the extraction on manufactured parts has been performed 

which have a lower surface areas than the resin pellets. 

These previous studies did not attempt to normalize surface 

area for fear of contamination during preparation. While it 

would be impossible to evaluate every potential polymer 

resin and manufacturing process, a wide variety have been 

selected in this study to aid in identifying the potential 

of these materials to act as a contamination source. In 

order to determine the relative potential of various common 

polymers to contribute metallic contamination to inorganic 

chemicals, numerous samples have been extracted under 

identical conditions. A number of different samples of high 

density polyethylene (HDPE) resins used for packaging 

chemicals, along with molded samples from these resins, were 

evaluated in this manner. Samples of perfluoroalkoxy (PFA), 

polyvinylidene fluoride (PVDF), and polytetrafluorethylene 

(PTFE) resins, and the corresponding fabricated parts were 

also evaluated for comparison. Severe conditions have been 

selected for this study, in the hope that the extractions 

would be exhaustive. 

The fabricated samples were prepared in a non-

contaminating manner to minimize the difference in surface 

area between resin samples and those that had been subjected 
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to some type of manufacturing process. The resulting 

extractions were analyzed by inductively coupled plasma mass 

spectrometry (ICP-MS) and graphite furnace atomic absorption 

spectroscopy (GFAAS) to determine leachable metals. 

Figure 37 provides comparative results for five 

different HDPE resins. All resins contain quantities of 

leachable boron, magnesium, and zinc. In only one case is 

the presence of a chromium catalyst detected. Surprisingly, 

no evidence of calcium residue was detected, even though the 

presence of a calcium stearate additive was known to be 

present in at least one case. In more than one case, 

significant quantities of sodium were found, even though 

care was taken to remove external surface contamination by 

rinsing prior to extraction. 

Figure 38 provides a similar comparison of several 

different fluoropolymer resins, two PFA resins, two TFE 

resins, and a PVDF resin. Significant quantities of boron 

and zinc were found in every case, as in the HDPE resins. 

However, the presence of chromium was much more prevalent 

with the fluoropolymers, being detected in each case except 

the PVDF. Notably, alkali and alkaline earth metals were 

almost totally absent from the fluoropolymer resins. 

Figure 39 provides a comparison of four of the HDPE 

resins to containers manufactured from the same resin source 

(not necessarily the same resin lot). A HDPE drum and three 

bottles, all from different manufacturers were used. (Note: 
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logarithmic scale). Significant quantities of calcium, 

chromium, iron and magnesium were added in some 

manufacturing processes, and well as molybdenum in one case. 

Additional sodium and potassium were also contributed in 

some cases. 
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Figure 40 provides a similar comparison between 

fluoropolymer resins and fabricated components from the same 

resin source (Note: logarithmic scale). The manufacturing 

processes used here seemed to make an even more significant 

contribution to contamination than with the HDPE materials. 

Enormous quantities of iron and sodium were added in 

instances, with significant contributions of aluminum, 

copper, potassium, and magnesium also being observed. 

Table XXXV provides a summary of the sources of 

metallic contaminants in HDPE and fluoropolymers as 

identified in this study. Primary sources are listed first, 

followed by secondary contributions, where appropriate. It 

should be noted that while contaminants originated from 

resins as well as manufacturing processes, the highest 

levels of contaminants were identified as originating from 

the manufacturing process. 

Substantial amounts of several metals have been shown 

to leach from polymers used in the packaging and 

distribution of semiconductor process chemicals. The metals 

may originate from either the resin or the fabrication 

process. While the greatest potential impact is expected to 

be seen in static situations involving prolonged exposure 

(bottles, drums, and other storage vessels), a significant 

impact may also be observed during qualification of new 

distribution systems, or the requalification after repair. 
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The impact will be affected by the chemical in use, due to 

solubilities and aggressiveness. However, the information 

provided here should help in identifying suitable materials, 

and choosing parameters on which to base qualification. 
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Table XXXV. Contamination sources in hdpe and fluoropolvmer 
parts (primary/secondary) 

ELEMENT HDPE FLUOROPOLYMER 

Aluminum mfg./resin mfg./resin 

Boron resin resin 

Calcium mfg. mfg. 

Chromium mfg./resin resin 

Copper not found mfg. 

Iron resin/mfg. mfg./resin 

Potassium mfg. mfg. 

Magnesium resin mfg./resin 

Molybdenum mfg. resin 

Sodium resin/mfg. mfg. 

