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ABSTRACT 

Metal contamination levels are a growing concern in integrated circuit manufacturing 

because they degrade electrical performance. This work uses statistical design of 

experiments to determine deposition characteristics of transition and heavy metal 

contaminants onto silicon surfaces from process chemicals that are used in wafer 

cleaning. Copper, gold, molybdenum, silver, lead, chromium, tin, titanium, manganese, 

and tungsten were added to buffered oxide etchant (BOE or BHF) and hydrofluoric acid 

(HF) solutions. Wafers were immersed in these solutions and evaluated by total 

reflection x-ray fluorescence (TXRF) surface analysis. For those metals that are found to 

deposit from solution, statistical analysis is utilized to develop empirical models which 

describe the deposition characteristics. 
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CHAPTER 1 

INTRODUCTION 

1.1 Overview 

Integrated circuit manufacturing involves complex sequential processing which must be 

performed in an ultra-clean environment. As device performance increases and circuitry 

becomes more densely packed, the constraints on manufacturing become more stringent. 

One of these constraints is the cleanliness of the manufacturing environment. In the past, 

microcontamination issues have focused on particulate control. As device performance 

increases and particulate control is addressed, control of other factors has increasingly 

significant effects on device yield. Such factors include mobile ions, organic contaminants, 

and moisture. 

One factor of growing concern is metal contamination. Trace amounts of metal 

impurities may be present in the processing environment. Sequences of cleaning solutions 

are used in various steps of the manufacturing process to remove unwanted contaminants 

from the wafer surface. The effect of these solutions on wafer surfaces, particularly with 

respect to trace metallic impurities, is a subject of much research. 

This thesis discusses a set of experiments that investigate the amounts of metal 

contaminants that remain on a wafer surface after immersion in solutions that are used in 

semiconductor wafer cleaning. 
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1.2 Background 

It is well-known that presence of transition metals or heavy metals can degrade the 

electrical performance of solid state devices. Metal impurities can create generation-

recombination centers in silicon that increase reverse-bias junction leakage (1). Metal 

impurities have also been found to affect oxide breakdown strength and metal-oxide-

semiconductor (MOS) capacitor leakage by dislocation decoration and stacking fault 

formation (2 & 3). Degradation of device performance can adversely affect circuit function 

of ULSI circuits including advanced dynamic RAM cells (4). 

Sources of these trace contaminants include the process equipment, process materials, 

and even process chemicals used in wafer cleaning operations (3 & 5). For example, 

stainless steel in process equipment can introduce ion contamination from its constituent 

iron, chromium, and nickel atoms, especially through mechanical wear (6). Novel 

processes may incorporate advanced interconnect materials such as metal silicides or metal 

nitrides. These processes can also introduce metal contaminants into the fabrication 

environment. Chemical fluids used in wafer processing may also be a source of 

contamination. As an example, photoresists may contain high levels of metal 

contaminants, as shown in table 1.2.i (3). 

Metal Concentration in Photoresists (parts per billion) 

Resist Na K Fe Ca A! Cu Mg Mn 

A 10 2 30 2 <2 <2 <1 <1 

B 250 4 140 2 3 2 2 1 

C 2100 190 800 250 7 25 10 3 
Table 1.2.i: Analysis of three unnamed samples show that photoresists can be a source of 

undesired metal contamination. 
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Because metal contamination can come from several sources, it is important to know 

what levels of contamination are low enough to be acceptable for a particular application 

and how effective the wafer cleaning solutions are. Wet chemical cleaning sequences are 

used throughout the wafer fabrication processes. The effectiveness of a given cleaning 

process may depend upon several factors including type of metal species, solution 

chemistry, condition of the wafer surface, and rinsing/drying procedures. Since the 

purpose of the cleaning sequences is to remove contamination, these cleaning steps precede 

critical steps throughout the manufacturing process. Therefore, sufficiently low 

contaminant levels in these process chemicals can be crucial to manufacture of functioning 

devices. 

The largest volume manufacturer of process chemicals in the U.S. is Ashland 

Chemical, followed by General Chemical (formerly Allied Chemical) and Olin Hunt. Other 

major manufacturers include J.T. Baker and Mallinckrodt. Many companies are 

intermediary dealers that purchase chemicals from larger suppliers, sometimes reprocess 

the chemicals, and then repackage them for sale to users. All acetic acid, for example, is 

produced by Eastman Kodak. Thus, a chemical at the point of use may have been 

repurified and repackaged several times (7). Although process chemicals in use today are 

quite pure, depending upon the grade used, they can easily be contaminated through 

improper handling, storage, or delivery techniques. Therefore, chemicals that have been 

reprocessed repeatedly are more likely to become contaminated. Hydrofluoric acid (HF) 

and a buffered HF/ammonium fluoride mixture (BHF or BOE) are used in both wafer 

cleaning and oxide etching. The RCA cleaning sequence consists of an 

NH4OH/H2O2/H2O mixture and an HCI/H2O2/H2O mixture, often in conjunction with an 

HF immersion (8). HF-based cleans and the RCA clean are techniques which are often 

used preceding the critical gate oxidation for MOS devices (9). The quality of the gate 
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oxide and purity of the interfaces is important for device performance. Oxides and 

interfaces are susceptible to ion contamination. Sulfuric acid/hydrogen peroxide mixtures 

(H2SO4/H2O2) or "piranha" baths are used to strip photoresist and remove organic 

contaminants. Various terms such as electronic, MOS, and VLSI grades are often used to 

classify purity levels of solutions. Maximum levels for these grades are shown in table 

1.2.ii (10). These classifications, however, are loose categorizations representing industry 

trends rather than actual purity levels. Chemicals should be compared on a case by case 

basis. In tables 1.2.iii through 1.2.x, different grades from each manufacturer are grouped 

into "high" and "medium" purity levels (11-15). However, the specifications are usually 

maximum impurity levels rather than typical levels. In fact, many vendors use the same 

chemical supply for various grades, with the only difference being a more detailed and 

stringent assay for the cleaner grades. Any conclusions about purity levels for a given 

bottle are thus subject to the suppliers' statistical variations, sampling patterns, and 

frequency of those assays, which are usually for a large chemical batch. 

Maximum Assay (ppm) 

Grade Year Na Cu Fe 

ULSI 1989 0.01 0.005 0.01 

MEGA 1986 0.05 0.01 0.1 

VLSI 1982 0.1 0.01 0.1 

MOS 1974 0.2 0.02 0.5 

Electronic 1968 0.2 0.02 0.5 
Table 1.2.ii: Trends in typical maximum metal contaminant levels. 



General 
Chem 
Class 10 

Grade 

Ashland 
Chem 
Cleanroom 

Grade 

JTBaker 

VLSI Lo 
Particle/ 
Lo Sodium 
MOS 

Olin Hunt 

Semicon
ductor 
Grade 

Olin Hunt 

Certified 
Particle 
Grade 

Residue After Ignition 10000 10000 10000 10000 1000 

Chloride 4000 4000 4000 4000 1000 
Nitrate 10000 10000 10000 10000 3000 

Phosphate 400 1000 400 1000 700 
Sulfate 2000 2000 2000 2000 1500 
Heavy Metals 1000 1000 
Arsenic,Antimony 30 30 30 30 

30,10 
Aluminum 200 200 100 200 100 
Barium 50 1000 100 
Beryllium 50 
Bismuth 50 
Boron 100 200 100 200 20 
Cadmium 50 500 20 
Calcium 200 200 200 200 200 
Chromium 50 100 20 100 50 
Cobalt 50 500 20 
Copper 50 100 50 100 20 
Gallium 50 500 50 
Germanium 500 500 50 
Gold 50 300 50 300 50 
Iron 200 200 100 200 200 
Lead 300 300 100 300 700 
Lithium 100 1000 50 
Magnesium 200 200 500 200 200 
Manganese 100 200 100 200 100 
Molybdenum 200 
Nickel 100 300 100 300 50 
Potassium 200 300 200 300 200 
Silver 50 500 50 
Sodium 300 300 500 300 300 
Strontium 50 1000 100 
Tantalum 100 
Tin 100 200 100 200 150 
Titanium 200 300 100 300 200 
Vanadium 50 300 200 
Zinc 100 200 100 200 100 
Zirconium 20 300 200 
Table 1.2.iii: Chemical s jecifications for medium purity 40% ammonium fluoride. 
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General Chem Ashland Chem Olin Hunt 
Particulo Low Cleanroom Low PPB Grade 
Trace Metal Grade Particulate Grade 

Residue After Ignition 10000 6000 10000 
Chloride 2000 3000 4000 

Nitrate 5000 5000 10000 
Phosphate 400 700 200 

Sulfate 2000 1500 2000 
Heavy Metals 500 
Arsenic,Antimony 10,10 30 
Aluminum 50 100 10 
Barium 10 100 5 
Beryllium 5 2 
Bismuth 5 1 
Boron 10 100 10 
Cadmium 5 20 2 
Calcium 30 100 10 
Chromium 20 50 5 
Cobalt 5 10 2 
Copper 10 30 5 
Gallium 15 60 1 
Germanium 10 40 2 
Gold 10 50 5 
Iron 50 100 10 
Lead 5 100 3 
Lithium 5 50 2 
Magnesium 20 100 10 
Manganese 10 100 5 
Molybdenum 10 2 
Nickel 20 50 10 
Niobium 5 5 
Potassium 25 100 10 
Silver 5 50 2 
Sodium 70 100 10 
Strontium 5 100 1 
Tantalum 5 1 
Thallium 10 1 
Tin 5 100 3 
Titanium 10 100 10 
Vanadium 5 2 
Zinc 30 100 5 
Zirconium 5 3 

Table 1.2.iv: Chemical specifications for high purity 40% ammonium fluoride. 
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General Chem Ashland Chem Olin Hunt 
Class 10 Cleanroom Semiconductor 
Grade Grade Grade 

Residue After Ignition 5000 5000 5000 
Chloride 5000 5000 5000 
Nitrate 3000 3000 3000 
Phosphate 1000 1000 1000 
Sulfate & Sulfite 1000, 1000 5000 5000 
Heavy Metals 100 
Arsenic,Antimony 30 30 30 
Aluminum 50 50 50 
Barium 500 
Boron 50 50 50 
Cadmium 1000 
Calcium 200 300 300 
Chromium 10 10 10 
Cobalt 500 
Copper 50 50 50 
Gallium 50 
Germanium 1000 
Gold 50 300 300 
Iron 200 200 200 
Lead 50 100 100 
Lithium 1000 
Magnesium 100 200 200 
Manganese 50 200 200 
Molybdenum 300 
Nickel 100 100 100 
Potassium 200 300 300 
Silver 100 
Sodium 300 300 300 
Strontium 1000 
Tin 50 300 300 
Titanium 100 300 300 
Vanadium 300 
Zinc 100 300 300 
Zirconium 300 

Table 1.2.v: Chemical specifications for medium purity 49% hydrofluoric acid. 
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General Ashland Chem JT Baker Olin Hunt Mallinck-
Chem Cleanroom VLSI Low rodt 
Particulo Low Particle Particle/Low Certified Reylon 
LTM Grade Sodium MOS Particle Submicron 
Grade Grade Grade 

Residue After Ignition 3000 3000 5000 2000 4000 
Chloride 2000 3000 5000 2000 4000 
Nitrate 3000 2000 3000 2000 3000 
Phosphate 1000 700 1000 300 700 
Sulfate & Sulfite 900, 800 2000 5000 2000 3000 
Heavy Metals 100 100 100 
Arsenic,Antimony 10, 10 30 10, 30 30 30 
Aluminum 30 50 50 50 50 
Barium 5 100 50 200 300 
Beryllium 5 10 
Bismuth 5 50 
Boron 10 50 20 50 30 
Cadmium 5 100 50 50 50 
Calcium 20 100 50 50 300 
Chromium 10 10 10 10 10 
Cobalt 5 100 50 50 50 
Copper 10 20 10 20 20 
Gallium 5 30 20 20 50 
Germanium 10 100 100 100 50 
Gold 5 100 10 50 50 
Iron 40 100 100 200 200 
Lead 5 25 20 60 100 
Lithium 5 50 20 50 50 
Magnesium 20 50 50 30 100 
Manganese 10 50 50 20 50 
Molybdenum 10 50 200 
Nickel 10 50 20 30 50 
Niobium 5 
Potassium 30 100 100 100 100 
Silicon 1000 
Silver 5 10 10 20 50 
Sodium 40 100 100 100 200 
Strontium 5 50 20 30 50 
Tantalum 5 100 
Thallium 10 
Tin 5 100 50 50 200 
Titanium 10 100 50 200 300 
Vanadium 5 50 200 
Zinc 10 50 100 30 50 
Zirconium 5 20 200 
Table 1.2.vi: Chemical s jecifications for high purity 49% hydrofluoric acid. 



General Ashland Olin Hunt Olin Hunt Mallinck-
Chem rodt 
Class 10 Cleanroom Semicondu Certified Reylon 

ctor Particle Submicron 
Grade Grade Grade Grade Grade 

Residue After Ignition 3000 5000 3000 2000 3000 

Chloride 100 5000 100 100 100 

Nitrate 200 3000 200 200 200 

Phosphate 500 1000 500 20 500 
Sulfate & Sulfite 5000 
Heavy Metals 400 400 
Arsenic,Antimony 5 30 5 2 5 

Aluminum 200 50 200 120 200 

Barium 100 1000 200 300 
Boron 10 50 10 10 10 

Cadmium 100 500 100 100 
Calcium 100 300 300 300 300 

Chromium 50 10 200 100 200 
Cobalt 50 500 100 100 

Copper 50 50 100 50 50 
Gallium 100 500 500 200 
Germanium 100 500 100 200 
Gold 10 300 300 100 100 
Iron 200 200 200 100 100 
Lead 100 100 300 300 300 
Lithium 10 1000 100 100 
Magnesium 50 200 300 100 100 
Manganese 10 200 200 50 100 
Mercury 5 
Molybdenum 200 
Nickel 50 100 100 50 50 
Potassium 200 300 300 200 100 
Silicon 500 500 300 
Silver 50 500 100 100 
Sodium 300 300 300 300 100 
Strontium 50 500 100 50 
Tin 100 300 200 200 200 
Titanium 50 300 300 200 300 
Vanadium 300 200 
Zinc 50 300 200 100 100 
Zirconium 300 200 
Table 1.2.vii: Chemical specifications for medium purity 96% sulfuric acid. 



