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ABSTRACT 

The advancement of IC technology has led to an increasing demand for faster and 

cheaper microelectronic devices. One of the key processing steps in fabricating ultra-

large scale integration devices is copper chemical-mechanical planarization (CMP). 

Traditional copper CMP slurries use hydrogen peroxide as an oxidant. A novel copper 

CMP slurry based on hydroxylamine chemistry is being considered as an alternative to 

hydrogen peroxide based slurries. 

The main goal of the research reported in this dissertation is to understand the 

removal of copper in hydroxylamine based chemistries. Copper removal experiments 

were performed on a regular CMP tool and a specially designed electrochemical abrasion 

cell (EC-AC). The effects of applied pressure and abrasion speed were investigated on 

both tools. The electrochemistry of copper in hydroxylamine based chemistry was 

investigated using electrochemical techniques on the EC-AC tool. The techniques include 

electrochemical polarization and voltammetry. The effects of solution pH and 

hydroxylamine concentration on the polarization of copper were systematically 

investigated. The fate of hydroxylamine and other nitrogen-based species were studied 

using capillary electrophoresis chromatography. 

The removal rates of copper obtained from a regular CMP tool were twice as much as 

the rates obtained from the EC-AC tool. However, the removal rates from both tools 

showed the same trend with respect to pH. Interestingly, a maximum peak in copper 

removal rates occurs at a pH value of 6, and a significant decrease in rates occur at pH 

values deviating from 6. The copper removal results obtained from the EC-AC tool with 
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and without abrasion showed that the high removal rate at pH 6 is largely due to chemical 

attack. The reactions involved in the oxidation of copper are dependent on the 

decomposition and complexation behaviors of hydroxylamine. Electrochemical analysis 

showed the removal of copper may be dependent on the reduction of nitric oxide (NO) to 

hyponitrous specie (H2N2O2). Capillary electrophoresis chromatography analyses showed 

the consumption of hydroxylamine and species generated from the auto-

oxidation/reduction of hydroxylamine. 

In slightly alkaline pH conditions, the removal of copper was predominantly due to 

mechanical abrasion of the surface oxide. This was supported by the potential-pH 

diagrams and the analysis of applied pressure and relative velocity. At pH values ranging 

9+ 
from 3 to 5, the removal of copper was due to oxidation of Cu to Cu . 



CHAPTER 1. INTRODUCTION 

1.1. Introduction 

The development of integrated circuits (IC) on silicon substrate has evolved from 

2,250 transistors per chip in 1971 to 42 million transistors in 2000. This increase in the 

number of transistors has been fueled by the fierce competition among the IC 

manufacturers for faster and lower-cost devices. In order for an IC manufacturer to stay 

competitive, the number of transistors must double every two years. This was first 

predicted by Gordon Moore and appropriately named "Moore's Law."^'^ 

Earlier devices with feature sizes of 1 |j,m and larger have utilized aluminum-based 

alloys (resistivity -2.5 ^iQ-cm) as the interconnect metallization quite effectively. As the 

need for faster devices increase, interconnect metallization with lower resistance than 

aluminum-alloys is required to reduce signal delay. Copper metal with resistivity of about 

1.67 i^Q-cm has become the metallization of choice for fabricating sub-micron devices. 

To reduce the resistance-capacitance (RC) delay, a dielectric material with a lower 

dielectric constant than SiOa is necessary. 

In order to lower the cost of chip manufacturing, high density ICs, also known as 

ultra-large scale integration (ULSI) are necessary. New processes will be required for the 

manufacturing of these ULSI devices, and as a result new challenges will occur. In 

anticipation of these challenges, a handbook has been compiled and published by 

Semiconductor Industry Association (SIA)^^^ every few years. The handbook lays out a 

roadmap of various technologies that currently pose problems or that need to be 

developed by a certain time in order for manufacturing future generations of ULSI 



devices to be possible. According to the 2001 SIA roadmap^^^, a continuation of copper 

metallization and 1OW-K dielectrics is still adequate for the 22 nm (DRAM !/2 Pitch) 

technology node in 2016 without significant RC delays while maintaining optimal IC 

performance. 

The increase in device density requires a muhileveled interconnect structure 

consisting of metal/dielectric layers. A cross-sectional view of a metal-oxide-

semiconductor field effect transistor (MOSFET) with three metal layer structure is shown 

in Figure 1.1. The metal layers provide electrical power and signals to the MOSFET. In 

Figure 1.1(a), the metal/dielectric layers were fabricated without any planarization, and 

Figure 1.1(b) shows the metal/dielectric layers fabricated with planarization. The un-

planarized metal/dielectric layers have a surface topography which may be problematic 

during photolithography. In the fabrication of 1 ^m devices, the un-planarized 

interconnect structure may not be a concern. However in the fabrication of devices less 

then 0.1 |j.m, an un-planarized interconnect structure will make photolithography 

extremely difficult. 

Chemical-mechanical planarization (CMP) has emerged as a technique of choice for 

planarizing metal and dielectric layers. In a CMP process, the surface topography of 

metal/dielectric layers are removed by polishing (with applied pressure) the surface using 

a slurry that contains chemicals and abrasive particles. 
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(a) Without Planarization 

Metal 3 
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Figure 1.1. Cross-sectional view of a MOSFET with multilevel interconnect structure: (a) 
Surface topography without planarization, and (b) showing the reduction of the 
probamatic surface topography with planarization. 
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Traditional copper CMP slurries use hydrogen peroxide as an oxidant and the silica 

particles as abrasives. In addition to these constinuents, other chemicals such as 

complexing agents, corrosion inhibitors, and buffers are typically present in copper CMP 

slurries. Hydrogen peroxide is unstable in the presence of certain metal ions and systems 

with large surface area. Hence, fabrication plants have to install equipments that can 

monitor the concentration of hydrogen peroxide in the slurry. This has become 

prohibitively expensive. 

A novel chemical system based on hydroxylamine (NH2OH), first developed by EKC 

Technology of Hay ward, CA (a subsidiary of DuPont Electronic Technologies), has 

properties that can benefit the copper/barrier metal CMP process in many ways. 

Hydroxylamine complexes copper ions effectively and hence eliminates the need for 

additional complexing chemicals in slurries. It also provides higher removal rates for 

barrier metals, such as tantalum, than hydrogen peroxide based chemistries. 

Copper CMP processes is routinely carried out in fabrication of 130 nm devices. As 

the device size shrinks below 100 nm, the integration of copper with 1OW-K dielectrics is 

coming into the forefront. These 1OW-K materials are very soft and porous, and cannot 

withstand the pressures typically applied during a traditional CMP process. Hence, many 

alternatives to the traditional CMP processes are being evaluated. In these processes there 

is more emphasis on the 'chemical' aspects of CMP than 'mechanical' aspects. Some of 

these alternative planarization techniques are electrochemical-mechanical deposition and 

spin-etch planarization. In a process known as electrochemical-mechanical deposition, 

partial planarization of the copper surface is achieved during the electrochemical 
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deposition of copper. Spin-etch planarization is achieved purely based on a chemical 

system.^'*' 

Inspite of the heavy use of CMP methods for fabrication of copper interconnect 

structures, the mechanism of copper CMP is far from understood. In the removal of 

copper using hydroxylamine based slurries, the process is fraught with challenges. The 

main goal of this research reported in this dissertation was to understand the removal of 

copper in hydroxylamine based chemistries. The objectives include performing 

electrochemical experiments under abrasion and actual CMP experiments. Due to the 

multivalent nature of nitrogen, the hydroxylamine chemistry is very rich and 

complicated. Using capillary electrophoresis chromatography, an understanding of the 

hydroxylamine redox chemistry during removal of copper has also been attempted. 
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1.2. Research Objectives 

The main goal of this research is to carry out fundamental studies to understand the 

effect of hydroxylamine on removal of electrodeposited copper thin film under simulated 

CMP conditions. Specific objectives are as follow: 

1. To construct potential-pH diagrams, and to understand the redox reactions in 

aqueous hydroxylamine solutions that can control the dissolution of copper. 

2. To design and build an electrochemical abrasion cell (EC-AC), and to simulate 

CMP on a small scale and carry out electrochemical investigation during abrasion. 

3. To conduct chemical analysis using capillary electrophoresis chromatography 

(CEC), to identify chemical species in reaction products, and to understand the 

mechanisms of copper-hydroxylamine redox chemistry. 

4. To propose mechanisms for the removal process of copper in hydroxylamine 

based chemistries. 
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CHAPTER 2. BACKGROUND AND LITERATURE REVIEW 

2.1. Chemical-Mechanical Planarization 

Chemical-mechanical planarization (also referred to as chemical-mechanical 

polishing or CMP) is currently the most cost-effective technique in removing 

electrodeposited copper and reducing topography by planarizing copper metal plugs and 

lines. The procedures in removing copper and planarizing the topography is 

schematically shown in Figure 2.1. In step (1), the copper was electrodeposited into the 

vias and the trenches. After filling and overfilling the vias and trenches, severe 

topography forms on the metal surface. 

Copper CMP is typically performed in two phases. The first phase is bulk copper 

removal, shown in Figure 2.1 step (2). This is usually achieved with a slurry chemistry 

that will have a high copper removal rate. The removal rate of copper during Phase I is 

typically around 3,000 to 5,000 A/min. Phase I planarization usually ends with a small 

amount of copper remaining without exposing the barrier/adhesion metal. Phase II 

consists of removing the remaining copper and barrier/adhesion metal, shown in Figure 

2.1 step (3). The slurry chemistry for Phase II CMP usually focuses on removal of the 

barrier/adhesion metal. The selectivity between copper and barrier metal ideally is one-

to-one, but often it is around two-to-one and the overall removal rate is usually around 

500 A/min. The overpolish of the dielectric material, which occurs at the end of Phase II, 

is to ensure that no remaining copper or barrier/adhesion metals are left on the dielectric 

surface that may lead to shorting of the conducting lines. 
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The characteristics of surface topography are often placed in two categories: local and 

global planarityJ^' In Figure 2.2(a), a quantitative perspective on the surface topography 

is schematically shown. After deposition, the surface topography is largely due to the step 

coverage over the inter-level dielectrics (ILD). Severity of the topography can be easily 

defined by the topography angle, 0. 

0 = tan -1 1^2 
(2.1) 

V y R 

In areas of high pattern density, R (step coverage distance) will decrease in relation to D2 

(step height of deposited metal or depth of focus); 0 then will be high. In areas of low 

pattern density, 0 will be low. The goal of CMP is to reduce topography and obtain global 

planarity, 0 < 0.5°. During CMP, in order to decrease D2, the reduction of Mi must be 

greater than M2. This is referred to as step-height reduction (SHR): 

= (2.2) 
Dj (pre-planarization) 

Ideally, perfect planarity is SHR = 1 and 0 = 0°. 

With copper CMP, the goal is not only to achieve planarity but also to remove M| 

completely and reduce D2 to zero. In areas of different pattern density, trying to achieve 

optimal SHR without introducing additional defects has become the biggest challenge. As 

seen in Figure 2.2(b), defects such as dishing and erosion are common and can be 

detrimental to the IC performance. At low pattern density, the effects of dishing are 

typically more severe than at high pattern density. On the contrary, erosion effects are 

more evident at high pattern density than low.^^^ 
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Figure 2.1. Formation of copper interconnect structures. (1) Electrodeposition of copper 
to fill vias and trenches. (2) Bulk copper removal, Phase I of copper CMP. (3) 
Barrier/adhesion metal removal and overpolish, Phase II of copper CMP. 
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Figure 2.2. (a) Measurement of planarity.^^^ (b).The effect of pattern density on 
topography defects. At low pattern density, dishing is severe. With increasing pattern 
density, dishing becomes minimal but erosion becomes more evident. 



2.1.1. CMP Tools 

A CMP tool is usually composed of a wafer carrier and a platen. The role of the wafer 

carrier is to carry the silicon wafer onto the polishing pad/platen and to apply a down 

force against the polishing pad/platen. There are currently three distinct CMP tool 

designs: 

1. Traditional polisher - carrier and platen both move in rotory motion;'^^' 

2. Orbital polisher - the wafer carrier moves in rotary motion in respect to the 

polishing pad, which moves in an orbital fashion; 

3. Linear polisher - the wafer carrier moves in a rotary motion while the pad 

moves in linear fashion, much like a belt sander.''*'' 

The schematic diagrams of all three CMP tools are shown in Figure 2.3. Each tool has its 

own advantages and disadvantages. For example, the advantage of the traditional rotary 

tool is that the design is several decades old and has been researched and developed quite 

extensively. The rotary tool typically gives consistent and reproducible results in both 

removal rate and surface planarity. Mechanics of the rotary tool are also simple and easy 

to maintain. The disadvantage of the rotary tool is large variations in relative velocity 

between wafer and pad, especially with increasing wafer size. On the other hand, the 

linear polisher has small variations in relative velocity across the wafer. 

The second disadvantage of the rotary tool is its inefficient slurry distribution. This is 

usually done by dripping the slurry on the polishing pad. Typically, less than 20% of the 

dispensed slurry is actually used for planarization. The rest of the slurry runs off the pad 
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and into the waste stream. The orbital tool, in contrast, effectively reduces the amount of 

unused slurry by dispensing the slurry through the pad directly underneath the wafer. 

2.1.2. CMP Consumables (Pads) 

The role of the CMP pad is to provide mechanical support and deliver appropriate 

amounts of slurry chemicals to the wafer surface. The most commonly used CMP pads 

are made of polyurethane. During the casting and polymerization process, the final 

properties of the polyurethane pad can be adjusted and engineered for specific 

application. For example, Rodel® (a polyurethane pad manufacturer) categorizes the 

polyurethane pad based on its density, hardness, and compressibility.'^"' Rodel's 

ICIOOO™ pads are cast and polymerized with micropores to give the pad high rigidity as 

well as compressibility. Rodel's Suba'^'^ pads are formed with polyurethane impregnated 

polyester felt. The Suba pads usually have higher compressibility and lower density than 

the ICIOOO pads. The properties of Rodel's polyurethane pads are tabulated in Table 2.1. 

Table 2.1. Polyurethane pad properties.'"' 

Pad Name Pad Density (g/cm^) Compressibility (%) Hardness 

ICIOOO -A1 0.63-0.80 2.25 57 (Shore D) 

- A2 0.74-0.83 2.25 57 (Shore D) 

Suba 550 -0.34 6 73 (Shore A) 

Suba 500 0.34 7 72 (Shore A) 

SubaX -0.3 10 66 (Shore A) 

SubaIV 0.3 15 61 (Shore A) 

Politex® Supreme N/A High Soft 
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(c) Linear type CMP tool. 

Figure 2.3. Schematic diagrams of the traditional rotary, orbital, and linear driven CMP 
tools.t«-'«l 
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Rodel's ICIOOO pad is the hardest of all Rodel pads and commonly used to obtain 

optimal removal rates and local uniformity. Due to the rigidity of ICIOOO pads, it proved 

difficult in conforming to the wafer surface. A stack of ICIOOO and Suba IV pads forms a 

more conformal single pad to obtain better global planarity. 

Suba pads and Politex Supreme pads (Rodel softest) are often used for the final 

buffing steps of the CMP process. The final buffing steps polish the wafers with DI water 

and sometimes mild chemistries. The goals are to reduce the amount of particulate 

contaminates on the wafer surface and also to smooth out any scratches that were formed 

during earlier CMP process steps. The high compressibility and soft properties of Suba 

and Politex Supreme pads make them ideal for transporting the chemical to and 

particulate contaminates away from the wafer surface. 

A new generation of pads with abrasive particles embedded as part of the pad matrix 

is slowly emerging as a potential replacement for traditional polyurethane pad and slurry 

CMP. The new pad is commonly referred to as "fixed abrasive pad" (FAP). The pad 

surface has micro-replicated post structures that contain the abrasive particles evenly 

dispersed in a composite binder. The abrasive posts are bonded to a ridgid polycarbonate 

layer that is itself adhered to a resilient foam layer (urethane impregnated felt) similar to 

the IClOOO/Suba IV stack pads.^^^^ The biggest advantage of using FAP is eliminafing the 

use of abrasive particles in the slurry. Since abrasive particles are already embedded into 

the pad, during CMP the particles dislodge from the pad at point of use so no excess 

abrasive particles are introduced onto the wafer surface. Because only a small amount of 



particulate contaminates is introduced onto the wafer surface, the number of defects after 

CMP are decreased. 

2.1.3. CMP Consumables (Slurries) 

The role of a CMP slurry is to chemically modify a material's surface which 

effectively removes layers of material and reduces surface roughness. The composition of 

a typical CMP slurry has an oxidant and abrasive particles. The concentration of each 

individual component and the slurry's pH will contribute to CMP removal rates, 

selectivity between different materials, and generation of defects. Common defects are 

those that result in loss of uniformity and planarity, as shown in Figure 2.2(b). Other 

defects are surface scratches and particulate contamination. 

In oxide CMP, the pH of the slurry is typically alkaline, around 9 to 11. The bases 

used to adjust the pH are usually potassium hydroxide (KOH), ammonium hydroxide 

(NH4OH), or tetramethylammonium hydroxide (TMAH).^'"'^ If ionic contaminates, such 

as K"^ from KOH, is of concern during CMP, NH4OH or TMAH are used instead. The 

abrasive particles used for oxide CMP are usually colloidal silica (SiOi) and ceria 

(CeOa). The abrasive concentration in the slurry is 5 to 30 weight percent. The average 

size of the abrasive particles is 50 to 400 nm. Both the abrasive concentration and particle 

size can have significant effects on removal rate and defect generation. An increase in 

abrasive concentration usually results in increasing removal rates during oxide CMP. 

However, increasing abrasive concentration tends to form some agglomeration between 

the particles. The increase in overall particle size usually results in larger and deeper 
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surface scratches. The increasing abrasive concentration also leads to higher particulate 

contamination after CMP. 

In metal CMP, the slurry composition becomes considerably more complicated. The 

oxidants currently being used are hydrogen peroxide (H2O2), potassium iodate (KIO3), 

ferric nitrate (Fe(N03)3), potassium ferricyanide (K3Fe(CN)6), and hydroxylamine 

(NH20H).'''^^ The pH of the slurry for metal CMP is largely dependant on the metal itself 

For tungsten, the slurry pH is usually acidic, from 2 to 4. For copper, the slurry pH ranges 

from 3 to 9. Additives such as complexing or chelating agents are often used to ensure 

the solubility of metal ion in solution. The combination of an oxidant and a complexant 

based chemistry are known to form a fairly strong etchant. High etch rates are beneficial 

during the bulk metal removal. Figure 2.1(1). For fmal polish. Figure 2.1(3), the high etch 

rate will contribute to a significant recession in the metal plugs and lines. To prevent the 

effect of recession during CMP, a corrosion inhibitor is added into the slurry. For 

example, with copper metal, benzotriazole (BTA) is commonly used as a corrosion 

inhibitor. 

2.1.4. CMP Mechanical Models 

In the pursuit of understanding CMP processes, empirical formuations and models 

based on mechanical parameters, such as applied pressure and relative velocity, have 

been established. One of the earliest polishing models was proposed by Preston, Equation 

(2.3).['^1 

R R  =  K p P R v  ( 2 . 3 )  



Removal Rate (RR) = — = Kp ^ where P = 
At Area At Area 

and Ry 
As 

At 

Removal rate is defined as the reduction in film thickness after polishing, AH, with the 

polishing time being At. Relative velocity (Rv) is the relative distance traveled between 

wafer and pad, As, per polishing time. Applied pressure (P) is the load per unit area and 

Kp is the Preston coefficient. It is obvious that Kp is a proportionality factor between RR 

and PxRy. Also from Equation (2.3), the RR is linearly related to both P and Ry. Because 

this Equation (2.3) was originally developed based on empirical formulation for polishing 

of plate glass material, it lacked fundamental concepts. Utilizing concepts such as 

Young's modulus, film and pad hardness, and localized pressures, allowed polishing 

models to became more fundamentally sound. By doing this. Brown and Cook found that 

Kp had an inverse relationship with the modulus of polished glass material. 