Zinc resin resin/mfg. 



161 

1. Meuris, M.; Heyns, M.; Kuper, W. ; Verhaverbeke, S.; 
Philipossian, A. In ULSI Science and Technology 1991, 
Eds. J.M. Andrews and G.K. Celler, ECS-Proc. Vol. 91-11; 
The Electrochemical Society: Pennington, NJ, 1991. 

2. Meuris, M.; Heyns, M.; Mertens, P.; Verhaverbeke, S.; 
Philipossian, A. In Cleaning Technology in Semiconductor 
Device Manufacturing, ECS-Proc. Vol. 92-12; The 
Electrochemical Society: Pennington, NJ, 1992; p. 144. 

3. Miyashita, M.; Makihara, K.; Tsuga, T.; Ohmi, T. J. 
Electrochem, Soc., 1992, 8, 2133. 

4. Meuris, M.; Heyns, M.; Mertens, P.; Verhaverbeke, S.; 
Philipossian, A. Microcontamination Conference 
Proceedings, Santa Clara, Ca.; Cannon Communications, 
Inc.: Santa Monica, CA, 1991; pp. 658-665. 

5. Meuris, M.; Verhaverbeke, S.; Mertens, P.W.; Heyns, 
M.M.; Hellemans, L.; Bruynseraede, Y.; Philipossian, A. 
Japan Journal of Applied Physics, 1992, 31, L1514-1517. 

6. Ohmi, T.; Miyashita, M.; Itano, M. ; Imaoki, T.; 
Kawanabe, I.; IEEE Transactions on Electronic Devices, 
1992, 39, 537. 

7. Miyashita, M.; Itano, M.; Imaoki, T.; Kawanabe, I.; 
Ohmi, T. Extended Abstracts, 179th Electrochemical 
Society Meeting, Washington D.C.; The Electrochemical 
Society: Pennington, NJ, 1991; pp. 709-710. 

8. Ohmi, T.; Imaoki, T.; Kezuki, T.; Takano, J.; Kogure, M. 
J. Electrochem. Soc., 1993, 140 (3), 811-818. 

9. Shimaki, A.; Hiratsuki, H.; Matsushita, Y.; Yoshii, S.; 
Extended Abstracts of the 16th Int. Conf. On Solid State 
Devices and Materials, Kobe, Japan; Japan Society of 
Applied Physics, 1984; p. 281. 

10. Shiraiwa, T.; Fujino, N.; Sunita, S.; Tanzoe, Y. Proc. 
ASTM Conf. On Semiconductor Fabrication: Technology and 
Metrology '88, Santa Clara, CA, ASTM No. STP 990, 1989. 

11. Corradi, A.; Domenici, M.; Guaglio, A. Journal of 
Crystal Growth, 1988, 89, 39. 

12. Shimono, T.; Tsuji, M.; Morita, M.;Muramatu, Y. Proc. 
Microcontamination Conference 1991, San Jose, CA; Canon 
Communications, Inc., Santa Monica, CA, 1991; p. 544. 



162 

13. Molenkopf, H.C.; Gupta, D.C.T. Proc. Microcontamination 
Conference 1991, San Jose, CA; Canon Communications, 
Inc., Santa Monica, CA, 1991; p. 577. 

14. Ruth, K.; Schmidt, P.; Coria, J.; Mori, E. Extended 
Abstracts of the Fall Meeting of the Electrochemical 
Society, New Orleans, LA; The Electrochemical 
Society: Pennington, NJ, 1993; p. 488. 

15. Tan, S.H. Nuclear Instruments and Methods in Physics 
Research B, 1995, 99, 458. 

16. Kern, W. In Handbook of Semiconductor Wafer Cleaning 
Technology, W. Kern, Ed., Noyes Publications: Park 
Ridge, NJ, 1993; Chapter 1. 

17. Heyns, M. M.; et al. Mat. Res. Symp. Proc. Vol. 315, San 
Francisco, Ca.; Materials Research Society, Pittsburgh, 
Pa., 1993: pp 35-45. 