General Chem Ashland JT Baker 
Particulo LTM Cleanroom VLSI Low 

Low Particle Particle/Low 
Grade Grade Sodium MOS 

Residue After Ignition 3000 2000 3000 

Chloride 100 100 100 

Nitrate 200 200 200 

Phosphate 300 300 500 
Sulfate & Sulfite 
Heavy Metals 300 
Arsenic.Antimony 5 5 5 
Aluminum 40 100 50 

Barium 5 100 50 
Beryllium 5 10 
Bismuth 10 20 
Boron 10 10 10 
Cadmium 5 100 50 
Calcium 40 100 100 
Chromium 10 100 50 
Cobalt 5 100 50 
Copper 10 50 10 
Gallium 5 100 20 
Germanium 10 100 100 
Gold 5 100 50 
Iron 40 100 200 
Lead 5 100 20 
Lithium 5 100 50 
Magnesium 10 100 50 
Manganese 5 50 50 
Mercury 5 5 
Molybdenum 5 10 
Nickel 10 50 50 
Niobium 5 10 
Potassium 30 100 100 
Silicon 90 100 200 
Silver 5 100 50 
Sodium 60 100 100 
Strontium 5 100 10 
Tantalum 5 10 
Thallium 10 20 
Tin 10 100 50 
Titanium 10 100 10 
Vanadium 5 10 
Zinc 20 100 50 
Zirconium 5 10 
Table 1.2.viii:Chemical specifications for high purity 96% sulfuric acid. 
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General Ashland Olin Hunt 
Chem Chem 
Class 10 Cleanroom Semicondu 

ctor 
Grade Grade Grade 

Residue Aft Evaporation 20000 20000 20000 
Ammonium 3000 
Chloride 2000 2000 300 
Nitrate 2000 
Phosphate 2000 2000 2000 
Sulfate 5000 5000 5000 
Heavy Metals 500 
Arsenic,Antimony 10 10 10 
Aluminum 500 1000 1000 
Barium 1000 
Boron 50 100 100 
Cadmium 1000 
Calcium 100 200 200 
Chromium 50 50 50 
Cobalt 500 
Copper 50 50 50 
Gallium 500 
Germanium 1000 
Gold 10 300 300 
Iron 100 100 100 
Lead 300 300 
Lithium 1000 
Magnesium 100 100 1000 
Manganese 50 50 50 
Molybdenum 300 
Nickel 50 50 50 
Potassium 1000 1000 1000 
Silicon 300 1000 
Silver 500 
Sodium 500 1000 1000 
Strontium 1000 
Tin 1000 1000 1000 
Titanium 50 300 300 
Vanadium 300 
Zinc 100 100 100 
Zirconium 300 
Table 1.2.ix: Chemical specifications for medium purity 30% hydrogen peroxide. 
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General 
Chem 
Particulo 
LTM Grade 

Ashland Chem 
Cleanroom 
Low Particle 
Grade 

JT Baker 
VLSI Low 
Particle/Low 
Sodium MOS 

Olin Hunt 
Certified 
Particle 
Grade 

Mallinckrodt 
Reylon 
Submicron 
Grade 

Residue Aft Evaporation 
Ammonium 
Chloride 
Nitrate 

Phosphate 
Sulfate 
Heavy Metals 
Arsenic,Antimony 
Aluminum 
Barium 
Beryllium 
Bismuth 
Boron 
Cadmium 
Calcium 
Chromium 
Cobalt 
Copper 
Gallium 
Germanium 
Gold 
Iron 

Lead 
Lithium 
Magnesium 
Manganese 
Molybdenum 
Nickel 
Phosphorus 
Potassium 
Silicon 
Silver 
Sodium 
Strontium 

Tantalum 
Thallium 
Tin 
Titanium 
Vanadium 
Zinc 
Zirconium 

15000 

500 
1000 

5000 
500 
10 
200 
10 
10 
20 
10 
10 
40 
10 
10 
10 
10 
10 
10 
50 
10 
10 
10 
10 
10 
10 
700 
500 
100 
10 
200 
10 
10 

700 
10 
10 
20 
10 

10000 

200 

1500 
3000 

10 
70 
50 

50 
50 
100 
50 
50 
50 
50 
100 
10 
100 
100 
100 
100 
50 

50 

600 
100 
50 
100 
50 

500 
200 

100 

15000 
3000 
2000 
2000 
2000 
5000 
500 

10, 10 
200 
20 
10 
20 
10 
10 
50 
20 
10 
10 
20 
10 
10 
50 
10 
10 
10 
10 
10 
10 

600 
100 
10 
500 
10 
10 
50 
1000 
10 
10 
50 
10 

20000 

300 

2000 
5000 

10 
1000 
1000 

100 
1000 
200 
50 
500 
50 
500 
1000 
300 
100 
300 
1000 
100 
50 
300 
50 

1000 
1000 
500 
1000 
1000 

1000 
300 
300 
100 
300 

20000 

1000 

2000 
5000 
500 
10 
1000 
50 

50 
50 
200 
50 
50 
50 
50 
50 
10 
100 
300 

50 

100 
50 

50 

700 
500 
50 
500 
50 

1000 
300 

100 

Table 1.2.x: Chemical specifications for high purity 30% hydrogen peroxide. 
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Still, typical ion impurities are a very small fraction of the maximum levels listed on the 

specifications. If a semiconductor manufacturer's process and devices are not susceptible 

to certain levels of impurities, use of higher chemical grades may not be worth the 

additional cost. Current state-of the-art solutions are near the ppb (parts per billion) level 

on average, as depicted in table 1.2.xi (7). While the chemical specifications are typically 

much higher than what is present in the chemicals themselves,, the semiconductor industry 

demands increasingly pure chemicals for more advanced devices. The industry therefore 

needs chemicals with lower maximum impurity specifications and better typical purity 

levels. Furthermore, chemical contamination can arise in a manufacturing environment 

from the distribution methods and equipment as well as from the process. Whether or not 

cleaning solution chemicals are a source of metal contaminants, they are expected to remove 

them. One would not expect a solution to remove contaminants if the contaminants deposit 

onto wafers from that solution. 

Average Impurity Level (PPb) 

U.S. U.S. U.S. Japanese 

Chemical 1984 1987 1990 1990 

Hydrofluoric acid 520 30 1.9 0.9 

Sulfuric acid 500 35 2.0 1.7 

Hydrogen peroxide 600 50 1.8 0.2 
Table 1.2.xi: Typical average impurity levels. 

HF-based immersions have long been used for patterning, etching, and cleaning of 

silicon device surfaces (16). Their use in wafer cleaning for advanced processes is 

increasing, especially before the critical gate oxidation for MOS devices. This thesis 
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discusses investigation of the deposition characteristics of transition and heavy metal 

contaminants from HF-based solutions onto silicon wafer substrates. 
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CHAPTER 2 

OBJECTIVES 

For a given level of contaminant in a process solution, one would like to be able to 

predict the resulting contaminant surface concentration for a wafer processed in the 

solution. Thus, the objective of the deposition experiments is twofold: 

1) Determine which metal contaminants deposit from various solutions 

onto silicon wafer surfaces under specific conditions. 

2) Establish empirical models for contaminants shown to deposit under 

specified conditions. 

The first objective is to identify contaminants in a general way by order of magnitude 

differences over a wide range of solution concentrations, rather than minute differences in 

response. The second objective is to relate metal contamination levels in those solutions (in 

ppb) with the surface level contamination (in surface densities) on wafers that have been 

immersed in them. In other words, the surface contamination should be a function of the 

contamination level in solution: 

x Wafer surface ~ /(x Liquid) 

where X is a metal contaminant. For example, such empirical models may assume the 

form: 

X = B0 ' [X ]&1 
W 0 L 
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To accomplish this twofold objective, the experimental work of this thesis was 

conducted in two sequential phases. Phase I consisted of several experimental factors, 

each examined at two levels. Phase II further investigated significant factors from Phase I 

at multiple levels, and also introduced new factors at two levels. 
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CHAPTER 3 

EXPERIMENT DESIGN 

The basic technique employed to investigate the deposition of contaminants onto wafers 

from solution is straightforward. Highly concentrated sources of contaminants were added 

to chemical baths to raise their contaminant concentrations to target levels (figure 3.1). 

Wafers were then immersed in the intentionally contaminated solutions for a specified time 

(figure 3.2) to simulate a cleaning procedure. After the wafers were rinsed and dried, 

surface analysis was performed to determine whether or not contaminants had deposited 

onto the wafer surfaces (figure 3.3). 

Although much work has been done to investigate electrical effects of metal 

contaminants, the information known about their deposition from chemical baths is limited. 

Still, a number of researchers have conducted similar experiments before. These results are 

summarized in a review by a member of this research group (12). All the results must be 

interpreted cautiously since they are based upon different experimental methods, surface 

analysis techniques, and contaminant levels. The findings indicate that iron and aluminum 

should deposit from HCI/H2O2 and NH4OH/H2O2, but not HF (13 & 14). Iron will 

deposit from nitric acid (14). Copper will deposit from HF, but nickel will not (13 & 15). 

Another source confirms the results for copper, nickel, and iron in HF and adds that gold 

will deposit from buffered HF (16). These sources provided information on which 

contaminants and solutions would be good candidates for further investigation. 

Two separate experiments were performed. Phase I was designed to verify or identify 

metal contaminants which deposit from solution. Phase II was designed to further 

characterize those contaminants that exhibit strong deposition tendencies. 
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Figure 3.1: Spiking of the cleaning solution with a concentrated amount of contaminant to 
reach a targeted level of contamination in solution. 
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Figure 3.2: Immersion of a wafer into the contaminated bath to simulate a cleaning process. 

Figure 3.3: One of many surface analysis techniques for determining contamination types 
and levels. 
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Experimental design facilitates the study of many factors in one experiment, thereby 

increasing the amount of information obtained. A 2^ full factorial is portrayed in table 3.i 

(22). It investigates four main effects and all combinations of interactions in sixteen 

experimental runs. In both Phase I and Phase n, fractional factorial designs were utilized 

to examine more factors in the same number of runs. The higher-order interactions are not 

completely neglected, but are confounded with other factors. Phase I utilized the 2^-4 

fractional factorial design in table 3.ii, which is based upon the 2^ design, to estimate the 

main effects (23). This is a resolution IV design, which permits estimation of main effects 

independent of their two-factor interactions. While the effects of two-factor interactions 

may be estimated, they are aliased with other multi-factor interactions. The 2^-4 fractional 

factorial design utilizes sixteen experimental runs to study eight factors independent of their 

two-factor interactions. Alternatively, the 2^-4 fractional factorial could examine fifteen 

main effects, but then the main effects would be confounded with interactions. If a full 

factorial design were used instead of the 2^-4 fractional factorial, then 2% = 256 

experimental runs would be required to investigate eight main effects and all their 

interactions. The experimental design, then, involves a tradeoff between number of 

experimental runs, number of main effects examined, and observation of interactions. 
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Run X1 x2 X3 X4 x2-
X3* 
X4 

X1. 
X3-
X4 

X1-
X2-
X3 

X1-
X2-
X4 

X1-
X2 

X3* 
X4 

X2. 
X3 

X1-
X4 

X1. 
x3 

X2-
X4 

X1-
X2. 
X3* 
X4 

1 + + + + + + + 

2 + - - - - + + + - + + - - + -

3 - + - - + - + + - + - + + - -

4 + + - - + + - - + + - - - - + 

5 - - + - + + + - + - - + - + -

6 + - + - + - - + - - - - + + + 

7 - + + - - + - + - - + + - - + 

8 + + + - - - + - + - + - + - -

9 - - - + + + - + + - + - + - -

10 + - - + + - + - - - + + - - + 

11 - + - + - + + - - - - - + + + 

12 + + - + - - - + + - - + - + -

13 - - + + - - + + + + - - - - + 

14 + - + + - + - - - + - + + - -

15 - + + + + - - - - + + - - + -

16 + + + + + + + + + + + + + + + 

Table 3.i. 2^ fractional factorial design 
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Run Cu Au Cr W Pb Mo Ti Solution 

1 HF 

2 + - — - — + + BOE 

3 - + — — + - + BOE 

4 + + — — + + - HF 

5 - - + - + + + HF 

6 + - + - + - — BOE 

7 - + + - - + - BOE 

8 + + + - - - + HF 

9 - - — + + + - BOE 

10 + - — + + - + HF 

11 - + - + - + + HF 

12 + + - + - - - BOE 

13 - - + + - - + BOE 

14 + - + + — + - HF 

15 - + + + + - - HF 

16 + + + + + + + BOE 

Table 3.ii. Phase I experimental design. For Cu and Au,and '+' levels correspond to 
25 and 250 ppb. For all other contaminants,and'+' levels represent 250 and 2,500 
ppb. 

In a two-level fractional factorial design, each factor is studied at two levels in a 

balanced manner. One factor was solution type. The solution types used were 5:1 

hydrofluoric acid (HF) and premixed 9:1 buffered oxide etchant (BOE or BHF) with trace 

surfactant. Various concentrations of HF solutions such as these are often incorporated in 

cleaning processes, especially those prior to the critical gate oxidation. The 5:1 HF ratio 

refers to five parts deionized (DI) water mixed with one part 49% HF (with H2O for the 

remaining 51%), so the chemical ratio is actually 9:1 H20:HF. The 9:1 BOE is comprised 

of nine parts of 40% NH4F (with H2O for the remaining 60%) and one part 49% HF. 
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However, the volumetric ratios of the constituent solutions (5:1 HF and 9:1 BOE in this 

case) are more commonly used. 

The remaining seven factors were contaminants. Contaminants were chosen for their 

presumed likelihood of deposition, physical behavior in substrates and oxides, and/or 

presence in semiconductor fabrication processes. Considerations regarding contaminants' 

physical behavior in silicon and silicon dioxide include solubility and diffusivity as well as 

theoretical trap levels in the silicon bandgap (24), since these characteristics influence metal 

contaminant behavior during subsequent oxidation and thermal processes. As mentioned 

previously, copper and gold were expected to deposit and are known to detrimentally affect 

device performance. Chromium, a constituent of stainless steel, creates trap levels in 

silicon near the middle of the silicon band gap. Molybdenum, tungsten, and titanium are 

used in advanced processes in the form of silicides or nitrides; their trap levels suggest that 

they would increase junction leakage current. Lead can be found in photoresists and is 

known to impact electrical performance. Other good candidates that induce trap levels in 

the silicon bandgap, such as aluminum, magnesium, and zinc, were eliminated because of 

one or more limitations (such as surface analysis capabilities and/or spectral interferences, 

lack of soluble contaminant sources, or information indicating they would not deposit in 

certain solutions). 