Considering that CMP of oxide material for shallow trench isolation (STI) and inter-

level dielectrics (ILD) applications is similar to glass polishing, not only did Preston's 

empirical model quickly gain acceptance for oxide CMP but many have used it as a basis 

for developing new CMP models. For example, Tseng and Wang^'^^ used Runnels and 

Eyman's traveling indentor tribology model,where the RR is based on the normal 

stress (on) and the shear stress (x) applied to the substrate during polishing. Equation 

From Brown and Cook, Tseng and Wang used the force (F) acting on the particle/wafer 

contact area, shown in Equation (2.5).'^'^' 

(2.4). 

RR = Kp (j„ T (2.4) 
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V 3  P d '  

2k 
(2.5) 

where P is the appUed pressure, d is the particle diameter, and k is the fraction of wafer 

covered by particles. If the wafer surface is completely covered by particles, then k = 1. 

The normal stress (a,,) is expressed as Equation (2.6). 

Force F 
CJ„ =• 

Contact Area TI r 

The radius of the contact area, rc, is defined by contact mechanics. Equation (2.7). 

(2.6) 

[22] 

r. = -F 
4 

(2.7) 

where u and u' are the Poisson's ratios of the substrate and particle, and E and E' are the 

elastic moduli of the substrate and particle, respectively. The shear stress (x), from 

Equation (2.4) can be approximated as Equation (2.8).^^^^ 

X = Rv P A (2.8) 

where C is a stress-assisted chemical constant, [x is the slurry dynamic viscosity, and A is 

the polished area. By combining Equations (2.4) through (2.8), Tseng and Wang 

developed an anytical model, shown in Equation (2.9).'^'^^ 

(2.9) 

1 

According to Tseng and Wang's model, the Ry term contributes to only shear stresses 

during polishing, but P^^^ term is actually contributing to both normal and shear stresses 

1/3 during polishing. By expanding Equation (2.6), one finds that On oc P , and from 

Equation (2.8), x oc p'^^. The KTW fi"om Equation (2.9), would contain all the physical 

RR = K,^ P^ r/' 



properties and parameters of the polishing system, such as the particle diameter, 

Poission's ratios, elastic moduli, polished area, and the slurry's dynamic viscosity. 

Another CMP model suggested by Zhao and Shi, also utilizing a particle indenter 

model, gave a different equation than the one proposed by Tseng and Wang.^^"*^ The CMP 

model by Zhao and Shi gave the following equations, 

RR = K,, P,^ R^, where P^^ - P^ - P.? (2.10) 

The threshold pressure (Pth) was the minimum pressure required for the particle to 

become fixed into the pad forming an indenter that acts on the wafer surface. When the 

applied pressure (P) was less than the threshold pressure (Pth), the slurry particles started 

to roll like ball bearings. This resulted in minimal removal of the substrate material. The 

main difference between the models of Zhao-Shi and Tseng-Wang is that Zhao-Shi did 

not consider any relationship between the dependence of Rv and P on RR, as Tseng-

Wang did. 

To test how well the oxide CMP models predicted oxide RR, Stein and Hetherington 

performed a series of CMP studies using different slurry chemistries and oxide films. 

Among the models tested were Preston, Tseng-Wang, and Zhao-Shi. The slurries used 

during oxide CMP were either SiOa or Ce02 based slurries. Stein and Hetherington 

concluded that when using Si02 based slurries, all models, including Preston, predicted 

the oxide RR equally well. As for CeOi based slurries, only Tseng-Wang and Zhao-Shi 

had adequate prediction. Among all the oxide CMP results, it seemed that the Tseng-

Wang's model fit better than Zhao-Shi's model, in terms of their R^ (coefficient of 

determination) value. 
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2.1.5. CMP Chemical Models 

2.1.5.1. Oxide CMP 

Chemical effects during CMP are important but difficult to predict and requires a 

better understanding than currently available. The majority of chemical mechanisms and 

models applied for oxide CMP were originally proposed and developed for the polishing 

of glass. The hydrolysis of the oxide surface was found to be an important factor during 

glass polishing. Izumitani found that glass polishing in non-aqueous environments 

decreased the polishing performance considerably.Izumitani polished glass with oil 

and kerosene and found that removal rates of glass were nearly zero, and there was also a 

significant decrease in surface quality. The glass surface hardness decreased in aqueous 

environment, making the surface softer and resulting in a higher glass removal rate. 

The chemical reactions occurring at the SiOi-water interface has been described as a 

reversible depolymerization of the (Si02)x polymer/matrix, expressed in Reaction 

(2.11).P'] 

(Si0,)^ + 2H20 < > (SiO,)^_,+Si(OHX (2.11) 

During hydrolysis, the SiOa-water interface has a surface hydroxyl equilibrium shown in 

Reaction (2.12).'^^^ 

HOH^ HOH+ HO OH O" O" 

/ / I V Ki , I I \ K2 / / I 
+ Si — O — Si + ^ + Si — O — Si t + Si — O — Si 

M r M r M I 
^ V ' ^ V 

Br0nsted Acid Brensted Bases 

T (2.12) 



The constant (pKi) between the Brensted acid (proton acceptor) and the Br0nsted bases 

(proton donor) is about -0.7. Among the Bronsted bases, there is another constant (pK2) 

o f a b o u t 3 . 9 . t ^ ^ ' ^ ^ ^  

Besides pH, the type of abrasive used can also increase the polish rate. For example, 

Ce02 based slurries tend to have higher polish rates than Si02 based slurries. Cook 

proposed a removal mechanism based on a "chemical tooth" effect between the abrasive 

particle and the Si02 surface. At high pH values, the hydrolysis of Si02 surface forms 

=Si-0~ species. The =Si-0~ reacts with the =Ce-OH sites forming a =Si-0-Ce= 

linkage and releasing an 0H~ ion. Between the =Si-0-Ce= linkage, a partial strain on 

the silicon tetrahedron bonds make the bonds susceptible to an 0H~ attack. Once all four 

tetrahedron bonds are attacked, a Si(0H)4 specie is formed, and thus the Si is carried 

away from the glass surface. 

2.1.5.2. Metal CMP 

When a metal is in contact with an aqueous solution, the metal surface typically 

becomes oxidized forming a layer of metal oxide film. Depending on the solution pH and 

the additives in the solution, the stability of the metal oxide will change as well. 

2.1.5.2.1. Tungsten CMP 

One of the earlier chemical model proposed for tungsten CMP was in a study by 

Kaufman et al who used ferricyanide (K3Fe(CN)6) as an based oxidant.From the 

stability diagram (E-pH) of a tungsten-water system, shown in Figure 2.4, tungsten forms 

a stable WO3 specie at pH below 4. They proposed a mechanism for the planarization 



process of tungsten, which is schematically shown in Figure 2.5. Initially, passivation of 

the tungsten metal occurs by formation of the WO3 oxide. During CMP, the high feature 

areas are being abraded and mechanically removing the WO3 film in those areas. Figure 

2.5 step (1). Similar to CMP of Si02, the oxide formed on tungsten surface was softer 

than tungsten itself; this enabled easy removal of the WO3 film. The low feature areas are 

not abraded and they are chemically protected by the passive WO3 film. The freshly 

abraded areas are exposed to the oxidizing slurry chemistry forming a fresh layer of 

WO3, Figure 2.5 step (2). The fresh layer of WO3 is quickly abraded away by the CMP 

process. Figure 2.5 step (3). Steps (1) through (3) are repeated until the high feature areas 

are reduced to the same level as the low feature areas, step (4). During the passivation 

process two competing electrochemical reactions occur on the tungsten surface. 

Equations (2.13) and (2.14). 

W + 6 Fe{CN)l' + 4 H2O ^ WOf + 6 Fe(CN)^" + 8 H" (2.13) 

W + 6 Fe(CN)^" +3 HjO -> WO3 +6 Fe(CN)^' +6 H" (2.14) 

The etching of the tungsten metal occurs via Equation (2.13), while the passivating 

process occurs via Equation (2.14).^^^^ 

Kaufman's model provided a mechanistic approach to tungsten CMP, but 

electrochemical measurements during simulated tungsten CMP condition (using oxidants 

H2O2, Fe(N03)3, KIO3, and K3Fe(CN)6) have shown inconsistencies in Kaufman's 

model.Both Kneer et al and Stein et al showed that formation of the passive WOx 

(x = 2 to 3) film exist, as predicted by Kaufman, in acidic conditions. 
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Figure 2.5. Proposed mechanism for planarization of patterned tungsten metal during 
CMP. (1). Abrasion of the passive WO3 film, exposing tungsten metal to the slurry 
chemistry. (2). Repassivation of the exposed tungsten metal. (3). Re-abrading the freshly 
formed WO3 film. Steps (1) through (3) are repeated until surface planarization is 
achieved in step (4).'^^^^ 



However, the thickness of the WOx film was determined to be 10 to 15A, and the 

removal rates were 1,100 to 1,600 A/min. If Kaufman's mechanism held true, the 

expected tungsten removal rate based on the model would only be half as much as what 

was actually measured. This showed that the removal mechanism of tungsten during 

CMP was not simply due to the removal of a passivating oxide film but to other factors 

also. 

The measurements of corrosion potential (Ecorr) as function of time have found to be a 

good technique in observing the effects of passivation. In studies done by Kneer, the Ecorr 

versus time was used to observe the passivation behaviors of tungsten film under various 

chemistries.^^'' It was found that during abrasion, the measured Ecorr became more 

negative signifying the removal of a passivating film and exposure of tungsten metal to 

the chemistry. Once abrasion was stopped, the measured Ecorr became more positive 

showing signs of repassivation. 

2.1.5.2.2. Copper CMP 

The demand for faster microelectronic devices has brought copper as the 

metallization for interconnect structures. The development of copper CMP processes 

began in the early IQQOs.^^"^'Early copper CMP slurry consisted of nitric acid (HNO3) 

and ammonia hydroxide (NH4OH) based chemistries.Nitric acid has been a well-

known copper etchant; therefore, slurry containing HNO3 was expected to actively 

dissolve copper. The copper CMP removal rate using nitric acid based slurry was 

approximately 4,000 A/min.^^^' To prevent copper from etching out of control. 



benzotriazole (BTA), a commonly used copper corrosion inhibitor, was often added into 

the slurry. 

From the copper-water E-pH diagram shown in Figure 2.6(a), the stability of copper 

in aqueous chemistry shows that copper should be stable in neutral and slight alkaline pH 

ranges (~4 to ~12) forming a passive metal oxide.In extreme pH conditions (pH < 

3), copper metal is unstable and easily soluble. At pH >13, copper is unstable in the 

2 form of HCuOi and CuOi . The amount of dissolved copper can change the stability of 

copper species. With increasing dissolved copper concentration, the Cu^VCuO stability 

line shifts from pH 7 towards ~ 4, and the stability region of CuO expands into the high 

alkaline pH values. 

In a CMP slurry containing NH4OH, the pH value was typically in the alkaline 

region, pH ~ 11. The removal rate of copper using this slurry was approximately 1,500 

A/min. In Figure 2.6(b), the E-pH diagram of copper with addition of NH3 in the system 

is shown. The diagram has activity of [Cu] = 10'^ and activity of [NH3] = 0.1. In this 

copper-ammonia-water system, formation of copper-amine based complexes occurs. The 

diagram showed that near neutral and alkaline conditions, pH > 4, copper is only stable in 

the form of copper-amine complexes, Cu(NH3)x^^ (where x = 1 to 4). In more reducing 

conditions, Cu(NH3)2^ may exist as well. 

Ideally, copper CMP should be done in neutral or acidic conditions. Because high 

selectivity is required between copper and ILDs (such as SiOi), alkaline copper CMP is 

typically not recommended.This is due to the passivation of copper film and Si02 

being chemically attacked at high pH values. 
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Figure 2.6. Potential-pH diagrams, (a). Cu-HaO system with [Cu] = 0.1, 10"^, and lO"''. 
(b). CU-NH3-H2O system with [Cu] = 10'^ and [NH3] = 0.1. 
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It is also possible to polish copper in near neutral conditions by using ammonium salts 

(NH4NO3 and (NH4)2S04) rather than ammonium hydroxide The advantage of using 

ammonium salts is that one still can take advantage of the complexing abilities of NH3 to 

have optimal removal rate without suffering a loss in Cu/Si02 selectivity. 

A wide range of oxidants have been tested and evaluated for copper CMP. The 

various oxidants and its electrochemical potential are tabulated in Table 2.2. The order of 

the oxidants in Table 2.2 is based on their standard reduction potential (E°). The higher 

reduction potential reactions are more likely to serve as an oxidant than the lower 

reduction potential reactions. 

Table 2.2. Standard reduction potentials of various oxidants. 

Oxidants Electrochemical Half-Cell Reactions E° (V) vs SHE Ref 

H202 H2O2 +2H^ +2e" <^2H20 1.763 
[42, 43] 

(NH30H)2S04 NHjOĤ  + 2 H" + 2 e" NĤ  + Ĥ O 1.35 
[44] 

02 O2 + 4 Ĥ  + 4 e •<-> 2 HjO 1.229 

KI03 2 IO3" + 12 H" + 10 e" 0 I2 + 6 Ĥ O 1.195 

KI03 IO3 + 6 Ĥ  + 6 e <-> I +3 HjO 1.085 
[45] 

Fe(N03)3 NO" + 3 Ĥ  + 2 e" HNOj + Ĥ O 0.94 

Fe(N03)3 Fê  ̂+ e~ Fê  ̂ 0.771 

O2/H2O2 O2 + 2 Ĥ  + 2 e" <-> H2O2 0.695 

K3Fe(CN)6 Fe(CN)̂ " +e" ¥e{CN)l' 0.358 
[29] 

Cû  ̂+ 2 e" Cu 0.34 



From Table 2.2, it may be seen that H2O2 has the highest reduction potential. Other 

oxidants such as Fe(N03)3 and KIO3 are also being used in slurries for copper CMP, 

because both have higher potentials than Cu^VCu. Even though H2O2 has a higher 

reduction potential than Fe(N03)3, the copper static etch rate in Fe(N03)3 based 

chemistries more than doubled compared to H2O2 based chemistries.^''^^ This may be due 

to the fact that Fe(N03)3 has two oxidizing species, Fe^"^ and NO3", and that H2O2 is 

easily decomposed into oxygen, which has lower reduction potential than Fe(N03)3. A 

four-fold increase in copper removal rate can occur when complexing agents, such as 

glycine, citric acid, phthalate, and others were added into the slurries.To prevent 

unwanted etching of copper, corrosion inhibitors are incorporated into the slurry 

chemistry. The stability of most complexes of copper with complexing agents and 

corrosion inhibitors often occurs in near neutral pH conditions (pH ~ 4 to 10).^''^^ 

During copper CMP, the formation of a passive layer is necessary to obtain planarity 

according to Kaufman's model. The formation of a passive oxide layer on copper in the 

presence of an oxidant, such as H2O2, is stable and usually prevents additional dissolution 

of copper. The addition of a complexant, such as glycine, will complex with copper and 

prevent the formation of a passive oxide, and enhances the removal rate. Without a 

passive oxide, unwanted dissolution of copper occurs creating defects, such as recession, 

which result in loss of surface planarity. Adding corrosion inhibitor, such as BTA, will 

form a Cu(BTA) passive film and prevent the dissolution of copper. Oxidants, such as 

KIO3, will form a combination of CuO and Cul passive films necessary to obtain surface 



planarity. If the added complexant prevents the formation of CuO, enough surface 

passivation still occurs with Cul to obtain surface planarity 

A copper CMP slurry using hydroxylamine (NH2OH) is currently being developed by 

EKC Technology in Hayward, California (a subsidiary of DuPont Electronic 

Technologies).Without additional additives, such as complexants or inhibitors, the 

static etch rate of copper has a very strong dependence on pH. Studies from EKC 

Technology showed that hydroxylamine based slurries can remove copper film at a rate 

of -100 A/min and ~1000 A/min at pH 3 and 5, respectively.^^'' This pH dependence 

on copper removal tends to contradict the pH dependence observed for other oxidants, 

such as H2O2 and The observed and expected pH dependence on copper 

removal rate using H2O2 and KIO3 is a decrease in removal rate when the slurry pH 

increased from ~3 to ~5. The higher copper removal rate at pH ~ 5 when using NH2OH 

raised several fundamental questions regarding the mechanism of copper removal and the 

stability of copper in hydroxylamine chemistry, which will be discussed later. 
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2.2. Hydroxylamine 

Hydroxylamine (HO-NH2 or NH2OH) was first discovered in 1865 by Lessen, and 

later synthesized in 1891 by Lobry de Bruyn.^^^"^'^ Hydroxylamine forms transparent, 

colorless, and odorless crystals. The physical properties of hydroxylamine are listed in 

Table 2.3. 

Table 2.3. Physical properties of hydroxylamine. 

Physical properties Description 

Molecular weight 33.03 g/mol 

Melting point 32.05 °C 

Boiling point (29 kPa) 56 °C 

Appearance Transparent, colorless 

Smell Odorless 

Complete soluble in water. 
methanol, and ethanol 

The production of caprolactam (2-oxohexamethylenimine or CeHnON) largely depends 

on the use of hydroxylamine to form cyclohexanone oxime from cyclohexanone.^^**^ 

Caprolactam has been used predominately in producing spinnable polymer (such as 

nylon) through polycondensation process. Currently, as much as 800,000 metric tons a 

year of hydroxylamine was used to produce caprolactam. 

Hydroxylamine is comparable to a hybrid between hydrazine (H2N-NH2 or N2H4) and 

hydrogen peroxide (HO-OH or H202).^^^^ Hydrazine has often been considered a strong 

reducing agent, and hydrogen peroxide is a well-known oxidant. The behaviors of 

hydroxylamine as either an oxidant or a reducing agent largely depends on the pH of the 
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solution. In acidic media, hydroxylamine becomes an oxidant and in alkaline condition, it 

behaves more as a reducing agent. 

The use of hydroxylamine spans into various industries. Hydroxylamine is used as a 

reducing agent in the reduction of silver(l+) to silver metal during the development of 

photographic films.The US Department of Energy has also used hydroxylamine as a 

reducing agent for the processing of plutonium(4+) to plutonium(3+). The US Army has 

also been investigating the use of hydroxylamine as an oxidizer for liquid gun propellant 

mixture.Hydroxylamine based chemistries have been used in recent years for the 

fabrication of microelectronic devices. In particular, hydroxylamine has been found to be 

an effective chemistry in stripping photoresist and removing etch residues on critical 

surfaces after plasma etching. 

2.2.1. Chemical and Electrochemical Properties of Hydroxylamine 

The oxidation states of nitrogen compounds, including hydroxylamine, are listed in 

Table 2.4. Hydroxylamine has a nitrogen atom with an oxidation state of -1. For 

hydroxylamine to behave as an oxidant, the nitrogen atom should reduce into -2 and -3 

oxidation states. Hydroxylamine (NH2OH) can be reduced to hydrazine (N2H4) and 

ammonia (NH3). When the nitrogen atom in hydroxylamine is oxidized from -1 to either 

0 through +5, it behaves more like a reducing agent. The numbers of possible oxidation 

reactions for hydroxylamine are more than its reduction reactions. The majority of the 

common nitrogen gas species, such as N2, N2O, NO, and NO2, could form through 

oxidation of hydroxylamine. 
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Table 2.4. Oxidation states of nitrogen based compounds, 

Oxidation state Typical compounds 

+5 HNO3, NO3" 

+4 NO2, N2O4 

+3 HNO2, NO2", NO^, NCI3 

+2 NO 

+1 N2O, H2N2O2, N202^", NHCI2 

0 N2 

-1/3 HN3, N3-

-1 NH30H^ NH2OH, NH2CI 

-2 N2H5^ N2H4 

-3 NH4^ NH3 

The equilibrium potentials of redox reactions between various nitrogen based species are 

diagrammed in Figure 2.7. All of the equilibrium potentials calculated in acidic 

conditions have an assumed pH value of 1, and the equilibrium potentials calculated in 

alkaline condition have an assumed pH value of 14. The redox equilibrium potentials in 

Figure 2.7 can be useful in identifying v^hether the reaction is favorable or not in a given 

condition. For example, at a pH value of 14, the reduction of N2 NH2OH has an 

equilibrium potential of -3.04V. Due to the large negative potential value, this reaction 

shows that NH2OH can serve as a reducing agent for a majority of the reduction process. 