18. Sees, J.A.; Hall, L.H. TJ Technical Journal, 1994, 11 
(5), p. 54. 

19. Douglas, M. TI Technical Journal, 1995, 12 (5). 

20. Hamburg, M. Statistical Analysis for Decision Making, 
3rd Ed. Harcourt Brace Jovanovich, New York, 1983; Ch 7. 

21. SIA National Technology Roadmap, 1994, p. 116. 

22. Characterization of Surface Impurities, Technical 
Bulletin; Charles Evans & Associates, 1995. 

23. Zaima, S.; Kojima, J.; Hayashi, M.; Ikeda, H.; Iwano, 
H.; Yasuda, Y.; Jpn. J. Appl. Phys.; 1995, 34 (Part 1, 
No. 2B), 741-745. 

24. Chyan, O.M.R.; Chen, J.; Chien, H.Y.; Sees, J.; Hall, 
L.; J. Electrochem. Soc.; 1996, 143 (1), 92-96. 

25. Hsu, E.; Parks, H.G.; Craigin, T.S.; Ramberg, J.; 
Lowery, R. J. Electrochem. Soc.; 1992, 139 (12),3659-
3664. 

26. Helms, C.R.; Park, H.; Mat. Res. Soc. Symp. Proc. Vol 
315 (1993) ; p. 287. 



163 

27. Keller, U.; Aderhold, W.; Burte, E.P.; Proc. Second 
Symposium on Ultra Clean Processing of Silicon Surfaces, 
Brugge, Belgium; Interuniversity Microelectronics 
Center, Leuven, Belgium; 1994, p. 111. 

28. Kern, F.W.; Itano, M.; Kawanabe, I.; Miyashita, M. ; 
Rosenberg, R.; Ohmi, T. Proc. 37th Annual Technical 
Meeting of the Institute of Environmental Sciences; 
Institute for Environmental Science: Mt. Prospect, 
Illinois, 1991. 

29. Bedge, S.; Barron, B.S.; Lamb, H.H.; Mat. Res. Soc. 
Symp. Proc. Vol 315 (1993); p. 467. 

30. Trucks, G. W.; Raghavarchi, K.; Higashi, G. S.; Chabal, 
Y. J.; Phys. Rev. Let., 1990, 65 (4), 504-507. 

31 Turner, D. R.; J. Electrochem. Soc., 1958, 105, 402. 

32. Morinaga, H.; Suyama, M.; Nose, M.; Verhaverbeke, S.; 
Ohmi, T.; IEICE Trans. Electron, 1996, E79-C (3), 343-
362. 

33. Torcheux, L.; Mayeux, A.; Chemla, M.; J. Electrochem. 
Soc., 1995, 142 (6),2041. 

34. Efimov, E.A.; Erusalimchik, I.G.; Electrochemistry of 
Germanium and Silicon, The Sigma Press: Washington, D.C. 
1963; p. 25. 

35. Tom Talasek, General Chemical Corporation, personal 
communication. 

36. Kern, F.W.; Proc. Millipore Symposium, San Francisco, 
CA; Millipore, Bedford, MA, 1994. 

37. Cote, G.; Legeay, P.; Bauer, D. Analusis, 1989, 17, 473. 

38. Sees, J.; Hall, L.; Chyan, O.M.R.; Chen, J.; Chien, 
H.Y.; Proc. Second Symposium on Ultra Clean Processing 
of Silicon Surfaces, Brugge, Belgium; Interuniversity 
Microelectronics Center, Leuven, Belgium; 1994, p. 147. 

39 Verhaverbeke, S.; Teerlinck, I.; Vinckier, C.; Stevens, 
G.; Cartuyvels, R.; Heyns, M. J. Electrochem. Soc., 
1994,141 (10). 

40. Yoneshige, K.K.; Parks, H.G.; Raghavan, S.; Hiskey, 
J.B.; Resnick, P.J. J. Electrochem. Soc., 1995, 142 (2), 
671-676. 



164 

41. Chyan, O.M.R.; Chen, J.; Chien, H.Y.; Sees, J.; Hall, 
L.; Proc. Second Symposium on Ultra Clean Processing 
of Silicon Surfaces, Brugge, Belgium; Interuniversity 
Microelectronics Center, Leuven, Belgium; 1994. 