Copper and gold were investigated at 25 and 250 ppb levels in the solutions, while 

chromium, tungsten, lead, molybdenum, and titanium were added at 250 and 2500 ppb 

levels. Because of anticipated strong deposition tendencies (21 & 25), copper and gold 

were examined at lower concentrations to avoid saturating the surface analysis response. 

Other contaminant levels were set at higher concentrations to improve the chances of 

observing a response above the detection limits of current surface analysis technology. 

Note that all contaminants were added to each of the experimental runs at either a high 
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or low level. The presence of many metal impurities in a chemical bath is not an 

improbable occurrence. Such a situation might arise from the chemicals themselves or as 

the result of cumulative contamination from multiple sources like metal alloys used in 

equipment or processes. A statistical design such as this provides increased efficiency by 

examining many factors in one experiment. It can also identify synergism between main 

effects that might otherwise be overlooked in more conventional experiments. Also notice 

that for any given factor, there are eight replicates of each level. This replication of levels 

strengthens the results and provides some tolerance to loss of data from experimental error. 

The subsequent statistical analysis of the results essentially compares eight high levels and 

eight low levels for each factor to determine if that factor has an effect, while any effects of 

other factors are averaged out. 

Surface analysis of the wafers was performed at Charles Evans and Associates by total 

reflection x-ray fluorescence (TXRF) spectrometry. In TXRF, x-rays from a conventional 

x-ray source impinge on a surface below the critical angle, typically 1.3 milliradians, for 

total external reflection (21 & 26). This reduces the background silicon fluorescence that 

would otherwise be present in conventional x-ray fluorescence. The remaining incident 

photons excite atoms within 3 to 4 nanometers (nm) of the surface, which release radiation 

by Auger or fluorescence processes (27). The fluorescent radiation is detected by a 

lithium-drifted silicon detector. Peaks in the energy spectra correspond to decay of excited 

states of particular elements. The intensity of these peaks can be converted to amounts of 

elements on the surface by calibration (26 & 28). Because TXRF relies upon radiation 

processes as opposed to atomic sputtering, it is a non-destructive technique. Detection 

limits can approach 10*0 atoms/cm^ under optimum conditions (28 & 29). Several other 

analysis techniques are available, but TXRF can provide quantified identification of many 

elements at a surface. Its main disadvantages are its relatively limited lateral resolution — 
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which prevents analysis of patterned wafers — and its inadequate sensitivity to extremely 

low contaminant levels. However, the shortcomings of other methods include inadequate 

quantification of data, unspecific identification of elements, inability to monitor several 

elements at once, or inability to measure atomic species at a surface. 

One wafer per experimental run in Phase I was measured by TXRF at top and bottom 

locations, referencing the wafer flat at the bottom. One control wafer, which was not 

immersed, was also examined. Each wafer was analyzed for copper, gold, lead, and 

tungsten on an Atomika XSA-8000 Surface Analyzer using an 8 mm diameter analysis 

area. Each wafer was also analyzed for chromium, copper, molybdenum, and titanium on 

a Technos Trex 610 system using a 10 mm diameter analysis area. 

Phase II experiments, described by tables 3.iii and 3.iv, were designed primarily to 

investigate the deposition characteristics of metal contaminants that were identified by 

Phase I as exhibiting strong deposition tendencies. With a factorial design similar to the 

one in Phase I, copper and molybdenum were each investigated at four levels. These four 

levels were created by combining two separate two-level columns of the fractional factorial 

design and their corresponding interaction column, as in table 3.iii. The levels chosen — 

50, 100, 200, and 500 ppb — correspond to levels 1, 2, 3, and 4 in Table 3.iv. These 

levels are approximately equally spaced on a logarithmic scale. Solution type was retained 

as a factor, using 19:1 HF and the same 9:1 BOE with surfactant. Three additional factors 

were included in this study at two levels each. Silver, manganese, and tin contaminants 

were added at 100 and 1000 ppb levels to determine whether or not they would deposit 

onto wafer surfaces. 

Total reflection x-ray fluorescence for Phase II was performed at Charles Evans and 

Associates again on a Technos Trex 610 system. Each of the two wafers per experimental 

run was analyzed in two locations — top and bottom for one wafer, and left and right for 
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the other wafer (figure 3.4). With this scheme, consistent gradients in the solution baths 

could be detected. The Phase II surface analysis was performed "blind," meaning that 

those who performed the analysis did not know what factor levels corresponded to 

individual wafers. 

Additional factors during the processing might affect the measured contaminant 

responses. Such effects result from factors not specified in the design or from 

experimental logistics or rather than the controlled two-level factors. These factors include 

the order in which the runs were processed, the order of the wafers in the cassettes, the 

wafer order in which the TXRF measurements were performed, the sequence of the two 

measurements within a wafer, and the location of the measurements on the wafer. To 

minimize their effect, such factors were randomized as much as possible. Further details 

on processing are discussed in the next section. 
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X1 X2 X3 x4 X2- X1. X1* X1- xr X3-
X3- X3. X2- X2- X2 X4 
X4 x4 X3 X4 

Run Cu1 Cu2 Mo1 Mo2 Ag Solution Mn Sn Cu3 Mo3 

1 - - - - - HF - - + + 

2 + - - - - BOE + + — + 

3 — + - - + HF + + — + 

4 + + - — + BOE — - + + 

5 — - + - + BOE + - + -

6 + - + - + HF — + — -

7 - + + - - BOE — + — -

8 + + + - - HF + - + -

9 - - - + + BOE — + + -

10 + — - + + HF + - - -

11 - + - + — BOE + - — -

12 + + - + — HF — + + -

13 — - + + - HF + + + + 

14 + — + + — BOE — - - + 

15 - + + + + HF — - - + 

16 + + + + + BOE + + + + 

Table 3.iii: Experimental design with orthogonal columns, using two factors and an 
interaction to create four-level factors. 
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Run Cu Mo Ag soln Mn Sn 
1 1 1 HF - -

2 2 1 - BOE + + 
3 3 1 + HF + + 
4 4 1 + BOE - -

5 1 2 + BOE + -

6 2 2 + HF - + 
7 3 2 - BOE - + 
8 4 2 - HF + -

9 1 3 + BOE - + 
10 2 3 + HF + -

11 3 3 - BOE + -

12 4 3 - HF - + 

13 1 4 - HF + + 
14 2 4 - BOE - -

15 3 4 + HF - -

16 4 4 + BOE + + 

Table 3.iv Phase II experimental design. For Cu and Mo, levels 1 through 4 represent 
50, 100, 200, and 500 ppb concentrations. For Ag, Mn, and Sn, and '+' levels 
represent 100 and 1000 ppb levels. 
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Figure 3.4: Locations for TXRF surface analysis for the two wafers in each run of Phase II 
experiments. 
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CHAPTER 4 

EXPERIMENT PROCESSING 

The silicon wafers used for both phases were six-inch, <100>, 0.030 Q-cm antimony-

doped Wacker Chemtronic substrates with a thickness of 675 ± 20 |im. The wafers had a 

9-1 l|im thick epitaxial layer, grown at Monsanto Electronic Materials Corporation, which 

was arsenic doped to 15-25 D-cm resistivity. For Phase I, three wafers for each 

experimental run were selected randomly from the storage boxes and scribed on the back 

near the flat for identification. These scribe numbers are consecutive, so that wafer 

numbers represent the order of the wafers in the storage boxes. The wafers for each run 

were placed in adjacent slots near the middle of a teflon cassette and rotated approximately 

45 degrees (figure 4.1) so that the flat was oriented diagonally with respect to the boat. 

This was done so each pair of TXRF measurement locations would represent both 

top/bottom and left/right spatial locations in the chemical bath. A total of 58 wafers were 

used in Phase I; 48 wafers were processed (three wafers per run for each of 16 runs) while 

10 control wafers were unprocessed. The order of experimental runs and wafer numbers 

were randomized. The alphabetical order as shown in table 4.i corresponds to the 

randomized processing order. 
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Front 

20 cm 

30 cm 

Figure 4.1: Diagram of wafer placement in the cassette and chemical bath during 
experiment processing. 
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Cu Au Cr W Pb Mo Ti  sol 
run wafer #'s 

(F,  M, R) 
high levels xl  x 2 x 3 x4 x 5 x 6 x 7 x 8 

N 43,20,7 (none) 

0 52,11,  31 xl  x6 x7 x8 + - - - - + + + 

J 13,46,  56 x2 x5 x7 x8 - + - - + - + + 

L 24,1,34 xl  x2 x5 x6 + + - - + + - -

I  40,54,8 x3 x5 x6 x7 - - + - + + + -

M 22,49,4 x1 x3 x5 x8 + - + - + - - + 

P 28,36,18 x2 x3 x6 x8 - + + - - + - + 

K 26,41,14 xl  x2 x3 x7 + + + - - - + -

E 29,16,47 x4 x5 x6 x8 - - - + + + - + 

A 17,38,58 xl  x4 x5 x7 + - - + + - + -

F 23,53,35 x2 x4 x6 x7 - + - + - + + -

H 32,5,50 xl  x2 x4 x8 + + - + - - - + 

D 25,6,44 x3 x4 x7 x8 - - + + - - + + 

C 55,42,12 xl  x3 x4 x6 + - + + - + - -

G 19,10,37 x2 x3 x4 x5 - + + + + - - -

B 30,2,48 (al l )  + + + + + + + + 

Notes: 
• For Cu and Au, - and + levels were targeted at 25 ppb and 250 ppb, respectively. 
• For all other contaminants, - and + levels were targeted at 250 ppb and 2500 ppb, respectively. 
• For solution types, - denotes HF and + denotes BOE. 
• Control wafers were # 3, 9,15,21, 27, 33, 39, 45, 51, 57 

Table 4.i: Randomized run order and wafer assignment for Phase I experiment. 

The experiments consisted primarily of solution preparation, wafer immersion, and 

surface analysis. Procedures for Phase I processing are listed in table 4.ii while chemical 

and contaminant information is listed in table 4.iii. The sink was initially cleaned with DI 

water and allowed to soak overnight with 49% HF. The sink was poured, rinsed, and 

drained twice before each experimental run to keep it clean between runs. Between 

successive days, the sink held deionized (DI) water. This was always at step 2 in table 

4.ii. The uncontaminated solution (at step 8 in table 4.ii) was sampled five times during the 

Phase I experiment to verify that the sink cleaning procedures were effective. These 

samples were taken just before runs A, C, D, E, and L respectively. Inductively coupled 
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plasma (ICP) spectrometry showed that there were no detectable residual trace 

contaminants, verifying that the sink cleaning procedures were effective. Surface tension 

measurements were also conducted on DI water rinse samples to confirm that no residual 

surfactant remained from the BOE. 

The wafers were immersed in the contaminated acid bath for 60 seconds, cascade-

rinsed in DI water for 30 seconds, and dried with nitrogen. Contaminant concentrations in 

solutions for all runs were verified by ICP spectrometry. Wafers were shipped to Charles 

Evans and Associates for surface analysis by TXRF spectrometry. 

1) Drain tank 
2) Rinse and fill tank with DI water; stir 1 minute, let stand 5 minutes 
3) Drain tank 
4) Rinse and fill tank with DI water; stir 1 minute, let stand 5 minutes 
5) Drain tank 
6) Pour solution (HF or BOE) 
7) Stir 1 minute 
8) Let stand 5 minutes 
9) Drain tank 
10) Pour solution 
11) Spike solution with all seven contaminants (at + or - levels per matrix) 
12) Stir 1 minute 
13) Let stand 5 minutes 
14) Immerse cassette of three wafers for 1 minute 
15) Cascade rinse 30 seconds 
16) Blow dry with nitrogen spray gun 
17) Sample contaminated acid solution for ICP verification of contamination levels 

Table 4.ii: Procedures for Phase I experiment. 
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Acids: 
• Hydrofluoric Acid 

- Ashland Cleanroom Grade 49% HF, lot# 101230E 
-- mixed in a proportion of 5 parts H20:1 part 49% HF for processing 
- varying proportions used for cleaning beakers and utensils 

• Buffered Oxide Etchant 
-- Ashland Pre-mixed 9:1 BOE with surfactant, lot #101750E 

Contaminant Sources: 
• Copper 

--1000 ppm Cu in dilute nitric acid 
- Mallinckrodt calibration standard, lot H512KEJN-P 

•Gold 
--1000 ppm Au in 10% aqua regia 
-- laboratory-prepared sample 

• Chromium 
- 1000 ppm Ammonium dichromate in Dl water 
-- Environmental Resource Assoc. lot #90711 

• Tungsten 
- 1000 ppm W in 5% nitric acid, 1.25% HF solution 
- laboratory-prepared sample 

• Lead 
--1000 ppm Lead oxide in dilute nitric acid 
-- Environmental Resource Assoc. lot #90714 

• Molybdenum 
- 1000 ppm Ammonium molybdate in Dl water 
- laboratory-prepared sample 

• Titanium 
- 1000 ppm Ti in 5% hydrochloric acid 
- laboratory-prepared sample 

Table 4.iii: Material specifications for the acid cleans and contaminants in Phase I 
experiments. 

Phase II materials and procedures were similar to those of Phase I, as shown in tables 

4.iv, 4.v, and 4.vi. Procedures were slightly revised to improve the accuracy for spiking 

the baths. Precision of the chemical volume was improved by pouring an exact amount 

rather than pouring to a specified mark. Also, lower contaminant targets meant that each 

spike required only one pipette of spiking solution, compared to up to three pipettes for 

some runs in Phase I. Phase II utilized 2 wafers per run for 16 runs, plus three 

unprocessed controls for a total of 35 wafers. Run order and wafer number were 

randomized and recorded again so their effects on the results could be separated from 

effects of the factors in the matrix. Anomalous occurrences in the processing are listed in 
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table 4.vii. Note that one run was spiked at the wrong target level, which alters the balance 

of the designed experiment. 