The dissociation reactions for hydroxylamine are as follow;'^^^' 

NHjOH"^ ^-NHjOH + H" K = l.585x10"' (2.15) 

NH^OH^ K = 1.995x10""' (2.16) 
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The pK value for Reaction (2.15) is 5.80, which means that at pH values less than 5.8, 

hydroxylamine exists inNHaOH^ form, and at pH values greater than 5.8, hydroxylamine 

is likely to be in NH2OH form. 

Studies performed on the stability and the decomposition behaviors of hydroxylamine 

have produced results that may be of interest in understanding the mechanism of 

hydroxylamine during the copper CMP process. In several studies it was found that in 

alkaline conditions, the decomposition of hydroxylamine typically proceeded through the 

chemical reactions shown in Reactions (2.17) and (2.18).^^''^^^ 

3 N H 2 0 H ^ N 2 + N H 3 + 3 H 2 0  ( 2 . 1 7 )  

4 N H 2 0 H ^ N 2 0  +  2 N H 3 + 3 H 2 0  ( 2 . 1 8 )  

Depending on the solution pH and varying additives/catalysts, the amount of the 

decomposition products (N2, N2O, and NH3) will vary. For example, in a strongly 

alkaline NH2OH solution containing copper ions, both Reactions (2.17) and (2.18) occur 

simultaneously and quickly. The percentages of decomposition products converted from 

NH2OH in alkaline condition were 22.4% N2, 27.5% N2O, and 28.2% NH3. In a neutral 

pH, the amount of decomposition product decreased by half, only producing 12.2% N2, 

7.2% N2O, and 12% NH3. In acidic conditions, NHsOH"^ was quite stable and produced 

undetectable decomposition products.In a technical report from the US Department of 

Energy on hydroxylammonium nitrate (NH30H"^-N03"),^^'' the decomposition ratios 

between N20:N2 were in the range of 2:1 to 4:1 under normal conditions. In the presence 

of iron, the ratio was increased to 36:1. It was proposed that the decomposition Reactions 
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(2.17) and (2.18) are due to oxidation and reduction of NH2OH. The oxidation of NH2OH 

to either N2 or N2O is shown below, 

N 2 + 2 H 2 0  +  2 H ^ + 2 e ' <  > 2 N H 2 0 H  E ° = - 2 . 2 1 5 V  ( 2 . 1 9 )  

N2O + HjO + 4H^ + 4e" < > 2NH2OH E° = -0.224V (2.20) 

The reduction of NH2OH to NH3 is shown as follows, 

NH20H + 2H^+2e"< >NH3+H20 1.245V (2.21) 

The decomposition of hydroxylamine may be more complicated than the redox 

reactions shown in Reactions (2.17) and (2.18). Several possible intermediate reactions 

that may lead to decomposition of hydroxylamine have been extensively investigated. In 

a study by Rao et al, a nitroxyl specie (HNO or HNOH) was proposed to be a rate-

determining intermediate to the oxidation steps of NH2OH to N2 and N20.'-^''^ The 

formation of a nitroxyl species in strongly alkaline (pH >13) and acidic conditions are 

shown as Reactions (2.22) and (2.23), respectively. 

NHjOH + 20H' ^ HNO + 2H2O + 2e" (2.22) 

NH3OH" + 20H" HNOH + 2H2O + e" (2.23) 

Further decomposition of the nitroxyl (HNO and HNOH) to either N2O or Ni is shown in 

Reaction (2.24) and (2.25). 

2 H N 0 ^ N 2 0  +  H 2 0  ( 2 . 2 4 )  

2 H N 0 H - > N 2 + 2 H 2 0  ( 2 . 2 5 )  



Trace amounts of nitrite ions (NOi") also found in solution were considered as an 

oxidized product of a dihydroxylammonia (HN(0H)2) specie, which was formed from the 

hydrolysis of HNO, shown in Reaction (2.26) and (2.27).^^'^^ 

HN0 + H20->HN(0H)2 (2.26) 

H N ( 0 H ) 2 + 3 0 H " - > N 0 2 + 2 H 2 0  +  2 e -  ( 2 . 2 7 )  

In a study by Hughes et the proposed formation of N02~ from decomposition of 

hydroxylamine in alkaline conditions was different than the reactions proposed by Rao et 

al. Hughes et al found that in an oxygen-rich atmosphere, about 90% of the 

decomposition products from hydroxylamine contained NO2" and peroxynitrite (0N02~). 

When heavy-metal ions were present, approximately 75% of hydroxylamine was 

decomposed into NO2". The remaining 30% was detected as 0N02~, which acted as a 

transient intermediate. Hughes et al proposed that the nitroxyl ion (NO"^ or HNO) was the 

intermediate specie in forming ONO2which is shown in Reactions (2.28) and (2.29). 

NH20H< >NH20"+H^ K = 1.995X10"'" (2.16) 

N H j O ^ + O j  ̂ N O ^ + H ^ O ^  ( 2 . 2 8 )  

N O ' + O ^ ^ O N O "  ( 2 . 2 9 )  

In strongly alkaline conditions (pH ~ 14), NH2OH de-protonated into NH20~, as shown 

in Reaction (2.16). If insufficient oxygen was present in the solution, NO" would 

dimerize and form N2O, Reaction (2.24) instead of forming 0N02~, shown in Reaction 

(2.29). The continuing decomposition of NH2OH occurred when 0N02~ reacted with 

NH2O", resulting in the formation of NO2 , as shown in Reaction (2.30). 



55 

NH^O" + ONO^ > NO' + NO' + H,0 (2.30) 

9+ 
Trace amount of metal ions, such as Cu , were Ukely to catalyze Reaction (2.30). 

Interestingly, increasing concentrations of Cu ions seemed to decrease the formation of 

NOa". This was probably due to the rapid consumption of 0N02~ and O2 forcing NO" to 

dimerize, forming N2O. A similar study by Moews and Audrieth supports with the same 

conclusion. 

The effects of copper catalyzed oxidation of hydroxylamine were studied by 

Anderson. In this study, it was found that the formation of NO2" may occur through 

the following reactions, 

NH20H + 2CU' " <  ^ H N O  +  2 C u "  +  2 H '  ( 2 . 3 1 )  

HN0 + i02< >N02+H" (2.32) 

Again, nitroxyl (HNO) was considered as an intermediate in the decomposition of 

hydroxylamine. 

To review, the studies mentioned above seem to agree on the decomposition products 

of hydroxylamine, which were N2, N2O, N02~, and NH3. However, most of the 

arguments were on the formation of NO2 . Rao et al proposed an intermediate HN(0H)2 

specie. Reaction (2.27), while Hughes et al proposed the catalytic effects of 0N02~, 

Reaction (2.30). Anderson proposed the reaction of HNO and oxygen to form NO2 . 

In a study by Stedman et al, the presence of N02~ or HNO2 in hydroxylamine 

s o l u t i o n  w a s  f o u n d  t o  i n d u c e  a d d i t i o n a l  d e c o m p o s i t i o n  o f  h y d r o x y l a m i n e . T h e y  

demonstrated that in acidic conditions, hydroxylamine reacts with HNO2 forming N2O, 

which is shown in Reaction (2.33). 



NH3OHVHNO2 ^N20 + 2H20 + H^ (2.33) 

In earlier disscusions, the formation of N2O was proposed to occur through the 

dimerization of HNO, Reaction (2.24). The formation of HNO can occur either from 

HNO2 or NHaOH"^, or both. The reactions from both sources are shown below. 

HN02+2H^+2E"< >HN0 + H20 (2.34) 

NH30H^< >HNO + 3H"+2e- (2.35) 

To establish whether NHsOH^ or HNO2 was the dominant source of HNO, Stedman et al 

reacted isotopically '^N-hydroxylamine ('^N-H20H) with normal ''^N-nitrous acid 

(H-''^N-02) and found the N2O that was generated contained both ''^N and isotope '^N. If 

the formation of N2O was from a single source of HNO, i.e. hydroxylamine, then doubly 

isotopic N2O would be detected by mass spectrometric measurements. The lack of doubly 

isotopic N2O ruled out the single source HNO mechanism. The other logical conclusion 

was that hydroxylamine may have directly reacted with HNO2 forming singly isotopic 

N2O. 

In a similar study, Bothner-By et used isotopically marked nitrogen reactants 

and found that the N2O species produced, have a ratio of 1:1 between ''*N='^N'^0~ and 

'^N=''^N'^0~, at pH value of 7. When the pH value was decreased to 1, the ratio became 

2:1. It was then proposed that the intermediate specie in the formation of N2O via the 

dimerization process of HNO may be hyponitrous acid (H2N2O2). This is shown in 

Reaction (2.36). 

2HN0< >HO-N = N-OH ^N^N^-O'+HJO (2.36) 



A schematic flow chart in Figure 2.8 was constructed to help in clarifying all of the 

possible proposed decomposition mechanisms that were discussed earlier. The figure 

shows nitrogen-based species with increasing oxidation states from bottom to the top and 

decreasing pH values from right to left. The species circled have been qualitatively 

identified from the decomposition studies reviewed earlier. The formations of NO2' and 

N2O from hydroxylamine, as shown in the figure, and the discussions on the 

decomposition of hydroxylamine (earlier in this section) all seem to indicate a nitroxyl 

(HNO) intermediate step. 
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CHAPTER 3. EXPERIMENTAL SETUP AND METHODS 

3.1. Industrial Size CMP Polisher 

The CMP of copper wafers in hydroxylamine based ^urry was performed on on a 

Strausbaugh Model 6EC 8" wafer polisher. The 6EC polisher performs like a traditional 

CMP tool, shown in Figure 2.3(a). The slurry used for polishing contained 0.5M 

hydroxylamine and 4% colloidal SiOi (particle size -70 nm). The pH of the slurry was 

adjusted using microelectronic grade sulfuric acid. The polishing was done on a single 

platen system using an IC-1400/Suba IV stacked pad. Between each wafer polishing, the 

pad was reconditioned using a diamond conditioning pad. The polishing pressure varied 

between 3, 6, and 9 psi. The polishing speed for the wafer carrier varied between 10, 30, 

50, and 75 rpm, while the platen speed was set to ~ 0.93x the wafer carrier speed. The 

amount of copper removed after polishing was determined by a CDE ResMap 4-point 

probe film thickness measurement. 

3.2. Laboratory Scale Electrochemical Abrasion Cell (EC-AC) 

All small scale abrasion/polishing studies were performed on a specially designed 

"electrochemical" abrasion cell. This research tool is schematically shown in Figure 3.1. 

The EC-AC tool can be viewed as an upside-down industrial CMP tool, shown in Figure 

2.3(a). The advantage of this design was the ability to perform and measure 

electrochemical data using an electroplated copper film on silicon wafer under abrasion 

conditions. 
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Many researchers have used a traditional rotating disc electrode (RDE) setup to simulate 

copper CMP while performing electrochemical analysisJ^^' When using the 

RDE setup, bulk copper metal samples are used instead of electroplated copper film on 

silicon. The bulk copper samples may possess different electrical properties than 

electroplated copper film on silicon. The upside-down design provides a vessel to hold 

the solutions or slurries, which can later be collected and chemically analyzed. 

The EC-AC tool has of two parts: (1) The top part consists of pad, pad holder, top 

stepper motor, and the load cell; (2) The bottom part consists of the Teflon vessel, copper 

sample, and the stainless steel table with the bottom stepper motor. The bottom part was 

assembled by first placing a conducting plate (usually a 0.063" thick copper metal) on top 

of the stainless steel table, with a plastic (Teflon) insulating plate in between. The 

conducting plate allows current to flow from the copper surface that is exposed to 

solution to the working electrode connection on the potentiostat. Since most of the copper 

samples are 3 cm x 3 cm square pieces diced from an 8" silicon wafer, current cannot 

flow to the back side of the silicon wafer. Therefore, the electrical path is created along 

the edges of the 3 cm x 3 cm square pieces. This is achieved by either coating the edges 

with nickel or silver pastes, or by wrapping the edges with a conductive foil. 

Once the copper sample is placed on top of the conductive plate, the Teflon vessel 

that holds the solution is placed over the copper sample. A Viton® o-ring is used to make 

the seal between the Teflon vessel and the copper sample surface. The o-ring serves two 

purposes: (1) To prevent solution from leaking out of the Teflon vessel; and (2) To keep 

the copper sample in place under rotation. To ensure that the viton o-ring is in place, the 



Teflon vessel is securely fastened to the stainless steel table with four screws. After the 

copper sample has been properly assembled, the electrical continuity between the copper 

surface and edge of the conducting plate is tested using an ohmmeter. 

The complete assembly of the EC-AC tool occurs when the bottom part is placed 

underneath the top part. With the pad/pad holder in place, the reference (RE) and counter 

(CE) electrodes are both placed into the Teflon vessel as close to the copper sample as 

possible. The connections of the RE and the CE to the potentiostat are straightforward. 

The working electrode (WE) is connected using a graphite rod that is pressed firmly on 

the conducting plate against the stainless steel table. Electrical continuity is fairly 

constant even while the graphite rod is sliding on the conducting plate during rotation. 

Once the EC-AC tool is completely assembled and the electrodes are in place with all 

the necessary connections, 100 ml of solution or slurry is poured into the Teflon vessel. 

While keeping the pad/pad-holder suspended above the copper sample, rotation of the 

pad/pad-holder and the copper sample is initiated. Abrasion of the copper sample occurs 

when the pad is lowered and brought into contact with the copper sample. 

3.2.1. Removal of Copper with Abrasion 

During abrasion experiments, the abrasion pad may not always cover 100% of the 

area where the sample is in contact with the solution chemistry. This may prove 

problematic, especially when the solution chemistry has a high static etch rate on the 

metal film. The unwanted static dissolution of the metal film occurs in the area that is not 

abraded but is still in contact with the solution chemistry. This will contribute excess 



metal ions into the solution. The metal ions in solution, quantified using atomic 

absorption spectroscopy, may not be a correct representation of the metal removed only 

by abrasion. During electrochemical measurements, the currents collected could also 

contain both the abraded and un-abraded region. An answer to these problems is to spin-

coat the metal surface with a film of positive photoresist. Once the resist film cures in air, 

it has a soft polymeric consistency which can be easily removed during abrasion 

experiments. The un-abraded area retains the resist coverage and prevents any unwanted 

metal dissolution from occurring throughout the experiment. 

Prior to each abrasion experiment, about 50% of the photoresist in the abraded region 

was removed using a cotton swab and isopropyl alcohol. All of the abrasion experiments 

used a conditioned Rodel® ICIOOO pad attached to the pad-holder with Rodel® Suba IV 

and a spongy double-sided adhesive pad. The slurry used for abrasion experiments, 

unless otherwise specified, typically consisted of 0.5M hydroxylamine, 4% Si02 

particles, and inorganic acid (H2SO4 or HNO3) for pH adjustments. The metal film area in 

contact with the solution chemistry was defined by a Viton® o-ring seal with an area ~ 3 

cm^. The pad area was 0.7 cm^. The abrasion area typically varied anywhere between 1 to 

o 2 2 cm . 

The copper removal rates from the abrasion experiments between copper samples 

coated with photoresist and copper samples without photoresist were compared. The 

copper removal rates are plotted with respect to slurry pH in Figure 3.2. The figure shows 

that by having photoresist on the copper sample surface does not affect the removal rates 

of copper from pH 9 through 2.5. 
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Figure 3.2. Removal rates of copper in 0.5M hydroxylamine based (HNO3) slurry as 
function of pH. Copper removal rates between photoresist covered sample (•) and no 
photoresist sample (•) were compared. Results obtained from analysis using a P-2 
profiler (•) and an atomic absorption spectrophotometer (A) were compared. 
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The amount of pressure applied to the copper film during abrasion experiments were 

measured by a load cell that was fastened to the pad-holder/motor assembly. Standard 

calibrating weights were used to calibrate the digital readout of the load cell. The range of 

measurable pressure ranged from 0 to 40 pounds per square inch (psi). From 

experimental work, it was found at low pressure, below 2 psi, that a significant amount of 

fluctuation from the digital readout occurred during abrasion. This may have been due to 

the uneven contact between the pad and the sample. Most of the experiments were 

performed at a pressure of 9 to 10 psi. 

3.2.2. Removal of Copper without Abrasion 

The effects of a hydroxylamine based chemistry on electrodeposited copper film (16 

kA) without any abrasion (dynamic etch) were studied. All of the dynamic etch 

experiments were performed using the EC-AC tool (Figure 3.1). For most of the 

experiments, the copper sample was set to rotate at 222 rpm, unless stated otherwise. 

Two chemical systems were setup to study the etch rate of copper film. The first system 

used a slurry, which contained hydroxylamine, 4% colloidal silica, and either HNO3 or 

H2SO4 for pH adjustments. To simulate CMP conditions, a Rodel ICIOOO pad was held 

about 5 to 10 mm above the copper sample, which was set to rotate at 240 rpm. The 

second system simply contained hydroxylamine and buffers without any solid particles. 

No pad was held above the copper sample throughout the experiment. The buffers used 

for the second system contained potassium dibasic phosphate (K2HPO4) and sulfuric acid. 

Total etch time for an experiment varied from 10 minutes to 60 minutes depending on the 



solution pH and hydroxylamine concentration. The copper area exposed to the solution 

chemistry is ~ 3 cm . The amount of copper dissolved was determined by using both 

atomic absorption spectrascopy (AAS) and P-2 profile measurements. The results are 

shown as removal rate with respect to pH in Figure 3.2. In comparing the values from 

AAS and P-2, both showed very similar removal rates (within ±50 A/min variations). The 

results obtained from both chemical systems showed no significant differences. 

3.2.3. Mechanical Variability of EC-AC 

The speed at which abrasion or polishing experiments occurred is expressed as 

relative velocity or linear velocity between the pad and the sample. The details of the 

relative velocity calculations are shown in the Appendix. Since the rotational speed of the 

pad and the sample is set independently, and the x-y position between the pad and the 

sample may not always be the same, the relative velocity across the abraded area may be 

different from one experiment to the next. The maximum achievable rotation speed for 

the pad holder is 3,000 rpm, but the maximum speed for the sample is only 600 rpm. The 

weight of the stainless steel table that the sample sits on limits the sample rotation speed, 

making it slower. At a higher rotation speed, the momentum of the table would take over 

and disengage the lower stepper motor. To prevent over-spillage of the solution that is 

contained by the Teflon vessel, the tolerable sample rotation speed drops to around 300 

rpm. If a higher sample rotation speed is required, a cap must be placed on top of the 

vessel to prevent any over-spillage. The addition of a cap to the vessel, makes 
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electrochemical measurements impossible, because there is insufficient room to place the 

electrodes appropriately. 

To determine which factors would contribute the largest variations in relative velocity 

across the abraded area, Figure 3.3 and Figure 3.5 were plotted. Two factors were 

considered; (1) the difference in rotational speed (Aoo) between pad and sample and (2) 

the off-set distance between the pad and the sample. The off-set is directly related to the 

final abrasion area. At distance = 0, the abrasion area is equal to the pad area. At larger 

off-set distances, the abrasion area increases. Examples are shown in Figure 3.4. 