42. Jost, Diffusion, 3rd ed.; Academic Press, New York, 
1960, Ch. 1. 

43. Pearson, R.G.; Chem. Eng. News, Sept. 28, 1970 ; 66. 

44. Pearson, R.G. Acc. Chem. Res., 1971, 4, 152-160. 

45. Pearson, R.G. JACS, 1972, 94 (24), 8287-8292. 

46. Fukul, H.K. Theory of Orientation and Stereoselection, 
Springer-Verlag, Berlin, 1975. 

47. Jolly, W.L. Modern Inorganic Chemistry, McGraw-Hill, 
New York, 1984; p. 153. 

48. Atkins, P.W. Molecular Quantum Mechanics, Oxford 
University Press, Oxford, 1983; Ch. 12. 

49. Miyashita, M.; Kubota, H.; Matsushita, Y.; Yoshimura, 
R.; Tada, T.; Jpn. J. Appl. Phys., 1995, 34 (Part 2, No. 
3A) L288-L290. 

50. Cotton, F.A.; Wilkinson, G.; Basic Inorganic Chemistry, 
3rd Ed.; John Wiley & Sons, New York, 1976, p. 917. 

51. Kagten, J. Atlas of Metal Ligand Equilibria in Aqueous 
Solutions, Ellis Horwood, Chichester, 1978, p. 780. 

52. HyperChem® Release 4.5, Publication HC45-00-01-00; 
HyperCube, Waterloo, Ontario, May 1995, Ch. 7. 

53. Burgess, J. Ions in Solution: Basic Principles of 
Chemical Interactions, Ellis Horwood, Chichester, 1988, 
p. 40. 

54. Cotton, F.A.; Wilkinson, G.; Basic Inorganic Chemistry, 
John Wiley & Sons, New York, 1976, p. 374. 

55. SEMATECH SEMASPEC #90120406aA-STD, SEMATECH, Austin, TX, 
1991. 

56 SEMATECH SEMASPEC #90120407aA-STD, SEMATECH, Austin, TX, 
1991. 



165 

57. SEMATECH SEMASPEC #90120408aA-STD, SEMATECH, Austin, TX, 
1991. 

58. SEMATECH SEMASPEC #90120409aA-STD, SEMATECH, Austin, TX, 
1991. 

59. SEMATECH SEMASPEC #90120410aA-STD, SEMATECH, Austin, TX, 
1991. 

60. SEMATECH SEMASPEC #90120411aA-STD, SEMATECH, Austin, TX, 
1991. 

61. SEMATECH SEMASPEC #90120412aA-STD, SEMATECH, Austin, TX, 
1991. 

62. SEMATECH SEMASPEC #90120413aA-STD, SEMATECH, Austin, TX, 
1991. 

63. Book of SEMI Standards Volume IB, Semiconductor 
Equipment and Materials International, Mountain View, 
Ca, 1995. 

64. Kern, W. ; Puotinen, D.; RCA Review, 1970, 187-206. 

65. Hattori, T.; Proc. SEMICON Tokyo, Tokyo, Japan; 
Semiconductor Equipment and Materials International, 
Mountain View, CA, 1989. 

66. Goodman, J.; Andrews, S.; Solid State Technology, 1990, 
65-68. 

67. Goodman, J.B.; Van Sickle, P.M., Microcontamination, 
1991, 9(11), 21-25. 

68. Goodman, J.; Van Sickle, P.; Proc. 37th Annual Technical 
Meeting of the Institute of Environmental Sciences; 
Institute for Environmental Science: Mt. Prospect, 
Illinois, 1991, 551-556. 

69. Ultra-Clean Fluorocarbon Resin Working Group, Proc. Of 
the 6th Ultra Clean Association Workshop on ULSI Ultra 
Clean Technology; Tokyo, Japan; Ultra Clean Association, 
Tokyo, Japan, 1991; pp. 167-222. 

70. Yabe; Motomura; Ishikawa; Mazuniwa; Ohmi; 
Microcontamination, 1989, 7 (2), 37-46. 

71. Talasek, et al.; Proc. Microcontamination Ultraclean 
Technology Conference, Santa Clara, CA; 
Microcontamination, Mountain View, Ca, 1992. 



166 

72. Miki, N.; Ohmi, T. Proc. SEMICON East 89 Technical 
Symposium, Boston, 1989. 

73. Kikuyama, H.; Takano, J.; Miki, N. Proc. SEMI 
Step/Particle '88 Tokyo, 1989. 

74. Paulsen, P.J.; Beary, E.S.; Bushee, D.S. Analytical 
Chemistry, 1989, 61 (8), 827-830. 



CHAPTER IV 

CONCLUSION 

Semiconductor devices are built using hyperpure silicon 

and very controlled levels of doping to create desired 

electrical properties. Contamination can alter these 

precisely controlled electrical properties and can render 

the device non-functional or unreliable. It is desirable to 

determine what impurities impact the device and control 

them. This study consisted of four parts: a) determination 

of acceptable SCI bath contamination levels using VPD-DSE-

GFAAS, b) copper deposition from various aqueous HF 

solutions, c) anion contamination from fluoropolymers used 

in chemical handling and d) metallic contamination from 

fluoropolymers and polyethylene used in chemical handling. 