Again, the wafers were immersed in the contaminated acid bath for 60 seconds, 

cascade-rinsed in deionized (DI) water for 30 seconds, and dried with nitrogen. 

Contaminant concentrations in the solutions of a few runs were verified by ICP 

spectrometry. Wafers were shipped to Charles Evans and Associates for surface analysis 

by TXRF spectrometry. 

Wafer # Randomized Run x 1 x2 x3 x4 x5 x6 
(F, R) Order Number Cu Mo fig soln Mn Sn 
32, 15 E 1 50 50 100 HF 100 100 
21, 33 J 2 100 50 100 B0E 1000 1000 
13, 30 M 3 200 50 1000 HF 1000 1000 
22, 3 H 4 500 50 1000 B0E 100 100 
34, 17 B 5 50 100 1000 B0E 1000* 100 
25, 8 G 6 100 100 1000 HF 100 1000 
6, 24 P 7 200 100 100 B0E 100 1000 
4, 23 A 8 500 100 100 HF 1000 100 
16, 2 L 9 50 200 1000 B0E 100 1000 
26, 11 0 10 100 200 1000 HF 1000 100 
20, 1 F 11 200 200 100 B0E 1000 100 

12, 27 C 12 500 200 100 HF 100 1000 
18, 35 1 13 50 500 100 HF 1000 1000 
9, 28 N 14 100 500 100 B0E 100 100 
14, 5 K 15 200 500 1000 HF 100 100 
10, 29 D 16 500 500 1000 B0E 1000 1000 

'actually spiked at 100 ppb 

Table 4.iv: Phase II matrix showing randomized run processing order, wafer assignment, 
and target contaminant levels. Control wafers were # 7,19, and 31. 
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Acids: 
• Hydrofluoric Acid, about 3 four-pound jugs 

- Ashland Cleanroom Grade 49% ± 0.2% HF 
- lot # 121470E, expiration date 11/91, 0.2 jim filtered 
- mixed in a proportion of 19 volumes H2O : 1 volume 49% HF for wafer processing 
- similar proportions used for cleaning beakers and utensils 

• Buffered Oxide Etchant, about 39 four-pound jugs 
- Ashland Pre-mixed 9:1 BOE with surfactant (9 volumes 40% NH4F to 1 volume 49% HF) 
- lot #101750E (notice same lot number as Phase I), expiration date 9/91 

Contaminant Sources: 
• Copper 

-1000 mg/liter cupric sulfate in dilute nitric acid 
- Environmental Resource Associates calibration standard 
- lot 14050, expiration date 5/9/91 

• Molybdenum 
-1000 ppm ammonium molybdate in Dl water 
- laboratory-prepared sample, same as Phase I 

• Silver 
-1000 ppm silver metal in dilute nitric acid 
- Environmental Resource Associates calibration standard 
- expiration date 3/15/91 

• Manganese 
-1000 ppm manganese in 1% nitric acid 
- laboratory-prepared sample 

• Tin 
-1000 ppm tin in aqueous matrix 
- Johnson Matthey calibration standard 
-lot #H18H 

Table 4.v: Material specifications for acids and contaminant sources, Phase II experiment. 
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I. Drain tank 
2 a. Rinse and fill tank and graduated cylinder with Dl water 

b. Stir 1 minute with cassette 
c. Let stand 5 minutes 

3. Drain tank 
4 a. Rinse and fill tank with Dl water 

b. Stir 1 minute with cassette 
c. Let stand 5 minutes 

Note: Dl water was sampled here (during one run) for surface tension measurements because of 
the surfactant in the BOE. 

5. Drain tank 
6 a. Pour solution (HF or BOE) 

b. Stir 1 minute 
c. Let stand 5 minutes 

Note: "clean" solutions were sampled here (during three runs) for ICP analysis to verify the sink 
cleaning procedures. 

7. Drain tank 
8. a. Pour solution, measuring the amount with the graduated cylinder 
Note: By using a graduated cylinder instead of pouring to a mark, the accuracy of the spikes is 

increased. 
b. Remove cassette and place in cascade rinse tank 
c. Spike solution with all five contaminants at appropriate levels 
d. Stir 1 minute with stirring rod 
e. Let stand 5 minutes 

9 a. Immerse cassette of two wafers for 1 minute. 
b. Cascade rinse 30 seconds 
c. Blow dry with gas spray gun 

10. Sample contaminated acid solution for ICP verification of contamination levels 
I I .  D r a i n  H F  t a n k  i n  p r o c e s s  c h a s e  t o  H F  c a r t  a n d  f r o m  H F  c a r t  t o  w a s t e  d r u m s  a s  n e c e s s a r y  

Table 4.vi: Revised experiment processing for Phase II experiment. 



48 

A OK 
B BOE bath had a light transparent brown tinge that appeared while stirring, approx. 30 

seconds after adding Sn. Mn spiked at a low level (0.92 ml) instead of a high level (9.2 ml) 
C Cu level was about 4.9 ml instead of target 4.6 ml; Wf#12 was dropped face down on a 

cleanroom towel while drying 
D Cu level ~4.7 ml (target 4.6 ml); Bath turned medium brown (slightly opaque) upon stirring 
E Ag level off -0.08 ml or so 
F Remained clear 
G Wf #8 dropped face down on floor - re-rinsed 20 sec total in 2 cascades. Slight scratch 

noticed 
H Bath turned very light brown a few seconds after stirring, -15 sec after adding the last spike 
I Mn added at 9.4 ml (target 9.2 ml) 
J Very faint beige tinge developed gradually, during a few minutes 
K Mn, Ag levels high by about 0.05 ml. Broke wf#2 and replaced it with wf#5 instead 
L Turned medium brown while stirring. Scribed a new wf#2 from the back of the other 

cassette 
M Cu high by ~0.06 ml; Mo and Mn added in two pipettes 
N Mo +0.15 ml, Sn +0.04 ml; Bath remained clear 
O OK 
P Ag +.05 ml 

Table 4.vii: Notes regarding Phase II processing. Unless otherwise noted, Cu and Mo 
volumes were within ±0.02 ml of target values and other contaminants were within 
±0.2 ml. 
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CHAPTER 5 

RESULTS 

5.1 Overview 

The two-level Phase I experiment was primarily intended to identify contaminants 

that deposit. Hence, only surface concentration differences of at least an order of 

magnitude were considered significant. The results indicate that copper and gold deposit 

in either solution in proportion to their respective concentrations. Molybdenum appears to 

deposit in proportion to the amount of copper present. Lead indicates some deposition, 

but spectral interferences from neighboring gold and molybdenum secondary peaks may 

account for this response. Chromium was barely detectable (in the 10*0 atoms/cm^ 

range) on wafers subjected to high chromium concentrations; better surface analysis 

conditions would be necessary to confirm that it deposits. Titanium, with a detection 

limit of about 10^® atoms/cm^, did not appear on most of the wafers. Tungsten did not 

deposit above its detection limits, which were in the upper 10*2 atoms/cm^ range. 

Because TXRF yields an energy spectrum, secondary emission peaks from some 

elements can overshadow shorter neighboring peaks of other elements. Depending upon 

the elements present on a sample, this can raise detection limits for certain elements. 

Phase II results confirmed copper and molybdenum deposition, and also identified 

silver as an element that deposits. Molybdenum does deposit, but not in proportion to its 

presence in solution. Silver was also identified as a contaminant that deposits. Both 

molybdenum and silver deposition appear to depend on presence of some of the other 

contaminants and, in the case of silver, multiple-factor interactions. In fact, both 

enhancement effects and inhibitory effects were observed in Phase II results. Manganese 
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did not deposit above its detection limit in the mid 10*0 atoms/cm^ range. Tin did not 

deposit, although tin detection limits were high due to unexpected spectral interferences 

from nearby silver secondary peaks.. Results of both Phase I and II contaminant 

deposition experiments are summarized in Table 5.1.i. 

Contaminant Solution 
Concentration 
Range (ppb) 

Deposits? Detection 
Limit 
(atoms/cm2) 

Factors 

Copper 50—500, 25— 
250 

yes low 1010 Cu, Solution type 

Gold 25—250 yes ~1010 Au 

Molybdenum 50—500, 
250—2500 

yes mid 1012 Cu 

Silver 100—1000 yes mid 1011 Ag, Sn, Solution type, 
& some of their 
interactions 

Manganese 100—1000 no low 1010 n/a 

Tin 100—1000 no mid 1012 n/a 

Titanium 250—2500 no -1010 n/a 

Tungsten 250—2500 no upper1012 n/a 

Chromium 250—2500 uncertain o
 

o
 

n/a 

Lead 250—2500 uncertain n/a n/a 

Table 5.1.i: Results summary of the two deposition experiments. 
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5.2 Methods for Statistical Analysis 

To identify the factors for contaminant deposition, multiple linear regression was 

performed on SYSTAT versions 5.0 and 5.1, a comprehensive statistical analysis 

software package. Multiple linear regression is an analysis procedure which estimates a 

mathematical model of a dependent variable as a function of more than one independent 

variable (22,23, & 29). Mathematically, the phenomenon is formulated as: 

y = Bq + 6^ + &2 x2 + + ^mxm+^ 

where the dependent variable to be modeled is y. Each xn is and independent variable, 

each 6n is a regression coefficient, and 8 is the error of the model. The estimate of the 

dependent variable, denoted y, is given by: 

y = & 0  + V l  +  x 2  +  +  f y n x m  

A 

where each fih is an estimated regression coefficient. Multiple linear regression by least 

squares is a numerical technique that fits this linear equation to a sample data set. This 

equation is linear in its independent variables, though a variable itself may be set to a 

nonlinear term. 

The error of the equation can be calculated by using absolute values of residuals. The 

residuals are the differences between the expected and observed values. The sum of the 

squares of the absolute residuals is one criteria by which regression analysis can measure 

how well a regression line describes sample data. The least-squares technique minimizes 

the sum of the square of the absolute residuals over all the data to determine a best-fit 

line. A sample least-squares regression from SYSTAT for sixty copper deposition 



measurements appears in table 5.2.i. It lists the regression coefficients and their standard 

errors. 

DEP VAR: LOGCU N: 60 MULTIPLE R: 0.967 SQUARED MULTIPLE R: 0.935 
ADJUSTED SQUARED MULTIPLE R: 0.933 STANDARD ERROR OF ESTIMATE: 0.107 0.107 

VARIABLE COEFFICIENT STD ERROR STD COEF TOLERANCE T P(2 TAIL) 

CONSTANT 
SOLUTION 
LOGCU L 

13.714 
-0.106 
0.994 

0.015 
0.014 
0.036 

0.000 
-0.258 
0.924 

933.543 0.000 
0.999 -7.667 0.000 
0.999 27.411 0.000 

ANALYSIS OF VARIANCE 

SOURCE SUM-OF-SQUARES DF MEAN-SQUARE F-RATIO P 

REGRESSION 
RESIDUAL 

9.360 2 
0.647 57 

4. 680 
0 .011  

412.431 0 .  000  

Table 5.2.i: Sample regression for log of Phase II copper wafer surface density. 

In estimating the regression coefficients, it is possible that a nonrandom data sample 

misleads one into believing that a variable has an effect when it actually has none. If a 

variable xn actually has no effect but the model predicts a nonzero regression coefficient, 

what is the likelihood that the regression coefficient is at least that large? To determine 

this, one refers to a distribution that approximates these probabilities. For an adequate 

sample size, the standard errors follow a normal distribution. If standard errors of the 

regression coefficients are estimated from the standard deviation in the data itself rather 

than beforehand, the probability follows a t-distribution instead of a normal distribution. 

Such a distribution varies with sample size. It tends to be slightly flatter than a normal 

distribution, and approaches a normal distribution as the sample size approaches infinity. 

The two-tail value for the t-probability distribution (listed as P[2tail] in the regression 
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output) represents the area under the theoretical t-probability curve that corresponds to 

coefficient estimates with absolute values further from zero than what the regression 

obtained. In other words, this is the probability that we fail to reject that independent 

variable when it has no effect. One heuristic rule for determining that the variable has no 

effect is whether the probability of that incidence is more than a critical level of 0.050. If 

the two-tail probability approaches zero, then that variable has an effect which belongs in 

the model. An equivalent alternative method for eliminating independent variables from 

the model involves comparing the t-statistic (listed as T in the sample listing). This 

statistic indicates how much effect each independent variable has in that particular model. 

The t-statistic and its associated probability two-tail come from the same distribution and 

are not independent. 

To determine which variables should be incorporated in the model, one uses heuristic 

strategies. These strategies include: 

— forward selection, where factors are chosen one at a time to find the best fitting 

single-variable model 

— backward elimination, where many independent variables are entered and the least 

significant ones are deleted 

— stepwise forward or backward elimination, allowing poor predictors/good predictors 

to be deleted/added at any step, and 

— examination of all combinatorial subsets of independent variables. 

The primary heuristic strategy used in analyzing these contaminant deposition 

experiments is stepwise backward elimination. Other elimination criteria include prior 

knowledge and fundamental constraints regarding the subject itself, accuracy of the 

variable measurements, and implications of the model. By performing several 

regressions on successively fewer factors, one may use the SYSTAT software to identify 
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which factors in the experiment predominate. Thus, a contaminant's deposition response 

as measured by TXRF can be determined as a function of its most significant 

experimental factors. 

Selection of variables involves an inherent tradeoff between bias and variance. A 

model with fewer parameters provides stronger predictive capability; but then the model 

may become more biased because the true model may be more complex. The squared 

multiple correlation (squared multiple R in the sample listing) measures how well the 

regression model describes the data. This value will only monotonically decrease as 

factors are removed from the model. The adjusted squared multiple correlation accounts 

for this, providing means to compare alternative deposition models. The squared 

multiple correlation for the regression listed above indicates that the model accounts for 

94% of the sample variation. In terms of the model, the remaining 6% of sample 

variation is assumed to correspond to random error. The standard error of estimate is the 

standard error for the adjusted multiple correlation. At the bottom of the regression 

listing under the "analysis of variance" section, the F-ratio and its associated p value are 

similar to the t-statistic and probability two-tail, respectively, except that they describe 

the entire regression model. In other words, a model with a higher F-ratio and lower p 

value fits the data more closely. 

Regression analysis involves some inherent assumptions. These assumptions are 

listed below with some methods for verifying them. 