For calculations of the relative velocity at various Aco, the pad speed is set to 240 rpm 

and the off-set distance was set to 0.25 cm (area == 1.65 cm ). For calculations of the 

relative velocity at various off-set distances, the pad speed is set to 240 rpm and the 

sample to 222 rpm. Figure 3.3 shows the relative velocity as a function of difference in 

pad and sample rotational speeds (Aco). Figure 3.5 shows the relative velocity as a 

function of the off-set distances. The individual solid circles represent the average 

relative velocity across the abraded area. The dashed lines are one standard deviation 

from the average. From Figure 3.3, increasing Aco shows little change in the relative 

velocity, but the standard deviation to the average relative velocity became significantly 

large at high Aco. Ideally, it is best to have Aco = 0 because the standard deviation is small. 

However, problematic phenomena may occur, when Aco = 0, such as rotational harmonics 

during abrasion. Therefore, the majority of the abrasion experiments were performed 

with Aco = 18 rpm which eliminated rotational harmonics and minimized the standard 

deviation. 
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Figure 3.3. Calculated average relative velocity (mm/min) between pad and sample as a 

function of the difference in actual rotational speed of pad and sample (Aco). Dashed lines 
are one standard deviation from the average. Pad speed = 240 rpm. Sample speed = pad 
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speed - Aco. Off-set distance = 0.25 cm (Abrasion area = 1.65 cm ). 
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Figure 3.4. Examples of copper samples showing the off-set distance between the pad 
and the sample affecting the abrasion area. 
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In Figure 3.5, the relative velocity varies fairly linear with the off-set distances. Larger 

off-set distances would result in higher relative velocity. The standard deviation in the 

averaged relative velocity at large off-set distances is much less significant than the 

standard deviation observed at high Aco. Even though the standard deviation is small at a 

given off-set distance, as much as a 500 mm/min (250%) increase in relative velocity 

occurs when the off-set distance changes from 0.09 cm to 0.33 cm. Because most 

abrasion experiments focused on chemical effects, the pad rotation speed was set to 240 

rpm and the sample to 222 rpm (Aco = 18 rpm). At these values, the relative velocity was 

between 200 to 800 mm/min. The variation was largely due to the final off-set distance. 

On a traditional rotary CMP tool polishing an 8" wafer with the pad rotating at 70 

rpm and the wafer rotating at 75 rpm, the calculated relative velocity would be -10,700 

mm/min. Considering that a CMP tool has an order of magnitude higher in relative 

velocity than the EC-AC tool, it is possible that results obtained using the laboratory 

scaled EC-AC tool may not equate exactly to the results obtained on a CMP tool. The 

amount of fundamental information collected from the laboratory scaled polisher was 

certainly greater than a CMP tool could have generated. 
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3.3. Electrochemical Measurements 

All electrochemical measurements were performed using Princeton Applied Research 

potentiostats (Models 263, 263A, and 273A). The electrochemical experiments were 

done using the three-electrode setup. The working electrode was copper. Different types 

of copper samples were used for electrochemical measurements. These include 

electrodeposited copper film (-16 kA) (on a film stack of tantalum (~ 2 kA) /Si02 /Si), a 

99.99% solid copper disc, or a 99.99% 25 (am copper foil. The copper film was obtained 

from EKC Technology, and the copper disc/foil was purchased from Aldrich Chemicals. 

The counter electrode was a platinum metal plate. The reference electrode was either 

saturated calomel (SCE) or silver-silver chloride (Ag/AgCl). Both single-junction and 

doubled junction reference electrodes were tested. No significant differences were 

observed between reference electrodes throughout experimental work. 

3.3.1. Potentiodynamic Polarization 

Potentiodynamic polarization technique is a simple and a quick way to determine the 

extent of corrosion on metals that may take place in different chemistries and abrasion 

conditions. The potentiodynamic experiments were performed by polarizing the metal 

from -0.3 V to +0.3 V with respect to Ecorr- The majority of experiments was performed 

at a scan rate of 5 mV/s. From the polarization result, information such as corrosion 

current density (z'corr) was calculated. The theories and steps used in the calculations are 

described in the following paragraphs. 
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The corrosion of a metal is an electrochemical reaction shown as Equation (3.1). This 

is often referred to as a "charge-transfer" (CT) reaction. 

M^+ e" < > M (3.1) 

The amount of current (/, Ampere) or current density (/, Ampere/cm ) produced from 

Equation (3.1) can be described using the Butler-Volmer relationship, Equations (3.2) 

and (3.3).^^^"^^^ 

i  =  = anodic current density - cathodic current density (3.2) 

/ = / J exp 
anV t]  

RT 
•exp 

(l-or) n F T] 

RT 
(3.3) 

i  =  net or measured current density 

= exchange current density 

rj = overpotential {= applied potential (E) - equilibrium potential (Eg^ij,,)} 

a - anodic transfer coefficient 

F = Faraday constant, 96500 C mor' 

n = number of electrons 

R = Gas constant, 8.314 J mol"' K'' 

T = Absolute temperature, K 

_5 2 An example of a Butler-Volmer plot is shown in Figure 3.6, assuming io= 10 A/cm , a 

- 0.5, n = 1, and T = 298 K. A Tafel plot is derived from the Butler-Volmer plot by 

taking the absolute value of the measured current density (J) and plotting it as a semi-log 

plot of overpotential (tj) as a function of measured current density (/), shown in Figure 

3.7. 
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or n F 77 io= 10 A/cm la = h exp 

-10 

'c=^„exp 
(l-a) n F 77 
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Overpotential, 77 (V) 

Figure 3.6. Plot of Butler-Volmer relationship, from Equation (3.3). Assuming = 10 -5 

A/cm , a = 0.5, n = 1, and T = 298 K. 
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Figure 3.7. Semi-log plot of Figure 3.6 and showing Tafel relationships. Equations (3.4) 

and (3.5), at overpotential {r\) larger than ± 0.05 V. 
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When the overpotential {r j )  is larger than ± 0.05 V, a linear relationship can be 

established between rj and log(/) known as the Tafel relationship, which is shown in 

Equations (3.4) and (3.5).^^^' 

Anodic: log 

Cathodic: t]^ - -/3^ log 

I  

Jo 

i  

i„  

,  w h e r e =  2 . 3 0 3 ^ ^  ( 3 . 4 )  
a n F 

,  w h e r e =  2 . 3 0 3  ^ (3.5) 
(1-a) n F 

The anodic and cathodic current densities in Figure 3.7 look symmetrical because of the 

transfer coefficient (a) = 0.5. If a deviates from 0.5, the slope of the anodic and cathodic 

curves will change according to Equations (3.4) and (3.5). Larger a will decrease the 

anodic slope (J^a) and increase the cathodic slope (J^c)-

During actual experimentation, conditions are far from ideal and plotted data rarely 

resembles Figure 3.7. In a typical corrosion system, the anodic reaction and the cathodic 

reaction may not be the same. For example, a piece of zinc metal immersed in acid 

solution would have a corrosion behavior diagrammed in Figure 3.8. The curve 

representing evolution of hydrogen is plotted with /o(H"^/H2) = 10~'° A/cm^, E(HVH2) = 0 

V vs SHE, n(HVH2) = 2, and «(H'^/H2) = 0.5. The curve representing zinc is plotted with 

io(Zn^VZn) = 10"^ A/cm^ E(Zn^VZn) = -0.76 V vs SHE, n(Zn^VZn) = 2, and a(Zn^VZn) 

= 0.5. Figure 3.8 is referred to as a mixed potential plot.^^^^ The intersection of H"^/H2 

cathodic curve and Zn /Zn anodic curve is where both anodic and cathodic current 

densities are equal. 
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Figure 3.8. Tafel plot of mixed electrode system of hydrogen and zinc electrodes. 
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This is often the point where corrosion takes place. The corresponding current density is 

labeled as the corrosion current density (/corr) and the potential is labeled as corrosion 

potential (Ecorr)- The Ecorr is measurable from experiments, but /corr is calculated from 

Tafel plots. In Figure 3.8, the point of Ecorr and icon is well into the Tafel region of both 

anodic and cathodic reactions. Equations (3.4) and (3.5) are valid representations of the 

perturbation away from Ecorr and /corr- The Atj in Figure 3.8 represents anodic perturbation 

applied from equilibrium (Ecorr)- The amount of perturbation is shown in Equation (3.6). 

~ '7applied ""7con- ~ (^applied ~ ^Zn"/Zn ) ~ (^™it ~ ^Zn^"/Zn ) ~ '^applied (3.6) 

Using the Tafel relationship of Equation (3.4), the anodic and cathodic current densities 

(/a & /c) generated due to the perturbation may be calculated using Equations (3.7) and 

(3.8). 

AT]=/3j0g  -A log 
/ 
corr 

'o(Zn^+/Zn) 

-A log 
^o(Zn^^/Zn) 'o(Zn^+/Zn) ^o(Zn^^/Zn) 

= Alog (3.7) 

At]/ _A!]/ 
i  =/ 10 and i  =i  10 a corr ^ ^nr,rr ^ ^ c corr (3.8) 

The anodic and cathodic currents produced from the perturbation are shown in Equation 

(3.8). The net current is /applied, shown in Equation (3.9). 

Art/ 
i  — i — i = i  1 0  — i  10 

applied a c corr corr 

-AT?/ ( Ay _An/ ^ 

10 -10 
V 

(3.9) 

Using the Maclaurin series shown in Equation (3.10), the /applied of Equation (3.9) is 

approximated into Equation (3.11). 
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10" =1 + 2.303x + -£^5^ + --- + -£^^^, wheren = 0, 1,2, --^oo (3.10) 
2! n\  

// 

'applied ^corr 1 + 
vv 

2.303x A7 
1 -

2.303x A;; 

A 
= ' c o n  2-303 X A// 

V>^a Ay 
(3.11) 

The corrosion current density (/'corr) may be calculated according to Equation (3.12). 

I  =  con-
applied 

2.303x AT/ 
L+1'" 

vA A/ 

applied 

A + A 
(3.12) 

C / 2 . 303x AJ]  

Equation (3.12) is also known as the Stern-Geary equation.^^^^ 

Small perturbations from equilibrium (± 0.01 V) can be approximated using a linear 

1 2 1 _2 

function. The slope of the linear fit would have units of A V cm or Q cm . The 

inverse of the slope is the polarization resistance (Rp). This is also schematically 

demonstrated in Figure 3.9. Substituting the definition of Rp into Equation (3.12), the 

Stern-Geary equation becomes Equation (3.13). 

1 
'cOIT 

2.303xR, 

' J3A ' 

vA +/^cy  
(3.13) 

All of the corrosion current density values were calculated according to Equation (3.13). 

The amount of material removed could be estimated from the corrosion current density 

using Faraday's Law, Equation (3.14). 

^ moles ^ 
Corrosion rate or J  (flux). 

s • cm nF 
or 

r  X \ 
Film removal rate. 

A 

^mmy 

Molecular Weight 60 s A 
(3.14) 

nF (weight density) min 10 cm 
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Figure 3.9. Linear region of a polarization plot, showing polarization resistance (Rp). 
Assuming io = 10"^ A/cm^, a = 0.5, n = 1, and T = 298 K. 
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3.3.2. Corrosion Potential (Eoorr) versus Time 

From Figure 3.8, the corrosion potential (Ecorr) occurs when net current density (/a-/c) 

= 0. If the metal under analysis is in equilibrium with the solution, the Ecorr would remain 

constant as a function of time. If the Ecorr is not constant as a function of time, then the 

metal/solution equilibrium has not been established. The Ecorr vs. time experiments were 

performed on copper under abrasion to observe the effects of passivation either by oxide 

formation or adsorption of species on the copper surface that was exposed to 

hydroxylamine based chemistries. 

3.3.3. Voltammetry with Rotating Disc Electrode^^^'^^'®'^ 

Voltammetry is a potential sweep technique that measures the current with applied 

potential. This technique is similar to potentiodynamic techniques, except that the overall 

kinetic processes involve charge-transfer reactions of oxidized (O) and reduced (R) 

species, as well as the mass transport of these electroactive species (O and R), shown in 

Reaction (3.15). 

>0 ,  + / ?  e  ^  
K 

V ' v (3.15) 
Mass transport ^ 
process Electrode surface reaction 

v Mass transport 
process 

k^Q= mass transport coefficient for O 

mass transport coefficient for R 

= anodic electrochemical rate constant 

k^ = cathodic electrochemical rate constant 

O, and R, = species at the electrode surface 

and R^ = species in the bulk solution 



82 

The anodic {ka) and cathodic (A:^) electrochemical rate constants are described using the 

Butler-Volmer relationship, Equation (3.3). The mass transport process is described using 

Pick's First Law, shown below, 

,  .  d C - { x )  
= (3.16) 

Using Equation (3.16) the flux of the electroactive (J) species can be expressed as 

follows, 

J = K.0 ([o], -[OL) = *.,. ([R], -[R],) (3.17) 

J  =  flux of the electroactive species 

^do~ - rti^ss transport coefficient 

Dq and - diffusion coefficient 

5 = diffusion layer thickness 

Since the reactions of [O]* and [R]* species occur at the electrode surface, the flux of 

these species involved in the reaction is shown below, 

= (3.18) 

By combining both of the flux equations, (3.17) and (3.18), the overall flux equation then 

becomes Equation (3.19). 

-^JOL +kM T L Joo ^ L Joo /O 1 
k k— 

k  k  '̂ d,0 "-i/.R 

Using Faraday's Law (/ = n F J), the flux may be converted to show as current density (/). 

Limiting current densities (/t,c and /Y.a) of the electroactive species occur when surface 

species ([O]* and [R]*) go to zero, which is shown in the following equations. 
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h,c = - n F o [OL and = n F ^ [R]^ (3.20) 

By substituting the [0]oo and [R]oo in Equation (3.19) with (3.20), a new expression for 

Equation (3.19) becomes (3.21). 

I _ h,a^a^d,0 (321) 

^cl,0^d,R ^c^cl,R 

If only R specie was present in solution then values of kc and iL,c will go to zero, which 

would simplify Equation (3.21) to (3.22). 

hAKfi h,aK \ K,K ^ 1 1 = = ^^ =>- = —:—^ (3.22) 
K,0K,R '^KK,0  i  h ,aK i t .a  

By expanding ii^a in Equation (3.22), the contribution of charge-transfer (/F, faradic) and 

mass transfer (ij, transport) current densities to overall current density (/) is shown below, 

I 1 1 I 1 

i  nFA:,^jRL nF^jR]^ nF^.^jR]^ 

Charge transfer Mass transfer 23) 

1-1 + 1 
/ Zp I 'Y 

If only O specie was present in solution, where ka and go to zero, the same 

relationship between i, /F, and ij in Equation (3.23) may be obtained. The z'F in Equation 

(3.23), behaves according to the Butler-Volmer relationship, and the ij is the diffusion 

limiting current density based on the mass transfer coefficient of 

In an ideal condition, the value of is simply defined as D/5, Equation (3.17). In a 

rotating disc electrode (RDE) setup, the hydrodynamics of the system were taken into 

consideration. The transport coefficient in a RDE setup is shown in Equation (3.24). 
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K = 
0.620 71 r' D/' 

(3.24) 

where 'r' is radius of the RDE, 'co' is angular velocity in radian/s, and 'v' is kinematic 

viscosity of the solution in cm^/s. The limiting anodic current density (//,,«) in a RDE 

system becomes the following equation, 

0.620 71 r^ Df co^ nF [R]^ 
[RL=- (3.25) 

In order to derive a relationship of the total current density (/) as function of 

overpotential {rf), Equation (3.23) was rearranged into the following equation, 

I  -
/p Z-p 

X'Y I Zp* 
(3.26) 

The faradic current density (zV) was expanded to show the dependence of overpotential 

{if) for both anodic and cathodic current densities. 

'V="F(*JRL-*.[OL) 

where exp 
a nF T] 

RT 
and k^ = k^ exp 

( l - a )  n  F  r j  

RT 

(3.27) 

/p = n F k^ 
a n F 77 

-[OL exp 
( l - a )  nF  T]  

RT 

where /„ = n F A:„ [R]'~" [O]" 

RT (3.28) 

exp 
a n F 77 

RT 
-exp 

( l - a )  nF  r j  

RT 
(3.29) 

From Equation (3.17) and the Nernst equation, the transport current density (Z'T) was 

derived as the function of overpotential {rj). This is shown in the following equations. 
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. , =nF t , , , ( [RL- [R] . )  

, when [R]* specie go to zero 

*T _ " F ([R]. - [R].) _ [RL - [R],, 1 _.[R]. 

n F *J,R [R], 

[R] .= [RL  

/ . A 
I h 

V J 

[R]„ 

and [0]^=[0L 

[RL 

V h.  J 

(3.30) 

(3.31) 

(3.32) 

(3.33) 

From the Nernst equation, transport of [R] and [O] species to the electrode surface are 

derived. 

nF [01 
(3.34) 

Combining Equations (3.33) and (3.34), the overpotential dependence of h is shown as 

Equation (3.36). This equation is sometime referred to as concentration polarization. 

nF 

f  •  
h  ~  hM V,0 

V,R 

where E° - In 
nF 

v.o 

V,R 
= £„ 

C -  7 7  R T ,  T] = E-E., = In 
nF 

^L ,a 

h , c  ~ h  

(3.35) 

L,a 

1 + exp 
n F^ 

RT 

+ - 'L,c 

1 + exp 
n F?7 

RT 

(3.36) 

A schematic diagram of current density (z) versus overpotential ( r j )  plot using Equations 

(3.26), (3.29), and (3.36) is shown in Figure 3.10. 

From the voltammogram in Figure 3.10, formation of a cathodic or an anodic peak 

current density occurs when the capacitive current density is generated across the double 
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layer at high scan rates. The total faradic current density (/TF) can be expressed as the 

following equation, 

where /p is the faradic current density according to Equation (3.29), Cut is the double 

d E .  
layer capacitance, and — is the scan rate. From Equation (3.37) at low scan rate, the 

dt  

capacitive current density is small allowing Z'TF = k-  As scan rate increases, the capacitive 

current density increases and thus increases the total faradic current density. At higher 

overpotentials, the effect of transport current density (h) starts to dominate which will 

lower the overall current density to its limiting current density (ii) and the formation of a 

peak current density occurs. This is schematically shown in Figure 3.10. 

All voltammetry experiments were performed with the parameters listed in Table 3.1. 

In comparing traditional RDE setup versus the EC-AC tool for measuring voltammetry, 

there were no obvious differences between the two voltammograms. The voltammograms 

in the results section were mostly obtained using the copper film with the EC-AC tool. 

Table 3.1. Parameters used for voltammetry experiments. 

dt  
(3.37) 

Experimental 
Parameters 

Materials or Values Used 

Electrode 
Material 

99.98% copper foil and 99.99% solid copper 
16 kA ECD copper film on silicon wafer 

Scan rate (mV/s) 5, 10, 50, and 100 

Rotation speed (rpm) 0, 55.5, 222, 555.5 rpm 
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Figure 3.10. A voltammogram of a redox system according to Equations (3.26), (3.29), 
and (3.36). 



3.4. Chemical and Physical Analysis 

3.4.1. Capillary Electrophoresis Chromatography (CEC) 

The identification and separation of various anions and cations were achieved using a 

Beckman P/ACE 2000 instrument. The instrument used a hollow capillary column 75 |a,m 

in diameter and 70 cm in separation length filled with a buffer electrolyte. The ends of 

the column were placed into separate buffer reservoirs. Two platinum electrodes were 

also placed into the buffer reservoirs and connected to a high voltage power supply. A 

schematic diagram of CEC is shown in Figure 3.11. Samples were injected into the 

column either by pressure or electrokinetic injection. After injection, the ions were 

separated by applying a voltage that produced an electric field across the capillary 

column. The applied voltages for anionic and cationic analyses were 15 kV and 30 kV, 

respectively. The polarity arrangement of the electrodes determined whether cation or 

anion analysis was being performed. 