The VPD-DSE-GFAAS technique was validated by analyzing 

identically prepared samples by TXRF, SIMS and VPD-DSE-

GFAAS. The detection limit for the technique was determined 

by creating and analyzing blank wafers using the entire 

analytical process. In addition the detection limit for this 

technique was extended to the 107 to low 109 atoms/cm2 level 

for key metals of interest to the semiconductor industry. 

A linear relationship was demonstrated between metal levels 

in SCI solutions and metal levels on silicon surfaces except 
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for sodium and potassium. This relationship can be used to 

set process control and process operating conditions. Sodium 

and potassium levels were found to be essentially 

independent of solution concentration. Sodium and potassium 

contamination on silicon surfaces appear to be related to a 

particulate type contamination and not atomic contamination 

of the surface. This study clearly demonstrates the 

applicability of this technique to analytical studies of 

contamination on silicon surfaces. 

Copper contamination is a concern for deposition on the 

wafer surface from hydrofluoric acid solutions. An inverse 

relationship exists between copper concentration on the 

wafer surface and hydrofluoric acid concentration. This 

relationship was explained by differences in diffusion rates 

between the differing copper species existing in aqueous 

hydrofluoric acid solutions. A qualitative argument was made 

to illustrate the increasing reactivity as fluoride ions are 

removed from the complex. The complexes for Cu+2 and CuF+ are 

decreasing in energy, which means that a more stable complex 

is formed. This agrees with the decreasing deposition of 

copper onto a silicon surface as Cu*2 is converted to CuF+ at 

increasing fluoride levels. The LUMO of the complex also 

increases from Cu+2 to CuF+. The LUMOs have their areas of 

highest probabilities at the copper atom. This is 

appropriate since the copper atom will be the species 

undergoing reduction in these reactions. 
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The gap between the HOMO of the silicon surface and the 

LUMO of the copper complex is shrinking as the amount of 

fluoride complexing decreases. The closer the energy gap the 

more likely the electron transfer. The ab initio 

calculations demonstrate a significant decrease in LUMO 

energy from CuF(H20)5
+ to Cu(H20)/

2. This indicates that the 

Cu(H20)6
+2 species present in the very dilute hydrofluoric 

acid species is the most probable compound participating in 

the redox reaction at the silicon surface. 

Finally, sources of contamination from materials used 

in constructing chemical handling and distribution systems 

were studied. Anion and metallic contamination from the 

polymers used in building the systems were evaluated. 

The traditional leach test does show that fluorides are 

leached from fluoropolymers. However, the very high surface 

area to fluid volume ratios, the use of high temperatures, 

the possible use of inadequate cleaning methods, etc. make 

this type of data hard to use for the practicing engineer. 

The only firm conclusion is that fluorides and possibly 

chlorides will leach if fluoropolymers are used. This study 

attempts to illustrate that in "normal" use that PFA is an 

excellent choice for use with high purity chemicals and can 

be used with little fear of anionic contamination at today's 

purity levels. 

Metallic contamination from fluoropolymers and 

polyethylene was also studied. The primary metal 
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contamination originated from the resins as well as the 

manufacturing processes. The highest levels of contaminants 

were identified as originating from the manufacturing 

process. 

Substantial amounts of several metals have been shown 

to leach from polymers used in the packaging and 

distribution of semiconductor process chemicals. The metals 

may originate from either the resin or the fabrication 

process. While the greatest potential impact is expected to 

be seen in static situations involving prolonged exposure 

(bottles, drums, and other storage vessels), a significant 

impact may also be observed during qualification of new 

distribution systems, or the requalification after repair. 

The impact will be affected by the chemical in use, due to 

solubilities and aggressiveness. However, the information 

provided here should help in identifying suitable materials, 

and choosing parameters on which to base qualification. 

In summary, contamination has been shown to have a 

significant and detrimental impact on semiconductor yields. 

The ability to measure is the key to solving the 

contamination puzzle. With the ability to measure comes the 

knowledge to solve problems and to derive an understanding 

of the chemistry of contamination. 
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