1) The errors have a normal distribution. This may be verified by a normal probability 

plot of the residuals, which should fall on a diagonal straight line. Alternatively, a 

histogram of residuals should display a normal distribution. 

2) The errors are independent from each other. The plot of residuals versus estimated 

values should display no trends. 
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3) All data are described by the same linear model. Cook's distance, which measures 

the influence of each sample observation on the regression coefficient estimates, may 

be plotted against estimated values. An unusually large Cook's distance indicates 

that deletion of that independent variable would strongly affect the regression 

coefficient estimates. 

Initially, regression analysis was performed on sets consisting of all data points (i.e., 

sixty-four rows of data for Phase II). However, when this regression analysis on silver 

data produced poor results, a different approach was utilized. The sixteen run averages 

were calculated, and regression analysis was performed on the orthogonal matrix in table 

3.iii. This provides sixteen degrees of freedom. Since one degree of freedom is alotted to 

the regression constant, this limits the number of rows (and thus the number of factors 

investigated) to fifteen. When the matrix is orthogonal, the standard error terms are equal 

for each of the fifteen factors proposed in the model. In addition, the regression 

coefficients do not change when different codings are used for the factor levels. This 

analysis method, used for silver and molybdenum, is more appropriate than simply 

performing regressions on all data points, as used in the copper and gold analyses. Even 

though it averages the variability within a run and across a wafer, it allows the matrix to 

remain orthogonal so that the factors are completely isolated from interactions. 

Nevertheless, the copper and gold results on all data points were straightforward enough 

that they should remain essentially the same if performed on orthogonal matrices of run 

averages. 

Lenth's Statistic provides another way to determine the significance of factors. This 

process is based upon the Pareto Principle, which hypothesizes that 80% of the sample 
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variation will be explained by 20% of the factors. A preliminary psuedo standard error 

(PSE0) is calculated by the following equation: 

PSE0 = 1.5 • median (|effects|) 

All factors with regression coefficients above 2.5 • PSE0 are removed to recalculate the 

psuedo standard error. The PSE is recalculated as follows: 

PSE = 1.5 • median (|remaining effects|) 

The significance threshold is calculated using student's t distribution tables: 

T = t ( 1 -a/2, int (DF/3))*PSE 

where the threshold depends on the desired confidence level (a) and the degrees of 

freedom (DF). Factors with regression coefficients above T are considered significant. 

To compare the effect of regression coefficients, the coefficients may be ranked in 

order of absolute value or graphed on a normal probability plot. Those coefficients that 

deviate far from a straight line indicate which factors and interactions are the most 

significant ones. Although this method is also heuristic, strong factors will be quite 

easily identified in such a plot. 
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5.3 Copper Deposition 

The two-level Phase I experiment confirmed deposition of copper from HF and BOE 

(figure 5.3.1). In this figure, it is clear that higher copper levels in solution consistently 

yield higher surface concentrations on the wafers which have been immersed in those 

solutions. 
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Figure 5.3.1: Copper deposition from 32 TXRF measurement locations in Phase I 
experiments. 

Many literature sources regarding metal contaminant deposition present the data on 

logarithmic scales because the contaminant levels that were studied are orders of 

magnitude apart. The copper and molybdenum levels in these experiments were set 
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closely enough to plot on a natural scale as well as on a logarithmic scale. The deposition 

data from Phase II clearly indicates that on a natural unit scale, the response variability 

increases with response mean, as anticipated (figure 5.3.2). The same data plotted on a 

log scale displays more uniform data variability with increasing response mean (figure 

5.3.3). This indicates that logarithmic transformation of the response is in fact the proper 

method for modeling the deposition characteristic. 

In the Phase II copper experiment, four measurements with undetected response were 

identified as outliers. These outliers consisted of two measurement locations per wafer 

from each of the two wafers that were processed in one particular run. The consistent 

results of those four measurements suggest that misprocessing of the run, rather than 

process chemistry, explains that anomalous result. That particular run may not have been 

spiked with the copper contaminant source due to interruption of the experiment. Hence, 

these four outliers were excluded from the subsequent analysis. In Phase I, ICP analysis 

was not performed in a single-blind manner, i.e. the target levels were known a priori. 

The ICP results also had a very large error due to wide variations in recovery rates. In 

Phase II, ICP analysis was reduced to just a sampling of a few runs. This particular run 

was not analyzed by ICP, so no more information about the solution concentrations is 

available. However, the same two wafers were outliers in later analyses. 

Deposition was found to be relatively homogeneous across a wafer. The standard 

deviation of the log of the Phase II copper response on two locations measured across a 

wafer is 0.06; the standard deviation between two wafers from the same run (excluding 

the nested variability across a wafer) is 0.09. Two times the standard error indicates a 

95% confidence level in the model. Twice the standard error of the mean of the log is 

±0.08 between two locations on a wafer and ±0.15 between wafers in a run, with nested 

variability removed. Thus, the deposition was more homogeneous on two points across a 
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wafer than from wafer to wafer within the same experimental run. This verifies that the 

sampling plan of two locations per wafer was adequate for modeling deposition 

characteristics. 
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Figure 5.3.2: Phase II copper response measured by TXRF on natural scales. 
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Cu Deposition Data 
logarithmic scale 
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Figure 5.3.3: Log of Phase II copper response measured by TXRF. 

To identify the factors for contaminant deposition, multiple least-squares regression 

was performed using the SYSTAT statistical analysis software package. Refer to the 

initial copper regression in table 5.3.i. 

In addition to the independent factors in the designed experiment, factors related to 

external logistical constraints were also examined. Such factors include the wafer order 

in which the TXRF measurements were performed (TXRFORDE), the order of the 

wafers in the cassettes — which corresponds to the inscribed wafer numbers 

(WAFERNO), the sequence of the two measurements within a wafer (F_S, for first or 

second), and the location of the measurements (LEFT and TOP). These factors were 

randomized during the processing. 
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During regression analysis, independent factors may be deleted based on their 

probability two-tails and t-statistics. In table 5.3.i, Cu has a probability tail of 0.000 and 

solution type also has a probability tail of 0.000. All other factors may be deleted from 

the model on the basis of high probability two-tails. However, the copper cubic term 

({log Cup)is close enough to zero that it may gain significance when other factors are 

deleted. The copper squared factor is also retained since it is of lower order than the 

copper cubic factor and may also account for nonlinear copper dependence. The TXRF 

order is also retained. This yields the regression of table 5.3.ii. 

4 cases deleted due to missing data. 

dep var: logcu n: 60 multiple r: 0.975 ?~uared multiple r: 0, .951 
adjusted squared multiple : r: 0.938 standard error Or estimate: 0. .103 

variable coefficient std error std coef tolerance t p (2 tail) 

constant 13.570 0.067 0.000 202.356 0. , 000 
txrforde 0.007 0.003 0.070 0 .773 1.901 0, .064 
solution -0.099 0.014 -0.241 0 .949 -7.230 0. . 000 
logcu l 1.277 0.131 1.186 0 .071 9.731 0. .000 
logmo l 0.039 0.036 0.036 0 .953 1.086 0. .283 
logag l -0.002 0.014 -0.006 0 .879 -0.162 0. .872 
logmn l -0.025 0.015 -0.059 0 .788 -1.618 0. .113 
logsn l 0.012 0.014 0.029 0 .885 0.833 0. .409 
waferno 0.002 0.001 0.044 0 .813 1.220 0. .229 
logcu2 l -0.321 0.274 -0.117 0 .106 -1.171 0. .248 
logcu3 l -1.276 0.650 -0.367 0 .030 -1.964 0. .056 

f s 0.050 0.028 0.062 0, .877 1.778 0. ,082 
left -0.018 0.033 -0.019 0. .878 -0.545 0. .589 
top 0.009 0.035 0.009 0 .780 0.253 0. .801 

analysis of variance 

source sum-of-squares df mean-•square f-ratio p 

regression 9.521 13 0.732 69. 244 0.000 
residual 0.487 46 0.011 

Table 5.3.i: Initial regression for log of Phase II copper wafer surface density. 
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4 cases deleted due to missing data 

dep var: logcu n: 60 multiple r: 0.971 squared multiple r: 0.943 
adjusted squared multiple r: 0.937 standard error of estimate: 0.103 0.103 

variable coefficient std error std coef tolerance t p(2 tail) 

constant 
txrforde 
solution 
logcu_l 
logcu2_l 
l0gcu3 l 

13.662 
0 . 0 0 6  

-0.100 
1.213 

-0.201 
-1.028 

0.041 
0.003 
0.014 
0.124 
0.264 
0.625 

0.000 
0 . 0 6 8  

-0.245 
1.127 

-0.073 
-0.296 

000.107 u.uuu 
0.845 1.932 0.059 
0.973 -7.413 0.000 
0.080 9.770 0.000 
0.114 -0.760 0.450 
0.033 -1.643 0.106 

333.469 0.000 

analysis of variance 

source sum-of-squares df mean-square f-ratio p 

regression 
residual 

9.434 5 
0.573 54 

1.887 
0.011  

177.826 0.000 

Table 5.3.ii: Second regression for Phase II copper deposition. 

From this regression, it is clear that the copper linear term and solution type are the 

most significant factors. They are the only factors with two-tails of 0.000. Their T 

values indicate that their effects have the most magnitude. Therefore, all other factors are 

unneeded in the model and may be deleted. The resulting regression in displayed in table 

5.iii. 
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4 cases deleted doe to missing data. 

dep var: logcu n: 
adjusted squared multiple r: 

60 multiple r: 0.967 squared multiple r: 0.935 
0.933 standard error of estimate: 0.107 

variable coefficient std error std coef tolerance p (2 tail) 

constant 
solution 
logcu l 

13.714 
-0.106 
0.994 

0.015 
0.014 
0.036 

0.000 
-0.258 
0.924 

0.999 
0. 999 

933.543 
-7.667 
27.411 

0.000 
0.000 
0.000 

analysis of variance 

source sum-of-squares df mean-square f-ratio P 

regression 9.360 2 4.680 412.431 0.000 
residual 0.647 57 0.011 

Table 5.3.iii Regression for Phase II log of copper wafer surface density. This regression 
utilizes copper level and solution type as primary factors in copper deposition. 

The regression in table 5.3.iii models copper deposition on a wafer surface based 

upon two factors — copper concentration in solution and solution type. This model has 

an adjusted of 0.933, indicating that it explains 93% of the variation in the sample 

data. To convert the regression results to an empirical model, one last regression is 

performed. The preceding regressions utilized a set of coded values for the log of the 

copper concentrations in solution. In other words, the 50 through 500 ppb levels were 

coded to be centered about zero and similar in magnitude to the +1 and -1 levels of the 

two-level factors. This avoids skewing the results in favor of four-level factors. To 

convert back to an easily understandable model, one could either use a reverse 

transformation in the equations or perform a regression on the uncoded log of copper 

levels to obtain the numeric values for deriving the model. Such a regression is shown in 

table 5.3.iv. Notice that the regression is identical to the one in table 5.3.iii except for the 

value of the constant, which determines the y-intercept on the log scale. 
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4 cases deleted due to missing data. 

dep var: logcu n: 60 multiple r: 0.967 squared multiple r: 0.935 
adjusted squared multiple r: 0.933 standard error of estimate: 0.107 

variable coefficient std error std coef tolerance t p(2 tail) 

constant 11.400 0.081 0.000 . 141.557 0.000 
solution -0.106 0.014 -0.258 0.999 -7.667 0.000 
log_cu_l 0.994 0.036 0.924 0.999 27.411 0.000 

analysis of variance 

source sum-of-squares df mean-square f-ratio p 

regression 9.360 2 4.680 412.432 0.000 
residual 0.647 57 0.011 

Table 5.3.iv: Final copper regression using uncoded log of copper levels in solution. 

For least squares regression, the dependent variable is estimated in terms of the 

independent variables by the equation: 

y =^0 + 51x1 +&2X2 + + &mxm 

From the regression analysis, the equation for the copper deposition model takes the 

form: 

lo9 (Cu Wafer) = 11.4 + 1.0 log (Cu Ljqujd) - 0.1 (Solution) 

Because the solution types are discrete, their levels (+1 for BOE and -1 for HF) may be 

substituted into the equations: 

log (Cu Wafer ) = 11.5 + 1.0 log (Cu HF) 
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log (Cu wafer) = 11 -3 + 1 -0 log (Cu 

These equations assume the following format: 

log (Cu wafer )= B0 + *log (Cu Liquid^ 

This model is plotted along with the sample data in figure 5.3.4. Notice that on this 

logarithmic scale, the slopes are 1.0 with a standard error of 0.04. Thus, the deposition 

characteristics for both HF and BOE are linear. The only difference between the solution 

types is a slight difference in the y-intercept. 
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Figure 5.3.4: Copper deposition model and data, on logarithmic scales. 



66 

The equation in logarithmic form is converted to natural units by the transformation: 

1 o '°9 (Cu Wafer) _ 1 q^O . 1 o '°9 (Cu Liquid) 

The deposition equations then assume the following form: 

a 

Cu Wafer = B0 * (Cu Liquid) 1 

A 

BO B1 

HF 3.16 x 1011 1.0 

BOE 2.00 x1011 1.0 

where Cu contaminant concentration in solution in parts per billion and Cu 

Wafer *s wafer surface density of the contaminant in atoms/cm^. The logarithmic 

model is thus transformed to natural units. This deposition model predicts copper surface 

density on the wafer from copper concentration in a solution in which the wafer was 

immersed. Figure 5.3.5 shows the deposition model in figure 5.3.4 converted back to 

natural units. Notice that because the slopes of the lines in the logarithmic form were 1.0, 

the deposition characteristics for both HF and BOE remain linear on the natural unit 

scale. The multiplicative constant accounts for the difference between the solution types. 

Hence, least-squares regression analyses of Phase II copper results indicate that copper 

deposits onto wafer surfaces in a linear characteristic with respect to solution 

concentration over the 50 to 500 ppb contaminant range. Solution type was also 

identified as a significant factor in copper deposition, but a factor with lesser effect than 
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copper level in solution. According to this empirical model, the presence of all the other 

factors had insignificant effects on the copper deposition. 
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Figure 5.3.5: Copper deposition model and data, on natural scales. 