The detector was a photomultiplier tube that detected the light intensity through a 

cross section of the capillary column at wavelengths of 214, 254, and 280 nm. Since most 

small inorganic ions do not have a high absorption in the UV region, a method known as 

indirect detection was employed for the detection of small ions. The buffer used for 

indirect detection contained strong UV absorbing molecules; when a non-absorbing ion 

passed over the detector, a negative absorption peak was generated. A positive peak 

formed when a stronger absorbing ion passed over the detector. 
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Figure 3.11. Schematic diagram of the capillary electrophoresis instrument used for 
detecting cationic and anionic species in solution. 
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Figure 3.12. Schematic diagram of atomic absorption spectrophotometer used for 
determining dissolved copper concentration in solution. 



The buffer used for anion analysis was prepared by first mixing 0.02 M 

dodecyltrimethylammonium bromide (DTAB) with 0.01 M chromium trioxide (CrOs) in 

water. Chromium trioxide easily dissolved in water forming chromic acid (H2Cr04) 

which dissociated forming a chromate ion (Cr04^"), making the solution acidic. The 

addition of DTAB into chromic acid formed an insoluble precipitate of (DTA"^)2-Cr04^". 

j 2 

After mixing, the (DTA )2'Cr04 " was filtered and rinsed thoroughly to ensure that no 

bromide ion remained in the precipitate. The precipitate was then dried in a regular oven 

at approximately 100°C for 30 minutes. Since the (DTA'^)2-Cr04^" was stable only in 

I 2 
acidic conditions, 0.01 M (DTA )2'Cr04 " was dissolved in water with 0.05 M 

enthanolamine to buffer the solution's pH to above 9. About 1% of polyethyleneglycol 

(PEG) was also added into the buffer for better peak definition. The solution's final pH 

was approximately 9.8, and its conductivity was about 3 mS/cm. 

The buffer used for cation analysis contained 0.0065 Mhydroxyisobutyric acid, 0.005 

M methyl benzyl amine, 0.004 M 18-crown-6-ether, and 1% PEG. The pH of the cation 

buffer was about 4.5, and its conductivity was about 0.314 mS/cm. 

3.4.2. Atomic Absorption Spectroscopy (AAS) 

The measurement of dissolved copper ions in solution was achieved using a Perkin-

Elmer Model 2380 AAS. The technique aspirates a sample of the analyte into the 

acetylene-air mixture flame. The temperature of the acetylene-air flame is typically 2300 

°C. At this temperature, ionization of metal ions (including copper) occurred. The 

detection of copper occurred by passing a light source through the ionizing flame and into 
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a photomultiplier detector. A schematic diagram of AAS is shown in Figure 3.12. The 

light source was a hollow cathode lamp (HCL) specially optimized for copper. During 

ionization, absorption of light occurred at a characteristic wavelength for each element. 

For copper, the most sensitive wavelength occurred at 324.8 nm. A linear working curve 

was obtained by measuring the absorption of five known copper concentrations (0.1, 0.5, 

1.0, 3.0, and 5.0 ppm) prepared from an AA copper standard solution purchased from 

Alfa-Aesar Chemicals. The linear working range of copper was 0.1 to 5.0 ppm. All 

working curves established prior to analysis had a coefficient of determination (R^) = 

0.99. 

3.4.3. Surface Profile Measurements 

The surface profile was measured using a Tencor P-2 Long Scan Profiler. This 

instrument used a sharp stylus that was dragged across the surface features. The amount 

of vertical movement on the stylus was detected by electrical signals produced from the 

piezo-electric material attached to the stylus assembly. The electrical signals were 

translated into vertical distance. A schematic diagram of a surface profiler is shown in 

Figure 3.13. It used a tungsten carbide-tipped stylus with a 5.0 [am tip radius and a shank 

angle of 60°. The instrument had a minimum horizontal resolution of 0.01 )4,m/point and a 

vertical resolution of 100 A. If the scan distance was greater than 5 mm, a non-linear 

baseline was observed. 
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Figure 3.13. Schematic diagram of the P-2 profiler used for surface profile measurements 
(top). A plot of an actual profile scan of a copper sample that has been abraded (bottom). 
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For all measurements taken with scan distance greater than 5 mm, a polynomial function 

was used to level the scanned profile. For determining the amount of copper removed 

from the sample, two scans perpendicular to each other were performed. The plot of a 

typical profile scan is shown in Figure 3.13. 

3.5. pH, Redox, and Oxygen Measurements 

All solution measurements were obtained using Orion Model 920A and Model 1230 

meters. For pH measurements, a glass sensing single junction combination (with built-in 

Ag/AgCl reference electrode) pH probe was used. For redox measurements, a platinum 

sensing combination electrode (with built-in Ag/AgCl reference electrode) was used. For 

the measurements of oxygen level in solution, a probe made of two dissimilar metals (a 

cathode and an anode) encased in an epoxy body was used. The detection occurred when 

oxygen diffused through a membrane window in the epoxy body and then reduced 

electrochemically on the cathode. The amount of voltage change between cathode and 

anode correlates to the amount of oxygen present in solution. The meters and the probes 

were all purchased from Thermo Orion and were calibrated using freshly prepared buffer 

solutions on a monthly basis. 

3.6. Potential-pH Diagrams 

Stability of a metal in aqueous system may be understood by constructing a graph of 

electrochemical potentials as function of pH, also known as E-pH or Pourbaix 

diagrams.The advantage of a potential-pH diagrams is that it enables engineers to 
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have some fundamental understandings on the stability of a metal in solution prior to any 

investigations. 

The construction of a potential-pH (E-pH) diagram is entirely based on the 

thermodynamic data of each species involved. Using Gibbs formation energies (AG°) of 

individual species, a line in the E-pH diagram representing the transition from one specie 

to the other may be calculated. From these transition lines, a region of stability for a 

specie is formed. The number of transitions becomes more complicated when the total 

number of species is increased. In facilitating the construction of the E-pH diagrams, two 

software programs were used. One was a DOS based program named R0S0F'^^^\ and the 

other was a windows based program name STABCAL.'^®^^ The values used for 

calculation and construction of the E-pH diagrams are tabulated in Table 3.2. 

Table 3.2. Thermodynamic data used to ca culate the E-pH diagrams. 

Species AG° kcal/mol (298K) Species AG^ kcal/mol (298K) 

Cu 0 

Cu^^ 15.66 
Cu^ 12.00 
CuO (s) -30.40 
CU2O (s) -34.90 
CU(0H)2 (aq) -59.53 
HCUO2" -61.42 

CuOi^" -43.30 
N2 (g) 0 
N2O (g) 24.82 
NO (aq) 20.62 
NO2 (g) 12.22 
N2O3 (g) 33.20 
H2N2O2 (aq) 8.57 

HN202' 18.12 
N202^" 33.10 
NO" 32.47 

NH3 -6.36 
NH4^ -18.97 
N2H4 30.60 
NjHs^ 19.70 
NH2OH -5.59 
NHaOH^ -13.54 
NO2' -8.84 
HNO2 -13.28 
NO3" -26.58 
HNO3 -26.58 
Cu(NH20H)^^ 6.77 
CU(NH20H)2^^ -1.11 

H2O2 -31.94 
H02' -16.05 
O2 (aq) 3.88 
H2O -56.69 
HNO (aq) 26.06 
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CHAPTER 4. RESULTS AND DISCUSSION 

4.1. Copper CMP Results 

Both the mechanical and chemical parameters that affect the removal rate of copper 

during CMP in hydroxylamine based slurry were investigated. The mechanical 

parameters were polishing pressure and relative velocity, and the chemical parameters 

were slurry pH and hydroxylamine concentration. 

The first set of investigations was carried out to determine the effect of slurry pH on 

copper removal rates (RR). The results are plotted in Figure 4.1. In these tests, 

hydroxylamine concentration was held at 0.5 M and pH adjustments were made using 

sulfuric acid. The wafer and pad speeds were kept constant at 47 and 50 rpm, 

respectively, and the polishing pressure was maintained at 3 psi (20.7 kPa). It may be 

seen from Figure 4.1 that the maximum removal rate of copper occurs in the vicinity of 

pH 6, a value very close to the pKa of hydroxylamine. The removal rates of copper 

dropped off at acidic as well as alkaline conditions. 

A slurry pH of 6 was chosen to elucidate the effect of polishing pressure and speed on 

copper removal rates. When studying the effect of polishing pressure, the wafer and pad 

rotational speeds were kept constant at 47 and 50 rpm, respectively. At the set wafer and 

pad rotational speeds, the relative velocity was calculated to be 7.17 m/min. When 

studying the effect of polishing speed, the polishing pressure was set at 3 psi. 
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Figure 4.1. Removal rates of electrodeposited copper film as function of slurry pH. 
[Strausbaugh 6EC tool, 3 psi, 4% Si02 slurry containing 0.5 M hydroxylamine, pH 
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Figure 4.2. Removal rates of electrodeposited copper film as function of the product of 

polishing pressure and relative velocity (PxRy). Preston's model ( ) and best linear 
fit(—). 
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The resuhs from both studies are plotted in Figure 4.2 as removal rates of copper versus 

the product of polishing pressure and relative velocity (PxRy). If the CMP of copper 

followed Preston's equation, the removal rate would be zero at zero pressure or relative 

velocity. A fit of the experimental data, including origin, to the Prestonian model is 

shown in the figure. This linear fit has a poor correlation coefficient (R^) of 0.6754. The 

best linear fit of the results, excluding the origin, exhibited a much higher R^ of 0.9254 

and yielded a y-axis intercept of -1,320 A/min (-1.32x10"^ m/min). The equation of the 

best linear fit transformed Preston's equation into the following, 

R R  =  K P R v  +  R R o  ( 4 . 1 )  

where RRq can be interpreted as the static etch rate. As would be shown later, this 

intercept value corresponds to the etch rate of copper in 0.5M hydroxylamine based 

slurry. Also from Preston's model, the slope (Preston's constant) has been proposed to 

have a relationship of 1/(2E) to Young's modulus (E) of the substrate. Based on this 

relationship, a modulus of 323 GPa was calculated from the experimental data. 

Considering that the modulus of bulk copper is between 110 to 138 GPa, the significance 

of Preston's constant being equal to 1/(2E) was not validated. 

Since the experimental data plotted in Figure 4.2 indicated a non-linear behavior, 

attempts were made to fit the data to an equation of the type shown below. 

RR = KP"R^+RRo (4.2) 

In Preston's model, the power factors 'a' and 'b' are both equal to 1. In Tseng-Wang's 

model, 'a' = 0.83 and 'b' = 0.5, while for Zhao-Shi's model, 'a' = 0.67 and 'b' = 1. All 

three models were described in detail in the background section. 



The CMP results from Figure 4.2 were replotted as RR versus the product of P® and 

Rv'' while varying the values of 'a' and 'b' from 0.1 through 1.0. An example of this is 

shown in Figure 4.3. The figure shows a plot of P'^ 'xRy*^' and another plot of P^^xRv® "^. 

Linear regression was performed on both plots and the R from the regression was 

recorded. This process was repeated for all combinations of 'a' and 'b'. The linear 

regression of P'^ 'xRy'" showed a better R^ value than P^^xRy"'^. This means that there is 

•y 
a combination of 'a' and 'b' values that would yield the highest R value. To achieve this, 

'y 
the resulting regression R from each pair of 'a' and 'b' values was plotted in a contour 

plot shown in Figure 4.4. Also shown in the figure are the three CMP models disscused 

earlier. 

•y 
The highest R value in Figure 4.4 is obtained when 'a' = 0.5 and 'b' = 0.7. Thus the 

removal of copper in a hydroxylamine based slurry may be expressed as, 

RR = K* P°'R°y'+RRo (4.3) 

The constant, K*, from Equation (4.3) was calculated to be 5.8x10"'" Pa""^ (m/min)'^^. 

The inverse value for K* then becomes 1.72x10^ Pa''^ (m/min)'°^. The units obtained for 

;|C  ̂

K made it difficult for a comparison to Preston's constant obtained in Figure 4.2. 

Since the optimal value of 'b' was greater than 'a', relative velocity had a slightly 

larger contribution in the removal rates of copper than applied pressure. Because the mass 

transport of the active species to copper surface is dependent on relative velocity, it is 

likely that the removal rates of copper may be controlled by the transport of active 

species to the surface. 
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Figure 4.4. Contour plot of the R values determined by using Equation (4.2) with the 
experimental results of Figure 4.2. [The combination of 'a' and 'b' values in Equation 
(4.2) ranged from 0.1 to 1. Three models from Section 2.1.4 were also plotted. The 
dashed line represents 'a' = 'b'.] 
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4.2. Electrochemical Abrasion Cell (EC-AC) Experimental Results 

Electrodeposited copper films were abraded in the EC-AC tool, which is 

schematically shown in Figure 3.1. Even though the kinematics of the EC-AC tool are 

significally different from that of the CMP tool, the copper removal rates obtained from 

the EC-AC tool are similar to the CMP tool. The main advantages in using the EC-AC 

tool to study a CMP process are: (1) Fundamental information collected will help in 

understanding and improving future CMP processes; and (2) The amount of consumables 

used is minimal which helps to keep cost down. 

4.2.1. Mechanical Effects of Copper Abrasion from Using the EC-AC Tool 

The abrasion results obtained in 0.5M hydroxylamine based slurry at pH values of 

8.3, 6, and 3.5 using the EC-AC tool were subjected to the same analysis as the results 

from the CMP tool. The regression R values are plotted as contour plots shown in Figure 

4.5, Figure 4.6, and Figure 4.7, for pH values of 8.3, 6, and 3.5, respectively. The values 

of 'a' and 'b' with the highest R^ value and the corresponding K value are tabulated in 

the following table. 

Table 4.1. Values of 'a' and 'b' with highest R^ value and the corresponding K values 
with respect to three slurry pH conditions. 

Slurry pH 
'a' -P 

dependency 
'b' - Rv 

dependency 
Highest 
R^ value 

K (constant) 

8.3 1 0.1 0.9318 7.77x10"'^ Pa"' (m/min)°^ 

6 0.1 0.5 0.8117 2.19x10"^ Pa"" ' (m/min)''^ 

3.5 0.2 0.1 0.7877 4.84x10"^ Pa"° ^ (m/min)" '^ 
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Figure 4.5. Contour plot of the values determined by using Equation (4.2) with the 
experimental results obtained using EC-AC tool in 0.5M hydroxylamine based slurry at 
pH 8.3. [The combination of 'a' and 'b' values in Equation (4.2) ranged from 0.1 to 1. 
Three models from Section 2.1.4 were also plotted. The dashed line represents 'a' = 'b'.] 
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Figure 4.6. Contour plot of the values determined by using Equation (4.2) with the 
experimental results obtained using EC-AC tool in 0.5M hydroxy lamine based slurry at 
pH 6. [The combination of 'a' and 'b' values in Equation (4.2) ranged from 0.1 to 1. 
Three models from Section 2.1.4 were also plotted. The dashed line represents 'a' = 'b'.] 
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Figure 4.7. Contour plot of the R values determined by using Equation (4.2) with the 
experimental results obtained using EC-AC tool in 0.5M hydroxylamine based slurry at 
pH 3.5. [The combination of 'a' and 'b' values in Equation (4.2) ranged from 0.1 to 1. 
Three models from Section 2.1.4 were also plotted. The dashed line represents 'a' = 'b'.] 
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The highest value of 0.9318 at pH ~8.3 was obtained when values of 'a' and 'b' 

were 1 and 0.1, respectively. The larger value of 'a' in comparison to 'b' indicates that 

the removal rate of copper at this pH is predominantly dependent on applied pressure. 

This dependence on pressure also indicates that the mechanical effects were more 

dominant at this pH. The stronger mechanical effect over the weaker chemical effect in 

removing copper during abrasion may indicate the formation of a passive copper oxide 

film on the surface. 

The highest value of 0.8117 at pH ~6 was obtained when values of 'a' and 'b' 

were 0.1 and 0.5, respectively. The larger value of 'b' over 'a' indicates that the removal 

rate of copper at pH ~6 is predominantly dependent on relative velocity. Relative velocity 

contributes to both mechanical and chemical effects in the removal of copper during 

abrasion. The mechanical effect of relative velocity is the amount of shear stress applied 

to the copper sample during abrasion. However, the shear stress is also dependent on the 

amount of pressure applied to the copper sample. Since the smaller value of 'a' indicates 

that removal of copper is mildly dependent on applied pressure, the majority of the 

copper removed is due to chemical attack. The dissolution rate of copper that is 

dependent on relative velocity is due to transport of reactive chemical species to the 

copper surface. 

The values of 'a' and 'b' at pH ~6 obtained by using the EC-AC tool are similar to 

the values obtained by using an industrial CMP tool. As discussed earlier, analysis of the 

results obtained with the CMP tool also show that 'b' is greater than 'a'. However, the 

ratio of 'a' to 'b' (ratio = a/b) in the EC-AC tool was 0.2, which was smaller than the 0.7 



value obtained using the CMP tool. The difference in ratio from both tools is due to the 

EC-AC tool being a much smaller scaled version of a regular CMP tool. It is likely that 

the scaling factor may influence the overall kinematics of the EC-AC tool. 

The highest R value of 0.7877 at pH -3.5 was obtained when values of 'a' and 'b' 

were 0.2 and 0.1, respectively. The slightly larger value of 'a' over 'b' indicates that the 

removal rate of copper at pH -3.5 is slightly more dependent on applied pressure. This 

same behavior was also observed for the removal of copper at pH -8.3, but the best fit 

value of 'a' was found to be 1. If the value of 'a' = 1 at pH -8.3 signifies a strong passive 

oxide layer, then a much smaller value of 0.2 at pH -3.5 may indicate lack of a passive 

oxide layer. This is highly probable considering that copper oxides are not stable at a pH 

value of -3.5. The removal rates of copper having slightly larger dependency on applied 

pressure over relative velocity is likely due to the formation of a fresh copper surface 

upon abrasion at pH -3.5. 
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4.2.2. Chemical Effects of Copper Abrasion from Using the EC-AC Tool 

The effect of pH on copper removal rates was studied using slurries containing Q.5M 

hydroxylamine. The removal rate results obtained using the EC-AC tool showed the same 

maximum at pH 6 as the results from the CMP tool. To show that both tools behaved 

similarly with respect to pH, the removal rates obtained from both tools were normalized 

to their mean values and plotted with respect to pH. This plot is shown in Figure 4.8. The 

results obtained from both tools show the same trend in copper removal rates with respect 

to pH. All showed a maximum in removal rates at pH value ~ 6. This clearly shows that 

the chemical component of CMP can be effectively studied using the EC-AC tool. 

Even though the trend of copper removal rates with pH was the same, the removal 

rates obtained using the EC-AC tool were considerably lower than the results from the 

CMP tool. For example, the copper removal rate at pH 6 from the EC-AC tool was 1,300 

A/min, while the removal rate from the CMP tool was 3,200 A/min. This is likely due to 

the difference in the relative velocity between the CMP and the EC-AC tool. The relative 

velocity in the CMP tool was calculated to be 7.17 m/min with wafer and pad rotating at 

47 and 50 rpm, respectively. In the EC-AC tool, a much lower relative velocity of 1.0 

m/min was calculated even with wafer and pad rotating at 222 and 240 rpm, respectively. 
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Figure 4.8. Copper removal rates normalized with respect to their mean as a function of 
pH. [Mean values of CMP tool (H2SO4) = 1,858.7 A/min, EC-AC tool (H2SO4) = 897.8 
A/min, EC-AC tool (HNO3) = 632.5 A/min.] 
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4.2.3. Removal Rate of Copper without Abrasion Using the EC-AC Tool 

4.2.3.1. Effect of pH on Copper Removal Rates 

In order to deconvolute the effect of chemical and mechanical factors during the 

copper removal process, removal rates of copper were studied in the absence of abrasion. 

In Figure 4.9, the removal rates of copper with and without abrasion in 0.5M 

hydroxylamine based slurry are plotted as function of pH. Interestingly, without any 

abrasion to the copper sample, a maximum in removal rates was also observed at pH 6. 

This shows that the removal rate of copper in hydroxylamine based chemistry has a 

strong chemical dependence on slurry pH. At pH values of 4 to 5, the removal rate of 

copper was significantly increased upon abrasion. However this effect was not observed 

at pH values of 7 to 8. 

The removal rates of copper during abrasion contain both mechanical and chemical 

factors, and removal rates of copper with no abrasion contain only a chemical factor. The 

removal rates from abrasion and no abrasion can be expressed as the following equations. 

Abrasion Mechanical Chemical (4.4) 

No Abrasion Chemical (4'5) 

The values for RRMechanicai are the difference in copper removal rates between abrasion 

and no abrasion conditions. The behavior of RRMechanicai with respect to pH is shown in 

Figure 4.10. The ratios of RRMeohanicai/RRchemicai are also plotted in this figure. If the ratio 

of RRMechanicai/RRchemicai Were greater than 1, the removal process would be more 

influenced by mechanical effects. If the chemical effects were more dominant during the 

removal process, the ratio would be less than 1. 
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In the near neutral pH range of 5.5 to 7 (Figure 4.10), the RRMechanicai/RRchemicai is less 

than 1. Within this pH range, the chemical effects are more dominant than the mechanical 

effects. Also within this pH range, RRMechanicai stayed consistently between -300 and 

-400 A/min. At pH values of 7 to 9, the ratio was greater than 1 and showed an 

increasing trend with respect to pH. The increasing ratio above pH 7 indicates that the 

mechanical effect is more dominant. Interestingly, the RRMechanicai shows a decreasing 

trend with an increase in pH values. The small values of RRchemicai above pH 7, point to 

the formation of a protective layer (possibly an oxide film). 

At pH values less than 5.5, the ratio RRMechanicai/RRchemicai is also greater than 1, 

indicating that mechanical effects are more dominant than chemical effects. The 

RRMechanicai reaches a maxiumum at pH 5 and decreases with pH values below 5. The 

strong influence of RJR-Mechanicai in acidic conditions agrees with the effects of abrasion 

pressure and relative velocity discussed in earlier sections. 

The behavior of copper removal rates with respect to pH may be divided into three 

sections. The first section is pH values below 5, the second section is pH values ranging 

from 5 to 7, and the third section is pH values greater than 7. These sections were divided 

according to the RR-Mechanicai and RRchemicai behaviors within the pH ranges. In the first 

and third sections, RRMechanicai dominates over RRchemicai, while in the second section 

RRchemicai dominates over RRMechanicai- It is clear that the observed maximum copper 

removal rate at pH 6 is a chemical-effect-dependant pheonomenon. 
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4.2.3.2. Effects of Rotation Speed on Copper Removal Rate without Abrasion 

The RRchemicai Can be controlled by the kinetics of the reactions (RRKinetic) or by mass-

transport of the species that moves to and away from the copper surface (RRiransport) or 

both. This is expressed in the following equations, 

1 1 1  
+ (4-6) 

^^^Chemical ^^Kinetic ^^Transport 

(4.7) 

, , 0.62iir'D^rNH.OHl „ 
= k "[NH.OH] = J ' (4.8) 

where k' is the rate constant, a is reaction order, and k" is the transport constant. In 

Equation (4.8), 'D' is the diffusion coefficient and 'v' is the kinematic viscosity. The 

RRxransport is known to be proportional to the square-root of the rotational speed (co '''). 

To study the effects of rotation speeds on copper removal rate in O.SMhydroxylamine 

solutions maintained at pH of 6, rotational speeds ranging from 55.5 rpm (5.81 rad/s) to 

555 rpm (58.12 rad/s) were investigated. In Figure 4.11, the experimental results are 

plotted as inverse copper removal rates (1/RRchemicai) versus the inverse square root of 

rotational speed (co"^')- A linear relationship in Figure 4.11 shows that in the range of 

rotational speeds investigated, the removal rate of copper is influenced by mass-transfer 

effects. This could also explain the enhanced removal rate observed at higher relative 

velocities during the abrasion process discussed earlier. 
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The slope of the linear fit are equal to 

yX 
r^TT T (4-9) 

0.62 Tir^ [NH^OH] 

At the hydroxylamine concentration of 0.5 M (5x10"'' mol/cm^), Equation (4.9) then 

becomes, 

% Yl  
slope xfNH.OHl^ ,,=27918.3-^. (4.10) 

^ 0.62 Tir' cm^ 

0.62 7tr^ D^co-^ co'^ /^i i n  
k"  = ^ ( 4 . 1 1 )  

yA ^/ l  
27918.3-^ 

cm 

The determined transport constant {k")  from equation (4.11) can be used to calculate the 

ra te  constant  {k ' ) .  

Extrapolation of the linear fit in Figure 4.11 to a zero value of co"''' (i.e., infinite 

rotational speed) would yield a value of 1,868 A/min. This means that in the absence of 

mass-transfer effects a copper removal rate of 1,868 A/min may be obtained for the 

chemical system. Also from Equation (4.6), the y-intercept is related to RRKinetic- In order 

to calculate the rate constant (A:'), a value for the reaction order {a) is required. By 

investigating the copper removal rates with respect to hydroxylamine concentration, a 

value for the reaction order may be determined. 
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4.2.3.3. Effects of Hydroxylamine Concentration on Copper Removal Rate without 
Abrasion 

The effects of hydroxylamine concentration on copper removal rate were investigated 

using the EC-AC cell rotating at 222 rpm and at a solution pH of 6. The results are shown 

in Figure 4.12. The results show that the removal rates of copper increase with increasing 

hydroxylamine concentrations. The effect of RRKinetics on RRchemicai shown in Equation 

(4.6) was investigated further. The kinetics of the reactions are typically known to be 

dependent on the concentration of the species involved in the reactions. Equation (4.7) 

assumes that RRKinetic is dependent only on hydroxylamine concentration and the reaction 

order (a). With this assumption, Equation (4.6) is rearranged as follows, 

1 1 1 

^̂ Ĉhemical ^̂ T̂ransport ^̂ K̂inetic 

(4 .12)  

RRchcnlca, ^"[NH.OH] ^'[NH.OHf 
(4.13) 

1 27918.3® 
cm 1 

RR 
Chemical co^lNHjOH] Ar'fNHjOHf 

The logarithm of Equation (4.14) results in the following equations. 

27918.3S^ 
log 

1 cm 

RR Chemical co^ [NHjOH] 
= log 

1 

A:'[NH20H]'' 

log 
27918.3S' 

cm 
RR 

Chemical co^ [NH^OH] 

(4 .14)  

(4.15) 

-logA:'-alog[NH20H] (4.16) 
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A log-log plot according to Equation (4.16) is shown in Figure 4.13. The slope is 

representative of the order of the reaction (a). From the y-intercept, the rate constant (k') 

can be determined. The linear fit in Figure 4.13 shows a slope of -1.28 and a y-intercept 

of 2.6799. Therefore, the value of a is 1.28 and k' is 2.09x10'^ cm^/s. 

It would be intuitive to compare the value of the rate constant (k') with that of the 

transport constant (k"). It may be noted that the value of k" is a function of rotational 

speed (co), shown in Equation (4.11). By considering the highest attainable rotation speed 

on the EC-AC tool is approximately 600 rpm, this would result in k" = 2.84x10"'' cmVs. 

Since the transport constant {k") is smaller than the chemical rate constant 

{k' = 2.09x10' cm /s), this indicates that the effect of mass transport controls the removal 

rate of copper without abrasion (RRchemicai)- In order for the RRchemicai to be controlled by 

the chemical rate constant {k'), the rotation speed on the EC-AC tool would have to reach 

35,000 rpm. 
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4.3. Potential-pH Diagrams and Redox Potential Measurements 

Potential-pH (E-pH) diagrams were constructed to understand the observed chemical 

effects of hydroxylamine on the removal rate (or dissolution rate) of copper. The E-pH 

diagram of a copper-water system is shown in Figure 4.14. The three copper activities 

considered were 0.1, 10"^, and 10"^. Stability lines that were most affected by varying 

activities were Cu^VCuO, Cu^VCuiO, and Cu^VCu. At a dissolved copper activity of 

— 9— 
10" , species such as HCu02 and Cu02 are thermodynamically stable in highly alkaline 

— 9— 
solutions. At higher copper activities, the stability region of HCu02 and CuOi was 

9+ 
replaced by CuO. In an acidic solution at pH values below 4, Cu is the most stable 

specie at all dissolved copper activities. 

The redox potential of deionized water containing inorganic acids and bases was 

measured and plotted into the copper-water E-pH diagram. Two different acids, sulfuric 

and nitric, were used to lower the pH. For both nitrate and sulfate systems, the measured 

redox potential versus pH line exhibits a slope of -0.054 V/pH, as may be expected for 

the O2/H2O equilibrium. From Figure 4.14, if a copper metal is immersed into water with 

a pH greater than 7, the formation of CuO is expected. Dissolution of copper metal is 

expected at a pH lower than 4. Also from the E-pH diagram, one would expect the 

tendency for dissolution of copper at pH 4 to be greater than at pH 6. 
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The E-pH diagram of a nitrogen-water system with emphasis on hydroxylamine is 

shown in Figure 4.15. If all of the nitrogen based species in Table 3.2 were used in 

constructing the E-pH diagram, only NO3", N2, and ammonia (NH3 and NH4"^) would 

appear in the diagram. In order for hydroxylamine and some intermediate species, such as 

NO, NOi", and hyponitrous-hyponitrite species (H2N2O2, HN202~, and N202^"), to appear 

in the diagram, several nitrogen based species had to be excluded from the calculation. 

These species were ammonia (NH3 and NH4"^), hydrazine (N2H4 and N2H5"^), N2, and 

N2O. Even though N2O was excluded from the calculation, a hatched region showing the 

stability of N2O in Figure 4.15 was drawn because most of the studies on the 

decomposition of hydroxylamine found in the literature have claimed that the majority of 

the decomposition product is N2O. The hatched region of N2O was obtained by including 

N2O with the other nitrogen species and excluding ammonia, hydrazine, and N2. 

In order for the nitrogen-water E-pH diagram to be representative of the 

hydroxylamine based chemistry, the activities of the nitrogen-based species were kept 

6 • • constant at 10" while only varying the activities of hydroxylamine. By increasing the 

activities of NH2OH and NHsOH"^ from 10"^ to 0.5, lines representing the redox couple of 

hyponitrous-hyponitrite species (H2N2O2, HN202~, and N202^") with hydroxylamine 

shifts to a more reducing potential. 

The measured redox potentials of the water-sulfate and O.SMhydroxylamine solution, 

acidified using sulfuric acid, are plotted in Figure 4.15. The water-sulfate system shows a 

fairly oxidizing aqueous chemistry. In the presence of 0.5Mhydroxylamine, the measured 

redox potentials lowered, signifying a less oxidizing chemical system. 
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The measured redox potential of O.SMhydroxylamine falls in the region of hyponitrous-

hyponitrite species. The decomposition of hydroxylamine could produce N2O possibly 

through hyponitrous-hyponitrite intermediates. It is also possible that the reduction of 

NO2 and NO coupled with oxidation of hydroxylamine forms the intermediate 

hyponitrous-hyponitrite specie, which eventually evolves to N2O, reaction (2.36). The 

presence of NO2' and NO in solution would come from the decomposition process of 

hydroxylamine, enhanced by the reduction of O2. 

The potential-pH diagram of copper-hydroxylamine-water is shown in Figure 4.16 for 

a hydroxylamine activity of 0.5. The dissolved copper activity was varied between 0.1 

and 10"^. The pH region where Cu(NH20H)^'^ and Cu(NH20H)2^^ complexes are stable 

lies between ~3.5 and ~8, depending on the activity of the soluble copper species. With 

increasing dissolved copper activity, the stability region of Cu(NH20H)2^^ complex 

shrinks. 

The measured redox potentials of 0.5M hydroxylamine solution (with and without 

0.001 MCUSO4) are plotted in Figure 4.16. Interestingly, the measured redox potentials 

of hydroxylamine based chemistries follow CU2O/CU stability line closely except for pH 

values less than ~4. At a dissolved copper activity of 10"^, the CU2O/CU equilibrium line 

does not extend below pH ~7. From pH values of ~7 to ~3.5, the measured redox 

potentials of hydroxylamine fall within the Cu(NH20H)2^^ and Cu(NH20H)^'^ stability 

o  . . . .  
region. As the dissolved copper activity is increased to 10" , the CU2O/CU equilibrmm hne 

extends all the way to pH -3.5. At pH values less than 3, the measured redox potentials 

of hydroxylamine lie in the Cu region. 
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The E-pH diagrams of copper-hydroxylamine-water and nitrogen-water systems are 

superimposed into a single E-pH diagram shown in Figure 4.17. The measured redox 

potentials of 0.5M hydroxylamine solution are also plotted in the figure. The reduction 

equilibrium lines of NH30H'*'/NH4'^ and NH20H/NH4'^ are drawn, even though earlier 

diagrams did not include NH3 and NH4'^ species. The reason for the presence of the 

hydroxylamine/ammonia equilibrium lines is to show the feasibility of this reduction 

reaction coupled with oxidation of copper. It may be noted that both NH30H^/NH4"^ and 

NH2OH/NH4'*' equilibrium lines are more noble than the Cu^VCu equilibrium line; hence, 

oxidation of Cu by either NHsOH"^ or NH2OH with NH4^ as the reduction product is 

thermodynamically favorable. 

From Figure 4.17 at pH values about 6, the complexation of hydroxylamine can favor 

the oxidation of copper provided an oxidizing agent is available. In the figure, the 

NO/H2N2O2 couple may be seen to be more noble than the Cu/Cu(NH20H)2^^ couple at 

pH 6. The reduction of NO —> H2N2O2 coupled with the oxidation of Cu ^ 

'y I  
Cu(NH20H)2 is also thermodynamically favorable. The presence of NO in solution 

would come from the decomposition of hydroxylamine. The measured redox potential of 

hydroxylamine at pH 6 falls in between the stability lines of NO/H2N2O2 and 

Cu/CU(NH20H)2^^. 

The reduction process of NH2OH —> NH4"*' coupled with oxidation of copper are also 

thermodynamically favorable. The question then becomes which of two reduction 

processes, NH2OH -> NH4"^ or NO -> H2N2O2, is kinetically faster. The kinetics of the 

reduction process will be investigated and discussed in later sections. 
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4.4. Oxygen Concentration Measurements 

The oxygen levels in solutions with and without 0.5M hydroxylamine were measured 

in open air with respect to solution pH. The results are shown in Figure 4.18. The oxygen 

levels in solution without hydroxylamine showed a constant value of approximately 7.4 

ppm in the pH range of 1 to 13. When 0.5 Mhydroxylamine was added into the solution 

at pH values greater than 12, the oxygen level decreased to about 0.5 ppm. As pH values 

decreased from 12 to 5, the oxygen levels in hydroxylamine containing solution increased 

linearly at about 1.1 ppm per pH value. At pH values less than 5, the oxygen levels 

remained constant at about 7.3 ppm. These results indicate that hydroxylamine reacts 

with oxygen in solution at pH values greater than 5. Thus hydroxylamine appears to be an 

effective oxygen scanvenger in alkaline solutions. 

The oxidation of hydroxylamine is likely to occur via the following reactions, 

NH^OH + 20H" ̂  HNO + 2H2O + 2e" (2.22) 

HNO + H2O -> HN (OH)^ + 30H" ^ NO^ + 2H2O + 2e" (4.17) 

The coupled oxygen reduction reaction is, 

02+4H^+4e" >2H20 (4.18) 

The drop in oxygen levels, when hydroxylamine was added into the solution at pH values 

above 5, is a clear indication of hydroxylamine being oxidized by reducing oxygen. 

However, at pH values below 5, the saturated oxygen level indicate that either the 

oxidation of hydroxylamine does not occur, or it occurs at a slower rate than the rate at 

which oxygen dissolves in solution. 
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Figure 4.18. Oxygen levels (ppm) in solution containing 0.5M hydroxylamine (•) and 
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4.5. Electrochemical Analysis 

Electrochemical techniques were used to probe the electrochemical reactions that may 

occur between copper and hydroxylamine. Earlier experimental results showed that the 

overall copper removal rate (RRoveraii) during CMP is split into two removal effects, 

mechanical and chemical (RRMechanicai and RRchemicai)- In Figure 4.9, the copper removal 

rates with respect to pH showed that RRoveraii and RRchemicai have the same trend. 

Therefore, if the mechanisms for RRchemicai during copper CMP in hydroxylamine based 

chemistry is understood, then the mechanisms for RRoveraii during copper CMP can be 

understood as well. Electrochemical experiments were performed both in the presence 

and absence of abrasion to probe the electrochemical phenonmena that contribute to 

RRchemicai-

4.5.1. Tafel and Corrosion Rate Analysis without Abrasion 

4.5.1.1. Effects ofpH 

Polarization curves of copper in 0.5M hydroxylamine at pH values greater than and 

less than 6 are shown in Figure 4.19 and Figure 4.20, respectively. Both figures are 

plotted as overpotential (7) vs. log(z). From each polarization curve, the values of Tafel 

slope (Pa and Pc), polarization resistance (Rp), corrosion potential (Ecorr), and corrosion 

current density (icon) were determined and tabulated in Table 4.2. 
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The polarization curves in Figure 4.19 show that both cathodic and anodic curves 

shift in the direction of increasing current density with decreasing pH values from 8.8 to 

5.98. This results in higher corrosion current density (icon) and likely a higher copper 

removal rate. The polarization curves in Figure 4.20 show that cathodic polarization 

curves shift in the direction of decreasing current density with decreasing pH values 

below 5.98, while the anodic polarization curves showed no change with respect to 

decreasing pH values. Even though the anodic polarization curves did not change much, 

the calculated icon decreased with decreasing pH values from 5.98 to 2.95. This decrease 

in icon value corresponded with the shift in cathodic polarization curves below pH 5.98. 

The shift in cathodic polarization curves with decreasing pH values may be attributed to a 

reduction reaction that becomes less favorable in acidic condition. 

The tabulated results in Table 4.2 show that properties such as Rp and icon have 

similar behaviors to actual copper removal rates. In earlier discussions, the removal rates 

of copper were found to have a maximum pH value of 6. This same maximum was also 

observed for icon in Table 4.2. Since R? is inversely related to icon, the behavior of Rp with 

respect to pH is opposite that of icon showing a minimum at pH value of 6. 