The multiple regression identified copper and solution type as main factors in copper 

deposition. However, solution type may also encompass other factors which were not 

examined in this experiment, such as solution strength or presence of surfactant. The 

solution type has much less effect on copper deposition than the copper concentration in 

solution, as demonstrated by its much smaller regression coefficient. Thus, a generalized 

model based only upon copper concentration could be used to predict order-of-magnitude 

copper deposition in any HF-based solution, independent of the exact solution 
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composition. This model takes the same form as the one above, with different values for 

the multiplicative and exponential variables: 

Cu Wafer=2.34x1011 • (Cu Liquid)1 •" 

This model has an adjusted multiple of 0.87, accounting for 87% of the sample 

variation in Phase II. The straight line fit is certainly plausible; but at very high 

concentrations, the actual observed points may be slightly lower as the chemical 

equilibria changes or as the wafer surface becomes saturated. 

This model predicts the same order of magnitude results as obtained in Phase I, 

though predicted values are slightly lower than observed in Phase I. In figure 5.3.6, one 

can see that the slopes of the two trends are about the same. Several experimental factors 

that differed slightly between Phase I and Phase II could account for this. Recall that the 

BOE was the same in both phases. To determine whether the change in HF concentration 

accounts for the difference, the model was also plotted with solution types separated in 

figure 5.3.7. If varying HF concentration was the primary factor for this change, one 

would expect to see BOE data points from both experiments in overlapping ranges; the 

HF data points would appear further above and below the BOE data. This does not occur 

in figure 5.3.7. Instead, the copper shows more deposition from HF than from BOE in 

both Phase I and Phase II. This suggests that a more systematic difference in the 

experiments yields the observed difference. 

The model also compares well with previously published literature results (17, 20, 21, 

& 31), which are displayed in figure 5.3.8. Even though the previously published results 

were obtained from experiments processed under different conditions, the model certainly 

predicts very similar results. These results are well within the same order of magnitude. 
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Figure 5.3.6: Comparison of copper deposition data from three separate experiments 
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Phase I and II Cu Comparison 
split by solution types 
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Cu Model Comparison to Literature 
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Figure 5.3.8: Comparison of published copper deposition data with the generalized 
copper model. Note that the point at 10 ppb was actually from a solution of 10 ppb 
copper or less, and the lppb point was from an unspiked solution whose actual copper 
level was undetectable. 
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5.4 Gold Deposition 

Gold deposition was observed in Phase I experiments (figure 5.4.1). Even though it 

exhibited strong deposition tendencies, it was not re-examined in Phase II. The Phase II 

experiment was designed so that all contaminants could be measured on the same TXRF 

analysis tool (Technos Trex 610). Gold could only be detected on a different TXRF 

system (Atomika XSA-8000) than the other elements, which would have doubled the cost 

of analysis. It also caused interference with the molybdenum TXRF response. Moreover, 

gold's behavior has been well documented. It has been the object of much elimination 

efforts in the semiconductor manufacturing industry because it is so detrimental to 

semiconductor device performance. In fact, the facility which fabricates electrical test 

devices for associated projects of this research group would not allow any gold to be 

introduced into its process. This made further investigation of gold a lower priority than 

investigation of new elements. Although the two-level experiments were designed to 

merely identify or verify contaminants that deposit, the data can also be used to develop 

deposition models using the same statistical techniques discussed earlier. With only two 

levels, these models will necessarily be a straight line fit on the logarithmic scale, which 

may differ from results if more levels were present. However, such a model could be used 

to estimate order of magnitude deposition. 
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Figure 5.4.1: Wafer surface density of gold plotted against the concentration of gold in 

solution. 

Regression analysis proceeded with stepwise backward elimination (tables 5.4.i 

through 5.4.iv). Less significant factors were eliminated on the basis of t-statistics and 

two-tail probabilities. The final regression identifies gold concentration in solution as the 

main factor in gold deposition, with solution type also maintaining a significant but smaller 

effect. 

The model from this regression is, in logarithmic form: 

log (Au wafer ) = 10.9 - 0.12 (Solution) + 0.90 • log (Au Liquid) 
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Because solution type reflects two discrete values, their respective -1 and +1 levels can be 

substituted into the model to simplify it in terms of gold concentration only: 

'og (Au Wafer) = 11.1 + 0.90 • log (Au HF) 

log (Au Wafer) = 10.8 + 0.90 • log (Au bqe) 

Converted back to natural units, we obtain: 

Au Wafer= Liquid^ 1 

A 

BO B1 

HF 1.05 x1011 0.9 

BOE 6.03 x101° 0.9 

Here, the gold areal density on a wafer surface in atoms/cm^ is predicted from the gold 

contaminant concentration in solution in ppb. This model accounts for 93% of the sample 

variation. It is plotted in figure 5.4.2. 

From the regression output, the gold coefficient is 0.90 with a standard error of 0.04. 

This is slightly smaller than the coefficient of 1.0 obtained for copper in the previous 

section. Furthermore, on a natural unit scale, this would transform to a curved line rather 

than a straight line. Thus, in the regions modeled, gold deposition is not as strong as 

copper deposition. This may merely indicate that the regions modeled are different portions 

of a similar characteristic curve. 
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Because solution type has a much smaller effect on gold deposition, we again form a 

generalized model from the regression in table 5.4.v: 

log (Au Wafer) = 10.9 + 0.90 • log (Au Ljquid) 

Wafer= 7-^4 x * (Au Liquid) ^ ̂  

This generalized model is portrayed in figure 5.2.3. Even though this model excludes 

solution type, which the regression indicates is significant, it still accounts for 88% of the 

sample variation. 

In comparison to previously published data regarding gold deposition in BOE (21), this 

model predicts values that are about an order of magnitude lower than those results. Those 

results deviate slightly from a straight line, but the trend appears to have a similar slope to 

that predicted here. 



dep var: gold n: 32 multiple r: 0.986 squared multiple r: 0.973 
adjusted squared multiple r: 0.962 standard error of estimate: 0.095 

variable coefficient std error std coef tolerance t p (2 tail) 

constant 12.686 0.091 0.000 139, .132 0.000 
wafer -0.001 0.003 -0.054 0.108 -0, .501 0.621 

cu 0.027 0.017 0.057 1.000 1, .614 0.121 
au 0.455 0.022 0.953 0.576 20, .542 0.000 
cr -0.015 0.029 -0.031 0.335 -0, .508 0.616 
w 0.057 0.033 0.120 0.260 1, ,743 0.095 
pb -0.026 0.022 -0.054 0.576 -1. .155 0.260 
mo 0.021 0.018 0.043 0.867 1, .144 0.265 
ti -0.051 0.023 -0.107 0.552 -2, ,267 0.034 

solution -0.108 0.024 -0.226 0.507 -4. .566 0.000 

analysis of variance 

source sum-of-squares df mean--square f--ratio p 

regression 7.100 9 0.789 87, ,234 0.000 
residual 0.199 22 0.009 

Table 5.4.i: Initial gold regression. 

dep var: gold n: 32 multiple r: 0.981 squared multiple r: 0.962 
adjusted squared multiple r: 0.956 standard error of estimate: 0.101 

variable coefficient std error std coef tolerance t p (2 tail) 

constant 12.641 0.018 0.000 . 704. 666 0.000 
au 0.448 0.018 0.938 1.000 24. 967 0.000 
w 0.043 0.018 0.090 1.000 2. 408 0.023 

ti -0.059 0.018 -0.123 1.000 -3. 282 0.003 
solution -0.116 0.018 -0.243 1.000 -6. 470 0.000 

analysis of variance 

source sum-of-squares df mean-•square f-•ratio p 

regression 7.021 4 1.755 170. 441 0.000 
residual 0.278 27 0.010 

Table 5.4.ii: Subsequent gold regression. 
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dep var: gold n: 32 multiple r: 0.969 squared multiple r: 0.939 
adjusted squared multiple r: 0.934 standard error of estimate: 0.124 

variable coefficient std error std coef tolerance t p(2 tail) 

constant 12.641 0.022 0.000 . 574.896 0.000 
au 0.448 0.022 0.938 1.000 20.369 0.000 

solution -0.116 0.022 -0.243 1.000 -5.279 0.000 

source sum-of-squares 

regression 
residual 

6.850 
0.449 

analysis of variance 

df mean-square f-ratio p 

221.376 0.000 2 
29 

3.425 
0.015 

Table 5.4.iii: Gold regression identifying gold and solution as main factors in its 
deposition. 

dep var: gold n: 32 multiple r: 0.969 squared multiple r: 0.939 
adjusted squared multiple r: 0.934 standard error of estimate: 0.124 

variable coefficient std error std coef tolerance t p (2 tail) 

constant 10.941 0.086 0.000 . 126.759 0.000 
log_au 0.896 0.044 0.938 1.000 20.369 0.000 

solution -0.116 0.022 -0.243 1.000 -5.279 0.000 

source sum-of-squares 

regression 
residual 

6.850 
0.449 

analysis of variance 

df mean-square f-ratio p 

221.376 0.000 2 
29 

3.425 
0.015 

Table 5.4.iv: Final gold regression for uncoded log of gold levels in solution. 
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Figure 5.4.2: Gold deposition model with gold level and solution type as factors. 



dep var: gold n: 32 multiple r: 0.938 squared multiple r: 0.879 
adjusted squared multiple r: 0.875 standard error of estimate: 0.171 

variable coefficient std error std coef tolerance t p(2 tail) 

constant 
log au 

10.941 
0.896 

0.119 
0.061 

0.000 
0.938 

92.071 0.000 
1.000 14.795 0.000 

analysis of variance 

source sum-of-squares df mean-square f-ratio 

218.887 regression 
residual 

6.419 1 
0.880 30 

6.419 
0.029 

p 

0.000 

Table 5.4.v: Regression for generalized gold model. 
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Figure 5.4.3: Generalized gold deposition data and model. 
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5.5 Silver Deposition 

The two-level silver response indicates that silver may deposit in BOE and HF. Its 

statistical analysis was not as straightforward as copper, however. Deposition 

characteristics for silver are also more complex than those for copper. Recall from section 

5.1 that silver deposition overshadowed the tin response. One would suspect that the effect 

of tin on silver deposition might actually be the result of interference from tin's secondary 

energy emission that is near the silver energy levels. Then some tin response would 

actually be considered as silver response. However, the presence of tin actually inhibited 

silver response. This is the opposite of what one would expect if some tin emission was 

mistakenly attributed to silver response by TXRF. 

Three wafers were identified as outliers. Two wafers, #11 and #26, had no response 

measured by TXRF. These two wafers were outliers for copper also. The third outlier 

wafer was identified in the scatter plot (figure 5.5.1). For run 7, the wafer-to-wafer 

variation is extremely wide, yet the pairs of data from both wafers are very consistent. 

Since that run was a low (100 ppb) target level, the higher pair was removed. 
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Ag Scatter Plot 
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Figure 5.5.1: Scatter plot of sixty-two silver readings (both wafers from run 10 had no 
response and are not displayed). 

Regression analysis identified silver, solution type, and tin as factors in silver 

deposition (tables 5.5.i and 5.5.ii). The dependence upon silver level can be identified by 

the plots of silver wafer surface density versus silver level in solution (figures 5.5.2 and 

5.5.3). However, the model involving only these three factors does not match the data 

(5.5.4 and 5.5.5); one would expect the model to connect points at approximately the 

means for each level. Graphs of silver density against silver level (figure 5.5.6) and silver 

density against tin level (figure 5.5.7) display trends that indicate both silver and tin are 

factors. These figures also show some further clustering of points, indicating that 

interactions may also play a role. When this model (including the three main effects but 

excluding interactions) is partitioned into four parts for the solution types and tin levels, the 
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slope of the four lines is necessarily the same. Only the intercepts of the lines differ. For 

silver deposition in HF, it appears that the two levels of tin should result in lines with 

different slopes. Note, however, that one entire run of outliers was removed from the high 

silver/ high tin/ HF group. This means that those four high data points only represent one 

run. 

At this point, one could claim that interactions might not play a role physically. One 

could easily draw models by connecting the means of each of the groups of data in figures 

5.5.2 and 5.5.3. In other words, the deposition may have four different models for the 

four different cases which arise from two solution types and two tin levels. However, 

these same four models can be derived from the single model (which will be developed 

next) by substituting tin levels and combining terms. This single model is more powerful 

because any level of silver or tin may be specified, whereas the four separate models only 

apply to specific tin levels. This single model is actually a surface response in three 

variables — silver, tin, and solution type — displayed in pairs of two-dimensional graphs. 

Since silver and tin factors are expressed as continuous, quantified levels, it is logical to 

retain them as continuous variables in the models. The solution factor, however, consists 

of two discrete types. If the primary difference between HF and BOE in determining 

deposition was one of concentration of fluorine atoms, for example, then it would be 

reasonable to express fluorine concentration as a continuous variable. However, the HF 

and BOE have not yet been shown to behave similarly enough in contaminant deposition. 

Therefore, the final model will be split into two separate equations for the two solution 

types. Future experiments should examine differences in concentrations of a given solution 

type. 
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6 cases deleted due to missing data. 

dep var: logag n: 58 multiple r: 0.885 squared multiple r: 0.784 
adjusted squared multipie r: 0.714 standard error of estimate: 0.182 

variable coefficient std error std coef tolerance t p (2 tail) 

constant 12.500 0.952 0.000 13.131 0.000 
txrforde 0.004 0.006 0.059 0.816 0.749 0.458 

wafloc -0.071 0.072 -0.236 0.089 -0.988 0.328 
solution -0.164 0.025 -0.486 0.942 -6.650 0.000 
logculn -0.057 0.266 -0.065 0.055 -0.215 0.831 
logmoln -0.539 1.006 -0.617 0.004 -0.536 0.594 
logagln 0.219 0.026 0.648 0.822 8.283 0.000 
logmnln -0.042 0.028 -0.122 0.730 -1.474 0.148 
logsnln -0.153 0.026 -0.455 0.821 -5.812 0.000 
waferno 0.004 0.003 0.118 0.766 1.455 0.153 

f s 0.036 0.053 0.053 0.804 0.673 0.504 
left 0.126 0.124 0.159 0.203 1.013 0.317 
top -0.076 0.121 -0.099 0.202 -0.628 0.533 

txrfset 0.042 0.049 0.062 0.965 0.863 0.393 
run 0.053 0.084 0.764 0.004 0.640 0.526 

analysis of variance 

source sum-of-squares df mean-square f-•ratio p 

regression 5.169 14 0.369 11.140 0.000 
residual 1.425 43 0.033 

Table 5.5.i: Initial regression for silver deposition. 