To demonstrate that the behavior of icon is the same as the actual copper removal rates 

with respect to pH, icon (|i.A/cm^) values were converted to removal rates (A/min) based 

on 2 electron charge transfer. This will be referred to as electrochemical removal rates 

(EC-RR). A plot that contains actual copper removal rates and EC-RR normalized to their 

mean values with respect to pH is shown in Figure 4.21. 
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Table 4.2. Electrochemical properties of the polarization curves in Figure 4.19 and Figure 
4.20. 

pH Pa 

(V/decade) 
Pc 

(V/decade) 
Rp 

(Q-cm^) 
Ecorr 

(V vs SHE) 
'corr 

(|a,A/cm^) 

8.8 0.277 ± 0.004 -0.353 ± 0.004 40.9 ± 1.5 0.035 175.5 ±0.2 

8.05 0.306 ±0.005 -0.371 ±0.006 24.7 ± 0.6 0.084 314.4 ±2.6 

7.58 0.316 ±0.004 -0.374 ± 0.006 18.7 ±0.3 0.104 424.0 ±4.3 

6.99 0.341 ± 0.005 -0.355 ± 0.006 14.4 ±0.2 0.118 542.0 ±6.4 

6.53 0.329 ± 0.005 -0.309 ±0.005 10.1 ±0.2 0.134 731.2 ±6.2 

5.98 0.323 ± 0.006 -0.419 ±0.019 7.9 ±0.3 0.167 1,070.0 ±20.0 

5.5 0.303 ± 0.006 -0.485 ±0.012 9.7 ±0.5 0.183 885.5 ±4.0 

4.98 0.279 ± 0.004 -0.415 ±0.002 11.6±0.4 0.182 667.7 ±0.6 

4.48 0.261 ± 0.004 -0.282 ±0.001 20.4 ± 1.6 0.187 307.5 ±4.8 

3.96 0.235 ± 0.004 -0.240 ±0.001 28.0 ±2.6 0.193 195.9 ±3.6 

2.95 0.221 ± 0.004 -0.207 ±0.001 53.0 ±6.2 0.187 93.5 ±2.6 

The figure indicates that the trend of EC-RR with respect to pH is similar to actual RR. 

However the mean values for EC-RR is 109 A/min and actual RR is 327 A/min. This 

indicates that the calculated EC-RR (based on 2 e" charge transfer) alone cannot 

accurately predict actual copper rates. Even though EC-RR cannot predict actual copper 

rates, it still offers useful information in the analysis of copper removal rates with respect 

to pH in hydroxylamine based chemistry. 

The Tafel slopes (Pa and IPd) from Table 4.2 show that all the values are in the range 

of 0.207 to 0.485 V/decade. Ideally, if the transfer coefficients for anodic (aa) and 

cathodic (ac) reactions are equal to 0.5 and the number of electrons transferred {n) is 2, 

then the values for Pa and IPd would be 0.059 V/decade. 
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EC RR (2e") 
Actual RR 

Figure 4.21. Copper removal rates normalized over their mean in 0.5M hydroxylamine 
based slurry without any abrasion with respect to pH. The mean value for EC RR (2e") 
was 108.9 A/min. The mean value for actual RR was 327.4 A/min. 
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Considering that the measured values for Pa and IPd is between 0.207 and 0.485, it is 

likely that the transfer coefficients (aa and ac) are very small. Based on n = 2, the and 

ac for all pH values tested were between 0.15 and 0.06. 

4.5.1.2. Concentration Effects 

The effects of hydroxylamine based chemistry on dissolution of copper were studied 

as a ftinction of concentration at pH value of 6. The polarization curves of copper in 

solutions of different hydroxylamine concentration maintained at pH 6 are plotted in 

Figure 4.22 as overpotential (rf) versus log(/). The cathodic polarization curves show 

subtle changes with respect to hydroxylamine concentration. Beyond -0.1 V 

overpotential, almost all of the cathodic polarization curves appear to reach limiting 

current densities ranging from 1x10' to 3x10" A/cm . However, the anodic polarization 

curves change significantly with respect to hydroxylamine concentration. As 

hydroxylamine concentrations decrease, the anodic polarization curves shift in the 

direction of lower current densities. Also with decreasing hydroxylamine concentrations, 

the anodic limiting current densities seem to occur over a larger range of 7x10"^ to 4x10"^ 

•J 

A/cm than the cathodic limiting current densities. 
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Figure 4.22. Tafel polarizations of electrodeposited copper film at pH 6 in varying 
concentration of hydroxylamine. \M (D), 0.75M(C>), 0,5M (O), 0.4M(V), 0.3M(A), 
0.2M(^), 0.1M(<1), 0.05M(0), and 0.01M(I>). 
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The polarization parameters of Pa, Pc, Rp, Ecorr, and icon for each curve are tabulated in 

Table 4.3. Note that the Pa and Pc data have a significant amount of errors, as much as ± 

0.1 V/decade. These errors are due to very limited Tafel regions and the appearance of 

the Tafel region (±0.05to±0.3V overpotential) created by the limiting current density. 

These errors also affect the calculations of i^on values. 

The electrochemical removal rates (EC RR in A/min) calculated from /corr (based on 2 

electron charge transfer) and normalized to the mean value are plotted in Figure 4.23. 

Also plotted in the figure are normalized actual copper removal rates from Figure 4.12. 

The results in Figure 4.23 show that copper removal rates determined from z'corr do not 

follow the trend of actual copper removal rates. This is likely due to the large amount of 

errors introduced into the icon calculation from the polarization curves in Figure 4.22. 

Table 4.3. Electrochemical properties of the polarization curves in Figure 4.22. 

Cone. 
(M) 

Pa 

(V/decade) 
Pc 

(V/decade) 
Rp 

(Q-cm^) 
Ecorr  

(V vs SHE) 

'corr  

(|j.A/cm^) 

1 0.315 ±0.006 -0.186 ±0.014 1.89 ±0.03 0.145 2,985 ± 377 

0.75 0.261 ±0.009 -0.174 ±0.028 3.20 ±0.13 0.140 1,573 ±318 

0.5 0.254 ±0.033 -0.227 ± 0.086 3.39 ±0.09 0.149 1,708 ± 1,222 

0.4 0.202 ± 0.045 -0.263 ± 0.055 3 .70±0.16 0.159 1,491 ±784 

0.3 0.259 ±0.080 -0.421 ± 0.073 4.07 ±0.12 0.166 1,901 ± 1,315 

0.2 0.229 ±0.057 -0.335 ± 0.034 5.78 ±0.24 0.175 1,137 ±505 

0.1 0.488 ± 0.073 -0.418 ±0.028 10.59 ±0.41 0.187 1,026 ±206 

0.05 0.289 ± 0.098 -0.383 ±0.016 16.50 ±0.51 0.197 481 ±267 

0.01 0.137 ±0.051 -0.422 ±0.018 32.40 ± 0.82 0.197 153 ± 124 



140 

5.0 

•Actual RR 

EC RR (2e") 
4.5-

4.0-

3.5-

3.0-

, 2.5 : 

Z 2.0-

E 1.5-

1.0-

0.5-

0.0-

-0.5 -|—I—I—I—I—I—I—I—I—I—I—I—I—I—I—I—I—1—I—I—I—I—r 
-0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 

Hydroxylamine concentrations (M)  

Figure 4.23. Copper removal rates normalized to their mean value with respect to 
hydroxylamine concentration at pH 6. The mean value for actual RR was 565.9 A/min 
and the mean value for EC RR (2e") was 306.5 A/min. 
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Earlier discussions have proposed the reduction of hydroxylamine to ammonia as the 

coupled reaction to oxidation of copper. If the reduction of hydroxylamine to ammonia 

were true, a significant shift in the cathodic polarization curves with respect to 

hydroxylamine concentrations would be expected. Instead, the cathodic limiting current 

density only shifted from 3x10"^ to 1x10"^ A/cm^ with decreasing hydroxylamine 

concentrations. The lack of dependence in cathodic polarization curves on hydroxylamine 

concentration is intriguing. This perhaps indicates that some intermediate species in small 

amounts evolved from hydroxylamine rather than hydroxylamine itself being reduced. 

The significant shifts in the anodic polarization curves with respect to hydroxylamine 

concentrations are likely due to the complexation of copper by hydroxylamine. 
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4.5.2. Electrochemical Analysis under Abrasion 

4.5.2.1. Ecorr versus Time 

Corrosion potential (Ecorr) of copper in 4% silica slurries containing 0.5M 

hydroxylamine was measured during and following abrasion with an ICIOOO pad. The pH 

of the slurry was adjusted from alkaline to acidic using sulfuric acid. The copper sample 

was initially abraded in the hydroxylamine based slurry for 1 min to remove any native 

oxide films that may have formed during exposure to air. Once the contact between the 

pad and the copper sample was broken, abrasion was stopped and the monitoring of Ecorr 

versus time began. After about 50 seconds, the contact between pad and sample was 

reestablished. After about 100 seconds of abrasion, the abrasion was stopped by breaking 

the contact between pad and sample. The results of the experiment are shown in Figure 

4.24. 

In weakly alkaline and neutral conditions (pH values 6 to 9) the Ecorr of copper 

decreased upon abrasion. This may be expected due to the removal of CuO or CU2O layer 

on the copper surface. However, at pH values below 6, the Ecorr of copper increased 

• 2"t" 2"t" 
slightly upon abrasion. Since soluble copper species such as Cu , Cu(NH20H)2 , and 

CuCNHiOH)^"^ are thermodynamically stable at pH values below 6, the increase in Ecorr is 

intriguing. Ecorr is a mixed potential; therefore, its value is dependent on the equilibrium 

potential of the oxidation and reduction reactions as well as the slope of the polarization 

curves. The increase of Ecorr can be due to an increasing slope of the anodic (Cu -> 

Cu(NH20H)x ^^) polarization curve or due to the decreasing slope of the cathodic 

polarization curve. 
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Figure 4.24.  Ecorr  vs time of copper film that was abraded using 0.5M hydroxylamine 
based slurries. Sulfuric acid was used to adjust the pH. 
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Since abrasion created a fresh copper surface, it is more likely that the cathodic 

polarization curve shifts toward higher current density values, i.e., cathodic reaction takes 

place more efficiently. 

4.5.2.2. Tafel and Corrosion Rate Analysis under Abrasion 

The polarization curves of copper under abrasion at different pH values are plotted as 

overpotential {rj) versus log(/) shown in Figure 4.25 and Figure 4.26. The polarization 

curves in Figure 4.25 show that both cathodic and anodic curves shift in the direction of 

increasing current density with decreasing pH values from 8.47 to 6.06. This results in 

higher corrosion current density (/corr) and likely a higher copper removal rate. The 

polarization curves in Figure 4.26 show that cathodic polarization curves shift in the 

direction of decreasing current density with decreasing pH values below 6.06, while the 

anodic polarization curves show no change with respect to decreasing pH values. The 

polarization curves under abrasion are very similar to the polarization curves without 

abrasion for most of the pH values except in acidic conditions. 

The effects of abrasion on polarization curves at pH values of 8 and 6 are shown in 

Figure 4.27 and Figure 4.28. The curves show subtle shifts toward higher current 

densities and more negative potentials during abrasion. The shift in potentials of the 

polarization curves at pH 8 and 6 coincide with the decrease in Ecorr vs time (Figure 4.24) 

at similar pH values upon abrasion. The increase in current density of the polarization 

curves during abrasion indicates that the passive layer formed on the copper surface was 

removed. 
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Figure 4.25. Potentiodynamic polarizations of electrodeposited copper film in 0.5M 
hydroxylamine base slurry at different pH values under abrasion. pH 8.47 (•), pH 7.99 
(O), pH 7.51 (V), pH 7.0 (•), pH 6.5 (A), and pH 6.06 (O). 
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Figure 4.26. Potentiodynamic polarizations of electrodeposited copper film in 0.5M 
hydroxylamine base slurry at different pH values under abrasion. pH 3.46 (A), pH 4.01 
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If the magnitude of the increasing current density is small, this may represent the removal 

of a thin (poorly formed) passive layer. For a more protective passive layer, a large 

increase in the magnitude would be expected. 

The polarization curves at pH 4 in Figure 4.29 show a significant shift towards 

increasing current density upon abrasion of the copper sample. The cathodic portion of 

the polarization curve shows about a decade increase in current density upon abrasion, 

while the anodic portion shows very little changes. The shift of the cathodic polarization 

curve and changes in cathodic Tafel slope upon abrasion may be the reason for the 

increase in Ecorr values around pH 4. The changes in the cathodic polarization curve upon 

abrasion are likely due to a shift in the exchange current density (io). This may be caused 

by a freshly abraded copper surface that allows the reduction reaction to occur more 

efficiently. 

From each polarization curve in Figure 4.25 and Figure 4.26, the values of Tafel 

slope (Pa and Pc), polarization resistance (Rp), corrosion potential (Ecorr), and corrosion 

current density (icon) were determined and tabulated in Table 4.4. Electrochemical 

removal rates (EC RR) based on 2 electron charge-transfer were calculated. The EC RR 

while the copper was being abraded along with EC RR of copper without abrasion are 

plotted in Figure 4.30. The EC RR of copper under abrasion does not show a sharp 

maximum in removal rate at pH 6. This was unexpected considering that overall copper 

removal rates with respect to pH showed a clear maximum at around a pH value of 6. 
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Figure 4.27. Polarizations curves of copper in 0.5M hydroxylamine based slurry with and 
without abrasion at pH values around 8. 
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Figure 4.28. Polarizations curves of copper in O.SMhydroxylamine based slurry with and 
without abrasion at pH values around 6. 
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Figure 4.29. Polarizations curves of copper in O.SMhydroxylamine based slurry with and 
without abrasion at pH values around 4. 
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Figure 4.30. Electrochemical removal rate (A/min) of copper in 0.5M hydroxylamine 
based chemistry as function of pH. The EC RR of copper under abrasion (•) and copper 
without any abrasion (•). 
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Table 4.4. Electrochemical properties of the polarization curves in Figure 4.25 and Figure 
4.26. 

pH Pa 

(V/decade) 
Pc 

(V/decade) 
Rp 

(Q-cm^) 
Ecorr 

(V vs SHE) 
'corr 

()j,A/cm^) 

8.47 0.285 ± 0.004 -0.342 ± 0.004 105.3 ± 1.8 0.040 308.2 ±0.5 

7.99 0.305 ± 0.004 -0.364 ±0.005 50.8± 1.1 0.079 396.8 ±0.8 

7.51 0.312 ±0.004 -0.391 ±0.005 50.2 ±0.5 0.104 531.7 ±4.0 

7.0 0.323 ± 0.005 -0.396 ± 0.007 25.0 ±0.3 0.121 671.5 ±7.2 

6.5 0.328 ±0.005 -0.408 ± 0.008 15.1 ±0.2 0.136 994.3 ± 11.8 

6.06 0.327 ± 0.005 -0.410 ±0.008 16.5 ±0.2 0.147 1,343.0 ± 15.7 

5.78 0.330 ±0.005 -0.389 ±0.007 10.3 ±0.1 0.161 1,234.0 ± 13.9 

5.55 0.329 ±0.005 -0.378 ± 0.006 11.1 ±0.1 0.181 1,267.0 ± 13.7 

4.99 0.309 ± 0.004 -0.382 ±0.005 18.1 ±0.2 0.204 1,304.8 ± 10.5 

4.58 0.306 ± 0.004 -0.392 ± 0.005 12.7 ±0.3 0.217 1,164.8 ±5.9 

4.01 0.294 ± 0.004 -0.463 ± 0.004 16.9 ±0.3 0.213 1,176.7 ±4.3 

3.46 0.274 ± 0.004 -0.385 ±0.002 32.7 ±0.9 0.208 644.6 ±2.5 

It is interesting to note that abrasion increased the removal rate mostly in the acidic 

region. If passive layer removal is the dominant mechanism for CMP then one would 

expect to see a significant effect of abrasion at alkaline pH values. It appears that the 

abrasion creates a fresh copper surface on which reduction reaction can occur in a more 

facile manner. 
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4.5.3. Voltammetry Analysis 

Linear sweep voltammetry was used in an effort to identify various oxidizable and 

reducible species in the hydroxylamine chemistry. Most of the voltammetry experiments 

were performed using a copper film as the working electrode. The first set of experiments 

was carried out in a phosphate-sulfate buffer solution at pH values of 8, 6, and 3. These 

experiments were conducted to establish the background voltammograms in the 

hydroxylamine based chemical systems. The results from the phosphate-sulfate buffer 

system are shown in Figure 4.31. All of the voltammograms were obtained by scanning 

from -1.25V to +1.0V (vs SHE) at a scan rate of 50 mV/s. In the figure, negative current 

densities represent reduction reactions and positive current densities represent oxidation 

reactions. 

In Figure 4.31, three regions of interest are marked as 'a', 'Z?', and 'c'. In region 'a', 

the voltammograms for all pH values show the cathodic current density plateau of about 

1.5x10"'* A/cm^. At more cathodic potentials beyond region 'a', the current density seems 

to increase in an almost exponential fashion. The potential at which the cathodic current 

density increases in an almost exponential fashion is different for each pH value; it is 

around -0.6V for pH 3, -0.76V for pH 6, and -0.92V for pH 8. The shift in potential is 

0.053 V/pH. Region is where the transition from cathodic to anodic current density 

occurs. A re-scaled plot of region '6' is shown as an inset in Figure 4.31. From region 'a' 

to 'Z)', the decreasing cathodic current density shows a transition to anodic current 

density. This transition region has a potential shift with solution pH. This is similar to the 

potential shift observed at cathodic potentials more negative than -0.6V. 
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Figure 4.31. Voltammograms of copper film in phosphate-sulfate buffer solution at pH 
values of 8, 6, and 3. Scan rate of 50 mV/s from -1.5V to +1V and rotation speed of 50 
rpm. 
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In region 'b\ from the inset of Figure 4.31, a small anodic peak current density may be 

seen to occur at pH 8. The magnitude of this anodic current density decreases with 

decreasing pH. In region 'c', the developed anodic peak current densities are also a 

function of solution pH. At pH 8, the peak current density is around 0.12 mA/cm^. With 

decreasing pH values from 8 to 6, the peak current density increases to 0.27 mA/cm^. At 

pH 3, the anodic current density increases exponentially without the formation of a peak 

current density. 

The cathodic current density plateau at region 'a' is likely due the reduction of O2 —> 

H2O. A typical value for the limiting current density for oxygen reduction in aerated 

solution is 1x10'"^ A/cm^ and the measured cathodic current density plateaus have an 

approximate value of LSxlG""^ A/cm^. The rapid increase in cathodic current density at 

more negative potential is likely due to a hydrogen reduction reaction. The 0.053 V/pH 

shift in potential is comparable to the theoretical 0.059 V/pH dependence of a hydrogen 

reduction reaction. 

The anodic portion of Figure 4.31 shows dissolution behavior of copper in aqueous 

solutions. Depending on solution pH, formation of copper based oxides may occur. The 

E-pH relationship of copper and its oxides are shown in the following reactions. 

Cu20 + 2H' +2e-< > 2CU + H2O E = 0.472-0.0591 pH (4.19) 

CuO + 2H^ + 2e- < ^ Cu + HjO E = 0.57 - 0.0591 pH (4.20) 

2CuO + 2H"+2e-< > Cu^O + HjO E = 0.667-0.0591 pH (4.21) 

2Cu'^+H20 + 2e"< > Cu20 + 2H^ E = 0.207 + 0.0591 [pH + log[Cu'^]] (4.22) 
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+ 2e < > Cu 

Cu^ + e < > Cu 

E = 0.34-0.0296 X log 

E = 0.52-0.0591xlog 

^ 1 ^ 

v[Cu^']y 

^ 1 ^ 

,[Cun. 

(4.23) 

(4.24) 

The equilibrium potentials for Reactions (4.19) through (4.24) at pH values of 8, 6, and 3 

for two different dissolved copper activities are tabulated in the following table. 