6 cases deleted due to missing data. 

dep var: logag n: 58 multiple r: 0.855 squared multiple r: 0.731 
adjusted squared multiple r: 0.716 standard error of estimate: 0.181 

variable 

constant 
solution 
logagln 
logsnln 

coefficient 

13.107 
-0.169 
0.225 

-0.159 

std error 

0.024 
0.024 
0.024 
0.024 

std coef tolerance 

0.000 
-0.500 
0.667 

-0.470 

0.975 
0.975 
0.975 

549.722 
-7.005 
9.335 

-6.579 

p(2 tail) 

0.000 
0.000 
0.000 
0.000 

source sum-of-squares 

regression 
residual 

4.821 
1.773 

analysis of variance 

df mean-square f-ratio p 

48.958 0.000 3 
54 

1.607 
0.033 

Table 5.5.ii: Regression for silver identifying silver, solution type, and tin as factors in its 
deposition. 
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Figure 5.5.2: Silver deposition versus silver concentration in BOE. 
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Figure 5.5.3: Silver deposition versus silver level in HF. 
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Ag, BOE Data and Model 

Model Factors: Ag, Sn, Sol 
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Figure 5.5.4: Silver deposition model in BOE, with three main effects. 



Ag HF data and Model 
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Figure 5.5.5: Silver deposition model in HF, with three main effects. 
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Figure 5.5.6: Silver data versus silver level in solution indicates a relationship. 
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Ag Deposition vs. Sn Level 
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Figure 5.5.7: Silver data versus tin shows clustering of data about two groups at the high 
level of tin, indicating another factor or an interaction has an effect. 

Regression analysis with two-factor interactions (tables 5.5.iii and 5.5.iv) resulted in 

models with high multiple correlations. These models fit the data slightly better than the 

previous models with only main effects, but still did not fit the data particularly well 

(figures 5.5.8 and 5.5.9). 



6 CASES DELETED DOE TO MISSING DATA. 

DEP VAR: LOGAG N: 58 MULTIPLE R: 0.958 SQUARED MULTIPLE R: 0.919 
ADJUSTED SQUARED MULTIPLE R: 0.909 STANDARD ERROR OF ESTIMATE: 0.103 

VARIABLE COEFFICIENT STD ERROR STD COEF TOLERANCE T P (2 TAIL) 

CONSTANT 13.095 0.014 0.000 . 948. .119 0.000 
SOLUTION -0.163 0.014 -0.484 0.967 -11.916 0.000 
LOGAGLN 0.219 0.014 0.651 0.967 16. .014 0.000 
LOGSNLN -0.153 0.014 -0.454 0.967 -11. .167 0.000 
LOGAGSN -0.057 0.014 -0.169 0.961 -4. .149 0.000 
LOGSNSOL -0.049 0.014 -0.145 0.961 -3. .569 0.001 
LOGAGSOL 0.123 0.014 0.362 0.961 8. 875 0.000 

ANALYSIS OF VARIANCE 

SOURCE SUM-OF-SQUARES DF MEAN-SQUARE F-RATIO P 

REGRESSION 6.057 6 1.010 95. 984 0.000 
RESIDUAL 0.536 51 0.011 

Table 5.5.iii: Regression for silver deposition with three two-factor interactions. 

6 CASES DELETED DUE TO MISSING DATA. 

DEP VAR: LOGAG N: 58 MULTIPLE R: 0.948 SQUARED MULTIPLE R: 0.898 
ADJUSTED SQUARED MULTIPLE R: 0.889 STANDARD ERROR OF ESTIMATE: 0.114 

VARIABLE COEFFICIENT STD ERROR STD COEF TOLERANCE T P (2 TAIL) 

CONSTANT 13.102 0.015 0.000 . 865.167 0.000 
SOLUTION -0.166 0.015 -0.493 0.970 -10.984 0.000 
LOGAGLN 0.223 0.015 0.660 0.970 14.693 0.000 
LOGSNLN -0.156 0.015 -0.463 0.970 -10.306 0.000 
LOGAGSN -0.064 0.015 -0.189 0.980 -4.234 0.000 
LOGAGSOL 0.116 0.015 0.341 0.980 7.644 0.000 

ANALYSIS OF VARIANCE 

SOURCE SUM-OF-SQUARES DF MEAN-SQUARE F-•RATIO P 

REGRESSION 5.923 5 1. .185 91.892 0.000 
RESIDUAL 0.670 52 0. .013 

Table 5.5.iv: Regression for silver deposition with two (2) two-factor interactions. 
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Ag, BOE Data and Model 

Model Factors: Ag, Sn, Sol, Ag-Sol, Ag-Sn 
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Figure 5.5.8: Ag deposition model in BOE, with three main effects and two (2) two-
factor interactions. 
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Figure 5.5.9: Ag deposition model in HF, with three main effects and two (2) two-factor 
interactions. 

To determine the significant factors, another method had to be used. A regression was 

run on an orthogonal matrix of the wafer averages (table 5.5.v). Since one entire run was 

missing due to outlier removal, one column also had to be deleted to preserve 

orthogonality. The Xi*X2*X3*X4 column was deleted since a four-factor interaction 

would be the least likely to have an effect. Lenth's Statistic was calculated to estimate 

standard error and determine significant effects. The preliminary psuedo standard error 

(PSE0) was calculated as follows: 

PSE0 = 1.5 • median (|effects|) = 0.05 
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All factors above 2.5 * PSE0 were removed to recalculate the psuedo standard error. The 

factors removed were Ag, Sn, and solution. The PSE was recalculated as follows: 

PSE = 1.5 • median flremaining effects|) = 0.05 

The significance threshold was calculated using student's t distribution tables: 

T =x (1-o/2, int (DF/3)),pSE=0-12 

where a=0.05, DF (degrees of freedom) =14 

No additional factors were above T, implying that the only significant factors were Ag, Sn, 

and solution. However, the coefficients in the orthogonal matrix were graphed on a normal 

probability plot (figure 5.5.10). Those coefficients that deviate far from a straight line 

indicate which factors and interactions are the most significant ones. In this case, the 

silver-tin and silver-solution interactions are the next most significant factors, just as the 

previous regression analysis determined. These factors are followed by the three-factor 

interaction of silver-tin-solution and the two-factor interaction of tin-solution. These four 

interactions were added to the model. The regression for this model (table 5.5.vi) indicates 

a multiple correlation of 0.93. For BOE, the model is: 

log (Agw) = 11.0 

+ 0.79 • log (AgeoE ) 

- 0.31 • log (SneoE ) 

- 0.04 • log (AgeoE) * lo9 (SneOE) 
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For HF, the model is: 

'og (Agw) = 10-5 

+ 1.34 • log (AgHF) 

+ 0.89 • log (SnnF) 

- 0.45 • log (AgnF) * '°g (SnnF) 

In this model, the silver areal surface density in atoms/cm^ on the wafer is predicted in 

terms of the silver and tin contaminant concentrations in ppb in the chemical bath. This 

model represents the data more accurately, as depicted in figures 5.5.11 and 5.5.12. This 

model was graphed in natural units also, as portrayed in figure 5.5.13. In comparison to 

copper, these lines are curved because the resulting coefficient of the silver term is less than 

one when the values for tin level and solution type are substituted in the equations. The 

model shows that silver deposits in BOE, and slightly more silver deposits in HF, in 

proportion to its concentration in those solutions. Furthermore, higher tin levels inhibit 

silver deposition in both HF and BOE. For HF, this inhibition is so great that the curve 

appears to change its characteristic from a sloped line to a horizontal line on a logarithmic 

scale. For high levels of tin in HF, this horizontal line indicates that silver surface 

contamination does not depend on the silver level in solution. This suggests that some 

mechanism involving tin becomes saturated when tin levels are 1000 ppb, so that no more 

silver can deposit. 
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1 CASES DELETED DUE TO MISSING DATA. 

DEP VAR:AGRUNAVG 15 MULTIPLE R: 1.000 SQUARED MULTIPLE R: 1.000 

VARIABLE 

CONSTANT 
CULIN 
CUQUAD 
CUCUBE 
MOLIN 
X1X3 
X2X3 

MN 
MOQUAD 
X1X4 
X2X4 
SN 

MOCUBE 
SOLUTION 

AG 

COEFFICIENT 

13.115 
0.032 
-0.005 
0.103 

-0.032 
-0.077 
-0.030 
0.025 
0.072 
0.012 
-0.015 
-0.180 
-0.028 
-0.190 
0.247 

STD ERROR 

0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 

STD COEF TOLERANCE 

0.536 
0.536 
0.536 
0.536 
0.536 
0.536 
0.536 
0.536 
0.536 
0.536 
0.536 
0.536 
0.536 
0.536 

P (2 TAIL) 

Table 5.5.v: Regression on an orthogonal matrix of the wafer averages for silver. 

6 CASES DELETED DUE TO MISSING DATA. 

DEP VAR: LOGAG N: 58 MULTIPIE R: .970 SQUARED MULTIPLE R: .940 

ADJUSTED SQUARED MULTIPLE R: .932 STANDARD ERROR OF ESTIMATE: 0.089 

VARIABLE COEFFICIENT STD ERROR STD COEF TOLERANCE T P (2 TAIL) 

CONSTANT 13. .098 0.012 0.000 . 11E+04 0.000 
SOLUTION -0. .171 0.012 -0.506 0. 9469388 -14.260 0.000 
LOGAGLN 0. .227 0.012 0.672 0. 9469388 18.955 0.000 
LOGSNLN -0. ,160 0.012 -0.475 0. 9469388 -13.402 0.000 
LOGAGSN -0. .061 0.012 -0.180 0. 9560440 -5.095 0.000 
LOGSNSOL -0. .046 0.012 -0.135 0. 9560440 -3.814 0.000 
LOGAGSOL 0. ,119 0.012 0.351 0. 9560440 9.940 0.000 
AGSNSOL 0. ,051 0.012 0.152 0. 9469388 4.279 0.000 

SOURCE SUM-OF-SQUARES 

Regression 
Residual 

6.201 
0.393 

ANALYSIS OF VARIANCE 

DF MEAN-SQUARE F-RATIO P 

112.809 0.000 7 
50 

0.886 
0.008 

Table 5.5.vi: Regression result with three (3) two-factor interactions and one (1) three-
factor interaction. 
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Figure 5.5.10: Normal probability plot of regression coefficients. The strongest effects 
result from the three main factors. 
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Figure 5.5.11: Final silver deposition model in BOE, including main effects, two-factor 
interactions, and a three-factor interaction. 
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Figure 5.5.12: Final silver deposition model in HF, including main effects, two-factor 
interactions, and a three-factor interaction. 
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Figure 5.5.13: Final silver deposition model for HF and BOE on a natural unit scale, 
including main effects, two-factor interactions, and a three-factor interaction. 
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5.6 Molybdenum Deposition 

Molybdenum was found to deposit in both Phase I and Phase II experiments. 

Surprisingly, molybdenum deposition did not seem to depend upon its own concentration 

in the solutions in Phase I. Rather, it depended upon the copper concentration in solution. 

The Phase II experiment, with four levels for each of copper and molybdenum, further 

investigated this phenomenon. 

Phase II data for molybdenum is not as strongly conclusive as Phase II data for the 

other elements. Still, the molybdenum deposition's dependence upon copper 

concentration was reproduced. Phase II molybdenum results are obscured by a TXRF 

spectral interference with sulfur, which was also present in Phase I to a lesser degree. 

Because of the proximity of sulfur and molybdenum peaks, the Technos Trex 610 

attributed many of the low molybdenum responses to sulfur instead. It seems reasonable to 

assume that the sulfur response is actually molybdenum for a number of reasons. The 

molybdenum and sulfur responses were complementary; molybdenum was not detected 

where sulfur was detected, and vice versa. Figure 5.6.1 displays the molybdenum and 

sulfur concentrations on wafer surfaces as a function of the molybdenum level in solution, 

while figure 5.6.2 displays the same wafer surface densities against the copper level in 

solution. Phase I indicated that molybdenum surface concentration varies with copper 

density. If the sulfur is actually molybdenum, Figure 5.6.2 confirms this dependence. 

Note that the variability in the data is roughly uniform for increasing response means. 

These observations indicate that the responses attributed to sulfur are actually low levels of 

molybdenum. Subsequent regression analysis is based upon this assumption. 
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Figure 5.6.1: Phase II molybdenum/sulfur surface contaminant concentration versus 
molybdenum levels. 
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Figure 5.6.2: Phase II molybdenum/sulfur surface contaminant concentration plotted as a 
function of copper levels. Notice the relatively uniform variability as response mean 
increases. 

Regression analysis of molybdenum produced results which are not as definitive as for 

some of the other elements. Although copper, solution, and manganese were identified as 

most significant factors in the model (tables 5.6.i through 5.6.iii), the multiple correlation 

is only 0.57. Even when interactions are added, the multiple correlation remains low (table 

5.6.iv). As in the silver regression analysis, the orthogonal matrix was utilized. This 

analysis identified copper (linear) and copper (linear)-molybdenum as the major factors in 

deposition. Again, this model has a very low multiple correlation. It is quite possible that 

variability in the data simply will not fit accurately to a concise model. In any case, copper 
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appears to have a strong effect upon molybdenum deposition. This is an enhancement 

effect, where the presence of copper increases molybdenum deposition. 

1 CASES DELETED DUE TO MISSING DATA. 

DEP VAR: LOGMOS N: 63 MULTIPLE R: 0.855 SQUARED MULTIPLE R: 0 .731 
ADJUSTED SQUARED MULTIPLE R: 0.637 STANDARD ERROR OF ESTIMATE: 0 .236 

VARIABLE COEFFICIENT STD ERROR STD COEF TOLERANCE T P (2 TAIL) 

CONSTANT 13.327 1.125 0.000 . 11.849 0 .000 
TXRFORDE 0.020 0.008 0.230 0.729 2.566 0, .014 
WAFLOC -0.037 0.092 -0.107 0.083 -0.402 0, .690 

SOLUTION -0.080 0.030 -0.207 0.977 -2.670 0. .010 
LOGCULN 1.637 0.382 1.551 0.045 4.286 0, .000 
LOGMOLN 0.850 1.167 0.804 0.005 0.729 0, .470 
LOGAGLN -0.024 0.030 -0.062 0.957 -0.787 0. .435 
LOGMNLN -0.118 0.032 -0.301 0.863 -3.656 0, .001 
LOGSNLN -0.006 0.030 -0.016 0.959 -0.203 0. .840 
WAFERNO -0.001 0.003 -0.016 0.718 -0.182 0. .856 

F S 0.016 0.068 0.021 0.773 0.243 0. .809 
LEFT 0.078 0.157 0.087 0.189 0.497 0. .621 
TOP -0.044 0.155 -0.050 0.194 -0.286 0. .776 

TXRFSET 0.131 0.060 0.169 0.992 2.195 0. .033 
RUN -0.072 0.096 -0.853 0.004 -0.744 0. .461 

LOGCU2LN -0.392 0.604 -0.144 0.119 -0.649 0. ,520 
LOGCU3LN -3.051 1.331 -0.882 0.040 -2.292 0. .027 

ANALYSIS OF VARIANCE 

SOURCE SUM-OF-SQUARES DF MEAN-SQUARE F-RATIO P 

REGRESSION 6.939 16 0. .434 7. 

00 o
 

00 

0.000 
RESIDUAL 2.555 46 0. 056 

Table 5.6.i: Initial regression for molybdenum. 
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1 CASES DELETED DOE TO MISSING DATA. 

DEP VAR: LOGMOS N: 63 MULTIPLE R: 0.850 SQUARED MULTIPLE R: 0.722 
ADJUSTED SQUARED MULTIPLE R: 0.687 STANDARD ERROR OF ESTIMATE: 0.219 

VARIABLE COEFFICIENT STD ERROR STD COEF TOIERANCE T P (2 TAIL) 

CONSTANT 12.471 0.121 0.000 . 103. .442 0.000 
TXRFORDE 0.021 0.007 0.241 0.830 3. 093 0.003 
SOLUTION -0.079 0.028 -0.203 0.988 -2. 844 0.006 
LOGCULN 1.428 0.235 1.354 0.102 6. 073 0.000 
LOGMNLN -0.117 0.029 -0.299 0.920 -4. 037 0.000 
TXRFSET 0.130 0.055 0.167 0.997 2. 348 0.023 
LOGCU2LN -0.332 0.545 -0.122 0.126 -0. 609 0.545 
LOGCU3LN -3.019 1.227 -0.873 0.040 -2. 461 0.017 

SOURCE SUM-OF-SQUARES 

REGRESSION 
RESIDUAL 

6.856 
2.638 

ANALYSIS OF VARIANCE 

DF MEAN-SQUARE F-RATIO P 

20.423 0.000 7 
55 

0.979 
0.048 

Table 5.6.ii: Intermediate regression for molybdenum. 

1 CASES DELETED DUE TO MISSING DATA. 

DEP VAR: LOGMOS N: 
ADJUSTED SQUARED MULTIPIE R: 

63 MULTIPLE R: 0.769 SQUARED MULTIPLE R: 0.591 
0.570 STANDARD ERROR OF ESTIMATE: 0.257 

VARIABLE COEFFICIENT STD ERROR STD COEF TOLERANCE P (2 TAIL) 

CONSTANT 
SOLUTION 
LOGCULN 
LOGMNLN 

12.854 
-0.079 

774 
131 

0.035 
0.033 
0.089 
0.033 

0.000 
-0.204 
0.734 
-0.335 

0.988 
0.964 
0.953 

369.214 
-2.435 
8.654 
-3.928 

0.000 
0.018 
0.000 
0.000 

SOURCE SUM-OF-SQUARES 

REGRESSION 
RESIDUAL 

5.608 
3.885 

ANALYSIS OF VARIANCE 

DF MEAN-SQUARE F-RATIO P 

28.390 0.000 3 
59 

1.869 
0.066 

Table 5.6.iii: Continued regression analysis for molybdenum showing copper, manganese, 
and possibly solution as main effects. 
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1 CASES DELETED DUE TO MISSING DATA. 

DEP VAR: LOGMOS N: 
ADJUSTED SQUARED MULTIPLE R: 

63 MULTIPLE R: 0.792 SQUARED MULTIPLE R: 0.627 
0.580 STANDARD ERROR OF ESTIMATE: 0.254 

VARIABLE COEFFICIENT STD ERROR STD COEF TOLERANCE T P (2 TAIL) 

CONSTANT 12.860 0.035 0.000 369. .259 0.000 
SOLUTION -0.096 0.035 -0.248 0.842 -2. .764 0.008 
LOGCULN 0.733 0.097 0.695 0.805 7. ,570 0.000 
LOGMNLN -0.136 0.035 -0.346 0.860 -3. .894 0.000 
CU MN -0.138 0.097 -0.137 0.735 -1. .423 0.161 

CU SOLN -0.191 0.097 -0.195 0.698 -1. .976 0.053 
CU MN SO 0.003 0.097 0.003 0.720 0. 031 0.976 
MN SOLN 0.016 0.035 0.040 0.853 0. 450 0.654 

SOURCE SUM-OF-SQUARES 

REGRESSION 
RESIDUAL 

5.954 
3.539 

ANALYSIS OF VARIANCE 

DF MEAN-SQUARE F-RATIO P 

13.219 0.000 7 
55 

0.851 
0.064 

Table 5.6.iv: Regression for molybdenum with selected interactions. 

1 CASES DELETED DUE TO MISSING DATA. 

DEP VAR: LOGMOS N: 63 MULTIPLE R: 0.758 SQUARED MULTIPLE R: 0.574 
ADJUSTED SQUARED MULTIPLE R: 0.552 STANDARD ERROR OF ESTIMATE: 0.262 

VARIABLE 

CONSTANT 
SOLUTION 
LOGCULN 
MO SOLN 

COEFFICIENT 

12.866 
-0.117 
0.709 

-0.318 

STD ERROR 

0.035 
0.036 
0.090 
0.090 

STD COEF TOLERANCE 

0.000 
-0.300 
0.672 

-0.328 

0.839 
1.000 
0.839 

362.948 
-3.235 
7.905 

-3.538 

P (2 TAIL) 

0.000 
0.002 
0.000 
0.001 

SOURCE SUM-OF-SQUARES 

REGRESSION 
RESIDUAL 

5.450 
4.043 

ANALYSIS OF VARIANCE 

DF MEAN-SQUARE F-RATIO P 

26.511 0.000 3 
59 

1.817 
0.069 

Table 5.6.v: Regression for molybdenum with major factors and interactions identified in 
the regression of table 5.6.v. 
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CHAPTER 6 

DISCUSSION 

Trace amounts of copper, gold, molybdenum, and silver have been found to deposit 

onto wafer surfaces from HF and BOE. Factors in the depositions may include 

contaminants and solution types. Synergistic effects between elements have been 

observed. To characterize their behavior under specific conditions, deposition models for 

these contaminants have been developed. Because the replicated data displayed uniform 

variability with increasing levels, the contaminant deposition characteristics may be 

naturally exponential phenomena. Portions of some models may be linear over certain 

contaminant level ranges, as shown in the copper analysis. In figure 6.1, the deposition 

models are plotted together so that the amount of deposition of these contaminants may be 

compared. 
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Figure 6.1: Comparison of deposition models for copper, gold, and silver. 

Chromium was detected on runs with high levels of chromium in HF, but undetected 

on runs with low levels. If detection limits could be improved, chromium deposition in HF 

could be confirmed and modeled. Lead results were not recoverable due to TXRF 

interferences from gold and molybdenum, though lead may actually deposit. Manganese, 

tin, titanium, and tungsten were not found on the wafer surfaces, subject to their TXRF 

detection limits. The detection limits for tin and tungsten, however, were rather high 

because of neighboring energy peaks of other elements in the experiments. Manganese and 

titanium did not deposit down to lower detection limits. If these metals are soluble in HF, 
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it appears that the HF-based solutions effectively remove these contaminants from silicon 

substrates. 

These experiments should lead to exploration of the underlying chemical mechanisms 

by which metal contaminants deposit onto silicon. Many kinetic, electrochemical, and 

thermodynamic principles may affect contaminant deposition. It is not certain whether 

metal contaminants deposit as ions or as molecular complexes. Contaminant ions or 

complexes may deposit in a manner similar to charged and uncharged particles, which 

involve diffusion from higher concentrations through a boundary layer (32). Surface 

phenomena are often described by adsorption and desorption (33, 34, 35, &36). They 

may also be explained in terms of kinetic action, enthalpy, entropy, and free energy of 

formation (37). Thus they may depend upon equilibrium conditions and reagent 

concentrations. If a metal contaminant is ionized in a solution, it may deposit by an 

electroplating mechanism (38). This is an electrochemical cell reaction whereby the 

contaminant and the silicon surface form a cathodic/anodic pair that undergo oxidation-

reduction via electron transfer (38 & 39). Possible reactions could be deduced from 

standard electrochemical cell reaction tables (40). In this case, electron affinities would 

also play a role. Also, type and amount of substrate doping might affect the silicon's 

reaction potential. Deposition may depend upon a metal's ionization tendency (41 & 42 ) 

and ethalpy of oxide formation (42). These factors may predict whether a contaminant will 

deposit onto an oxidized or bare silicon surface. Deposition may occur through formation 

of metal complexes, perhaps with boron, fluorine or hydroxyl groups, which then bond 

more readily to the silicon surface. In this case, deposition would depend upon solution 

type, concentration, and pH (5 & 43). Boron has been found to collect on wafer surfaces 

from ambient cleanroom air (44), which would have a major impact on any metal-boride 

deposition mechanism. The condition of the wafer surface is also believed to play a major 
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role in metal contaminant deposition (45 & 46). A hydrophilic wafer surface will draw 

solution across it as it is removed from the bath, and contaminants may adhere to the 

surface. Roughening of the wafer surface after removal of the native oxide by silicon 

etchants like HF-based solutions may be an important factor to consider (47 & 48). The 

synergistic effects observed in this experiment indicate that the mechanisms for deposition 

may be complex. In any event, the synergistic effects observed in this research emphasize 

a need to examine many factors at once rather than by themselves. Misleading results may 

have developed if those particular contaminants had been examined in isolation. 

From the results of these experiments, it is clear that future experiments should address 

many considerations. The foremost requirement is preliminary speculation about chemical 

mechanisms governing metal contaminant deposition. Such hypotheses should explain the 

behavior observed in these experiments and predict deposition under specific conditions. 

This would provide guidelines regarding the most important criteria to examine. Many 

conditions must be examined or monitored. These conditions include contaminant, 

solution, and wafer parameters. Contaminant parameters include electron affinity, 

electronegativity and electron orbital hybridization, complex formation, oxide formation, 

and oxidation/reduction potentials. Solution parameters include type, concentration, pH, 

presence of surfactant, and immersion time. Wafer parameters include surface condition 

(oxidized or bare, patterned or unpatterned, hydrophobic or hydrophilic) and background 

dopant types and levels. In addition, the currently available surface analysis techniques are 

major experimental constraints to consider. Detection limits must be improved to provide 

results that are closer to those observed in the semiconductor industry. Those techniques 

that can resolve smaller trace quantities, such as vapor phase decomposition with atomic 

absorption spectroscopy, involve a tradeoff with other criteria like lateral resolution. 

Because of the synergistic mechanisms observed in these experiments, a surface analysis 
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technique that can identify ion complexes is desired. Other surface conditions, such as 

surface roughness, should also be monitored during the experiment. 

A brief comparison of chemical data from a periodic table (49) for the ten contaminants 

investigated in these experiments is listed in table 6.i. The contaminants are labeled in 

terms of their deposition tendencies. Within each of the three groups, they are listed from 

left to right in order of decreasing magnitude of deposition or decreasing detection limits. 

No clear trends are apparent here, but those metal contaminants which were found to 

deposit tend to have unfilled outer electron shells. This suggests that covalent bonding 

plays an important role in the metal contaminant deposition mechanisms. 

These initial experiments were performed to contribute to the body of knowledge 

regarding metal contaminant deposition. They have empirically determined deposition 

characteristics. With the information gained, subsequent experiments may elucidate the 

chemical phenomena that govern trace metal contaminant deposition. 



Strong Depositors Possible 

Depositors 

Non-Depositors (subject to 

detection limits) 

Cu Au Mo Ag Cr Pb Sn W Mn Ti 

covalent radius 

(A) 

1.17 1.34 1.30 1.34 1.18 1.47 1.41 1.3 1.17 1.32 

atomic radius 

(A) 

1.57 1.79 2.01 1.75 1.85 1.81 1.72 2.02 1.79 2.00 

first ionization 

potential (V) 

7.726 9.225 7.099 7.576 6.766 7.416 7.344 7.98 7.435 6.82 

heat of fusion 

(kJ/mol) 

13.05 12.55 32.0 11.30 16.9 4.799 7.029 35.4 12.05 15.45 

h e a t  o f  

vaporization 

(kJ/mol) 

300.3 344.4 598.0 250.6 344.3 177.7 295.8 824.0 226.0 421.0 

electro

negativity 

1.9 2.54 2.16 1.93 1.66 2.33 1.96 2.36 1.55 1.54 

outer shell 

electron 

configuration 

4s1 6s1 4d5 

5s1 

5s1 3d5 

5s1 

6p2 5p2 5d4 

6s2 

3d5 

4S2 

4S2 

Table 6.i: Comparison of chemical data for the ten contaminants. 
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CHAPTER 7 

CONCLUSIONS 

These experiments have examined deposition of ten metal contaminants that could be 

present in a fabrication process and that may have detrimental effects on semiconductor 

devices. Copper, gold, molybdenum and silver were identified as contaminants that 

deposit onto silicon wafers from BOE and HF. 

Empirical models, which account for differences in contaminant surface density based 

upon solution type and contaminant concentration, have been formulated. Because of their 

appropriate modeling on a logarithmic scale, contaminant deposition seems to be a naturally 

exponential phenomenon. Interactions between some factors were found to affect 

deposition. For cases where one element influences another metal's deposition, both 

enhancement and inhibitory effects have been found. 

The information from these deposition experiments is useful for determining chemical 

purity levels necessary to minimize device degradation. By identifying which elements are 

most critical for process chemical purity, this information can also focus efforts in the 

semiconductor and chemical industries where they are needed most. 
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