Table 4.5. Calculated equilibrium potentials (in volts vs SHE) for Reactions (4.19) 

pH 
Reaction Reaction Reaction 

[Cu^1 
Reaction Reaction Reaction 

pH 
(4.19) (4.20) (4.21) 

[Cu^1 
(4.22) (4.23) (4.24) 

8 0.0 0.097 0.194 
10"^ 

10'^ 

0.443 

0.325 

0.222 

0.162 

0.284 

0.165 

6 0.117 0.215 0.312 
10-^ 

10-^ 

0.325 

0.207 

0.222 

0.162 

0.284 

0.165 

3 0.295 0.393 0.49 

0
 
0

 

0.148 

0.030 

0.222 

0.162 

0.284 

0.165 

From Figure 4.31 at pH 8, the initial anodic peak occurs at -0.05V (SHE) and the second 

anodic peak current density occurs at +0.21V (SHE). From Table 4.5, the two potentials 

that most closely predict the observed peak current densities at pH 8 are from Reactions 

(4.19) and (4.21), which show the transition of Cu to CuiO then CuiO to CuO. For the 

pH 6 voltammogram in Figure 4.31, the anodic portion shows an undefined current 

density peak in the range of -0.03V to +0.116V (SHE) and a second peak current density 

at +0.31 IV (SHE). These current density peaks also show the transition of Cu to CU2O 

then CU2O to CuO. The voltammogram at pH 3 does not show any clear evidence of 

current density peaks. There is simply a transition region from the OCP to +0.169V 
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(SHE), then the current density increases exponentially at potentials greater than 

+0.169V. From Table 4.5, the exponential increase in current density after +0.169V 

(SHE) at pH 3 is best represented by Reactions (4.23) and (4.24), which are the 

dissolution of copper metal to copper ions. 

In the second set of experiments, the effects of hydroxylamine on copper 

voltammogram (Figure 4.31) were investigated. In Figure 4.32, the effect of O.OIM 

hydroxylamine at pH 8 on the copper voltammogram is shown. It is of interest to note 

that by having O.OIM hydroxylamine in the solution, the magnitude of the cathodic 

current density plateau 'a' increased from 0.1 to 0.25 mA/cm^. The potential where the 

onset of hydrogen reduction occurs also shifts from -1.05V to -0.68V (SHE). In region 

'b\ the transition of cathodic to anodic current densities occurs. In this region, values of 

open circuit potential (OCP) and polarization resistance (Rp, ±0.0IV from OCP) were 

determined. The OCP of copper in a solution without hydroxylamine was around -0.107V 

(SHE) and with hydroxylamine the OCP shifted to -0.015V (SHE), a difference of 

0.092V. The Rp calculated near the OCP for the voltammogram without hydroxylamine 

was 2,096 Q-cm^ and with hydroxylamine was 510 Q-cm^. In region 'c', both 

voltammograms in Figure 4.32 show an anodic peak current density at +0.2 IV (SHE) 

except that the curve with solution containing hydroxylamine is a bit higher in current 

density than the solution without hydroxylamine. 

The effects of O.OIM hydroxylamine at pH 6 are shown in Figure 4.33. In the 

cathodic portion of the voltammogram, particularly region 'a', a strong cathodic peak 

current density occurs around -0.5V (SHE). 
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Figure 4.32. Voltammograms of copper film in pH 8 solutions with and without O.OIM 
hydroxylamine. [Scan rate of 50 mV/s from -1.5V to +1V and rotation speed of 50 rpm.] 
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Figure 4.33. Voltammograms of copper film in pH 6 solutions with and without O.OIM 
hydroxylamine. [Scan rate of 50 mV/s from -1.5V to +1V and rotation speed of 50 rpm.] 
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Figure 4.34. Voltammograms of copper film in pH 3 solutions with and without 0.0IM 
hydroxylamine. [Scan rate of 50 mV/s from -1.5V to +1V and rotation speed of 50 rpm.] 
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The magnitude of that cathodic peak is approximately 0.7 mA/cm^. The potential, at 

which reduction of hydrogen occurs, also shifts from -0.86V to -0.66V (SHE). With the 

addition of hydroxylamine at pH 6, the OCP shifts from -0.076V to +0.165V (SHE), a 

difference of 0.241V. In region 'b\ the Rp values determined from the two 

voltammograms are shown in Table 4.6. In region 'c', the anodic peak current density of 

copper in hydroxylamine containing solution is unexpectedly lower than the peak current 

density without hydroxylamine. 

The voltammogram obtained in the 0.01 M hydroxylamine solution maintained at pH 

3 is shovm in Figure 4.34. As discussed in the background section, at this pH all the 

added hydroxylamine would be in the protonated form. Compared to the solution without 

hydroxylamine, the presence of hydroxylamine increases the cathodic current density, as 

was observed for solutions at pH 8 and 6. In region 'a', the shift in the potential for the 

onset of hydrogen reduction also behaves in the same manner as the potential shift for pH 

8 and 6. In region 'ft', the OCP shifts from 0.04V to 0.19V (SHE) with the addition of 

hydroxylamine, a difference of 0.15V. The Rp values determined from the two 

voltammograms are shown in Table 4.6. In the anodic portion of the voltammograms, 

region 'c', both curves show the same current-potential response. The anodic current 

densities from both voltammograms start to increase in an exponential fashion at 

potentials more oxidizing than +0.19V (SHE). This is due to the dissolution of copper to 

copper ions. 
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Table 4.6. Calculated Rp and OCP values from the voltammograms of 
copper in solutions vyith pH values of 8, 6, and 3. 

No Hydroxylamine 0.01 MHydroxylamine 

^ Rp (Q-cm^) OCP (V vs SHE) Rp (Q-cm^) OCP (V vs SHE) 

8 2096±231 -0.107 510±33 -0.015 

6 3294+ 196 -0.076 298 ± 10 +0.165 

3 8830 ±670 +0.040 376 ± 45 +0.190 

For comparison purposes, the voltammograms of copper in O.OIM hydroxylamine 

based chemistry at pH values of 8, 6, and 3 are plotted together in Figure 4.35. In region 

at -0.5V (SHE), there are noticeable cathodic peak current densities. This is very 

evident for pH 6 solution, and very subtle for pH 8 solution. For pH 3, the peak was not 

resolved due to the onset of hydrogen reduction. The magnitude of a cathodic peak at 

-0.5V (SHE) varied with pH. The highest peak with a current density of ~ 0.7 mA/cm 

occured at pH 6. The cathodic peak current densities at -0.5V (SHE) for pH values of 8 

and 3 were 0.23 and 0.45 mA/cm , respectively. Several possible reduction reactions 

could explain the cathodic peak at -0.5V (SHE). These reactions and their corresponding 

Nernst equations are shown below. 

NHjOH + 3H^ + 2e- < > NH; + Ufi 

E = 1.519-0.0296 3 pH + log 
' [nh:] " 

[NH^OH] 
(4.25) 

NOj + 2H" + e" < > NO + HjO 

E = l.180-0.0591 2 pH + log 
' [NO] ' 

[NO-] 
(4.26) 
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NO + e < > NO" 

E = -0.514-0.0591xlog 
[NO] 

(4.27) 

NO + H^+e"<^ > HNO 

E =-0.236-0.0591 pH + log 
[NO] 

(4.28) 

The values for Reactions (4.25) and (4.26) are greater than IV. Hence, the cathodic 

peak at -0.5V is not likely due to the reduction of either NH2OH or NO2". However, the 

E° values for Reactions (4.27) and (4.28), which involve the reduction of NO, are in the 

proximity of -0.5V. The equilibrium potentials for Reactions (4.27) and (4.28) at different 

pH and ion activity values are shown in Table 4.7. 

Table 4.7. Calculated equilibrium potentials of reactions 
(4.27) and (4.28) in volts (vs SHE) at the corresponding 

Reaction (4.27) Reaction (4.28) 

pH f [NO']^ f [HNO]^ 

[[NO] J 1 [NO] J 
10"^ 1 10^^ 10"^ 1 10^^ 

8 -0.337 -0.514 -0.691 -0.532 -0.709 -0.886 

6 -0.337 -0.514 -0.691 -0.413 -0.591 -0.768 

3 -0.337 -0.514 -0.691 -0.236 -0.413 -0.591 

For example, in reaction (4.27) if [NO"] = 10'^ and [NO] = 10"" then the ^-6 ^[NO']^ 

[NO] 
ratio 

becomes 1. If [NO] is increased to lO""* then the ratio would change to 10"^. From Table 
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4.7, it is of interest to note that the reduction potentials of NO to NO" are independent of 

pH. From Figure 4.35, the cathodic peak at -0.5V is also independent of pH. It is likely 

that the cathodic peak at -0.5V is due to the reduction of NO to NO". 

From the value of Reaction (4.26), it was determined that NO2" is not a likely 

reduction reaction at -0.5V. However, the discussion on the decomposition of 

hydroxylamine in the background section mentioned that a typical decomposition product 

of hydroxylamine is NO2". To further investigate the role of NO2", voltammetry 

experiments were earned out on copper in the absence and presence of KNO2 in solution. 

Also the interaction of hydroxylamine with excess NO2' was investigated. The 

voltammograms from the investigation are plotted in Figure 4.36. The voltammogram of 

copper in solution containing only O.OIMKNO2 shows a distinct cathodic peak at -0.6V 

(SHE). The E" for NO2" reduction is 1.18V, where as for NO reduction is -0.514V. 

Base on the E° values, the observed cathodic peak at -0.6V is likely not from the 

reduction of NO2", but rather from the reduction of NO. The presence of NO in the NO2" 

solution is probably due to the decomposition effects of HNO2. At pH value of 9, NO2" is 

a stable ion. In a weakly acidic condition such as pH 6, the NO2' forms small amount of 

HNO2 which is very unstable in aqueous solution. The HNO2 formed in solution may 

undergo auto oxidation and reduction reactions to form NO3' and NO species. The 

feasibility of these reactions are shown below, 

HN02+H^+e-< ^NO + H^O E''= 0.987V (4.29) 

N03"+3H^+2e"< >-HN02+H20 E°= 0.94V (4.30) 
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Showing that the decomposition of HNO2 forming NO specie is favorable; this would 

explain the presence of NO in a KNO2 solution at pH 6. Interestingly, the 

voltammograms of copper in solutions with and without KNO2, were nearly identical 

from -0.4V to +0.3V (SHE). 

Also plotted in Figure 4.36 is the voltammogram of copper in solution containing 

hydroxylamine at pH 6. The -0.5V (SHE) cathodic peak of copper in hydroxylamine 

solution clearly resembles the -0.6V (SHE) cathodic peak of copper in a solution 

containing KNO2. The slight discrepancy between the two reduction peaks is likely due 

to different NO concentrations and a different current-potential baseline. The 

voltammogram of copper in solution containing both hydroxylamine and NO2" seems to 

have a slightly higher current density in the cathodic portion of the curve than the 

voltammogram of copper in solution containing only hydroxylamine. Interestingly, for 

both voltammograms, the cathodic peak at -0.5V remains at the same current density 

value. Even though NO2" may introduce excess NO into the solution at pH 6, it is likely 

that the solution is already saturated with NO. The solubility of NO in aqueous solution is 

approximately 56 ppm (0.002 M). The presence of NO in hydroxylamine based solution 

was also confirmed from Carter and Small using electron spin resonance and Fourier-

transformed infrared spectroscopy. 

The anodic peak current density in region 'c' of Figure 4.35 and Figure 4.36 is likely 

due to the oxidation of copper through the formation of copper-hydroxylamine 

complexes. These reactions and their corresponding Nernst equations are shown in the 

following. 



Cu(NH20H)'%2e-4 

Cu(NH20H)2%2e"< 

The calculated equilibrium potentials for reactions (4.31) and (4.32) are tabulated in 

Table 4.8. In Figure 4.35, the anodic peak at +0.25V (SHE) appears when copper is in an 

hydroxylamine solution at pH 8 and 6. At pH 3, no anodic peak was observed at +0.25V. 

It is also of interest to note that the anodic peak potential at +0.25V in Figure 4.35 seems 

to show no dependence on solution pH, especially between pH 8 and 6. As seen from the 

calculated equilibrium potentials in Table 4.8, the potentials also show no dependence on 

solution pH. The calculated equilibrium potentials for reactions (4.31) and (4.32) do not 

seem to coincide with the +0.25V anodic peak from the voltammograms of copper. It 

may be that this anodic peak at +0.25V is due to an accumulation of the copper-

hydroxylamine complexes near the copper surface. 
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Cu + NH^OH 

E = 0.268-0.0296 X log 

-» CU + 2NH2OH 

E = 0.218-0.0296 X log 

[NH,OH] 

[Cu(NH20H)'"] 

^ [NH^OH]' ^ 

[Cu(NH20H)2^]y 

(4.31) 

(4.32) 
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Table 4.8. Calculated equilibrium potentials for reactions 
(4.31) and (4.32) in volts (vs SHE) at the corresponding 
pH values and ion activity ratios. 

pH 

Reaction (4.31) 

^ [NH^OH] ^ 

JCu(NH,OH)^n, 

10^ 10^ 10^ 10 

8 0.120 0.209 0.100 0.188 

6 0.120 0.209 0.100 0.188 

3 0.120 0.209 0.100 0.188 

Reaction (4.32) 

^ [NH,OH]' ^ 

JCu(NH,OH)^^], 

The polarization resistance (Rp) values identified in the linear region near the OCP 

typically provide insights to the corrosion behavior of a given system. Low Rp values 

represent a highly corrosive system and high Rp values represent lower a corrosive 

system. From the calculated Rp values shown in Table 4.6, the addition of hydroxylamine 

in solution significantly reduces the Rp value at all three pH conditions. This indicates 

that by adding hydroxylamine into the solution at any pH value ranging from 3 to 8, the 

corrosion of copper will increase. The lowest Rp value occurs at pH 6, and this 

corresponds with the maximum copper removal rate at pH 6, as shown in Figure 4.9. 

In the voltammograms of copper (Figure 4.35) the transition from cathodic to anodic 

current densities starts from -0.25V and ends at +0.25V (SHE). It is also in this transhion 

region (region '6') near the OCP where values for Rp were determined. The transition 

toward OCP either from cathodic or anodic direction often looks linear. By fitting straight 

lines to these transition parts of the voltammogram, slopes on either side of OCP can be 

calculated and used to compare the rate at which either reduction or oxidation charge-
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'y 

transfer takes place. The inverse of the slope would give units of Q-cm making the 

transition region pseudo-resistive. An example of this is shown in Figure 4.37 for the 

voltammogram of O.OIM hydroxylamine at pH 8. The cathodic pseudo-resistance value 

determined from Figure 4.37 is -253 Q-cm^, and the anodic pseudo-resistance value is 

-1478 Q-cm . This shows that the cathodic reaction with lower pseudo-resistance value 

would have faster charge-transfer behavior than the anodic reaction. The pseudo-

resistance values for each voltammogram in Figure 4.35 are shown in Table 4.9. 

Table 4.9. Calculated pseudo-resistance values from the 
voltammograms of copper in O.OIM hydroxylamine based 
solution shown in Figure 4.35. 

pH 
Cathodic pseudo-

resistance (Q-cm^) 

Anodic pseudo-

resistance (Q-cm^) 

8 253 ±7 1478 ±25 

6 298 ± 11 551 ±23 

3 1359150 20 ±0.5 

The determined pseudo-resistance values shown in Table 4.9 may provide some 

insight as to the interactions between reduction and oxidation charge-transfers near the 

OCP. Earlier discussions have shown that the maximum copper removal rate in 

hydroxylamine based solution at pH 6 corresponds to the minimum Rp value at that same 

pH. The cathodic and anodic pseudo-resistance values seem to have significant effects on 

the value of Rp near the OCP. At pH 6, the cathodic and anodic pseudo-resistance values 

have a difference of -253 Q-cm^. 
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At pH values of 8 and 3, the differences were -1,225 Q-cm^ and -1,339 Q-cm^, 

respectively. Small differences between the anodic and cathodic pseudo-resistance values 

would imply that the overall reaction may be limited by either the reduction or the 

oxidation process. At pH 8, because of the much higher anodic pseudo-resistance value 

over the cathodic pseudo-resistance value, oxidation reactions may be expected to control 

the overall redox process near OCP. The oxidation reaction at pH 8 that results in a high 

anodic pseudo-resistance value is likely due to the formation of a passive oxide. The 

behavior of decreasing anodic pseudo-resistance values toward an acidic pH indicates 

that the passive oxide layer breaks down or does not form under acidic conditions. 

The behavior of the cathodic pseudo-resistance value with respect to pH shows an 

increasing pseudo-resistance value toward acidic pH. The reduction reactions that result 

in the cathodic pseudo-resistance value are dependent on the decomposition of 

hydroxylamine. It was mentioned earlier that in alkaline conditions, hydroxylamine is 

unstable and undergo auto-oxidation/reduction reactions. In acidic conditions, 

hydroxylammonium is very stable. The lack of hydroxylamine reactivity in solution at 

pH 3 explains why the cathodic pseudo-resistance value is high. The overall redox 

process at pH 3 is clearly limited by the reduction reactions. 
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4.6. Results from Capillary Electrophoresis Chromotography (CEC) 

The analytical technique of capillary electrophresis chromatography (CEC) was used 

to identify various anions and cations that were either initially present in hydroxylamine 

based solution or generated in solution after contacting with copper metal. The 

identification of these ionic species will reemphasize the likelihood of the proposed 

reaction mechanisms. 

The chromatograms in Figure 4.38 are the ionic standards that were used. 

Chromatogram 'a' is the result from anionic standard while chromatograms 'b', 'c', and 

'd' are from cationic standards. The anionic standard contained equal concentrations of 

KCl, KNO2, K2SO4, and KNO3 at 0.01 M. The first of the three cationic standards 

(chromatogram 'b') is for 0.01 MNH4CI. The second (chromatogram 'c') is for 0.002 M 

Cu(N03)2. The third (chromatogram'd') was obtained for a solution containing 0.1 M 

NH4OH + 0.001 MCUSO4 + HNO3. 

From chromatogram 'a', it is clear that the CEC technique can resolve anions clearly 

and sharply. It is important that NO2" is clearly resolved from other anions, because other 

anions will always be present in the solution due to inorganic acid that was used to 

acidify the solution. Sulfuric acid was predominantly used in the copper removal 

experiments, but nitric and hydrochloric acids were used periodically. Both 

chromatograms 'b' and 'c' show individual detection of NH4"^ and Cu^"^ cations. 

I ^ j 
However, in chromatogram 'd', a solution mixture containing NH4 and Cu cations 

only shows a peak for NH4"^ and not Cu^"^. The undetected Cu^"^ cation in chromatogram 

I 
'd' is possibly due to the formation of Cu(NH3)x complexes. 



174 

In Figure 4.39, anionic analyses of hydroxylamine based solutions have show signs of 

NO2". The chromatogram at pH ~9 showed a small NO2' peak and also a fairly large 

S04^' peak. The sulfate peak is due to the fact that the hydroxylamine based solutions 

were acidified using sulfuric acid. As the pH was adjusted to a value of 6 or 4 using 

sulfuric acid, the small NO2" peak disappeared and the SO4" peak increased as expected. 

The disappearence of the NO2" peak is possibly due to the added ions into the solution 

that formed a neutral HNO2 which quickly decomposed into NO and NO3". It is important 

to note the presence of NO2" in the initial hydroxylamine solution prior to any exposure to 

copper metal. 

The cationic anaylses of hydroxylamine based solution are shown in Figure 4.40. In 

these analyses the hydroxylamine based solutions were also acidified using sulfuric acid. 

The chromatogram at pH 8 shows the presence of NH4"^. Also detected in the 

chromatogram were peaks of NHsOH"^ and neutral NH2OH. Since at pH 8 the majority of 

hydroxylamine is in its neutral form of NH2OH, the chromatogram shows a much larger 

NH2OH peak than the NHaOH^ peak. With decreasing pH values, the intensity of the 

NH2OH peak decreases and the NHsOH^ peak increases. This is as expected due to the 

pKa of 6 for hydroxylamine. In chromatograms at pH 6 and 3, the NH4^ ion was not 

detected. 

Ion analyses were also performed on hydroxylamine based solutions at pH values of 

8, 6, and 3 which were contacted with copper metal for 30 minutes. The results from 

anionic analyses before and after copper contact showed no difference in the 

chromatograms. 
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Figure 4.39. Chromatograph of anionic analysis using CEC. Analyte is 0.5 M 
hydroxylamine based solution prior to copper removal experiments. The solution also 
contains sulfuric acid for pH adjustments. [Electrokinetic injection for 5 second at 1 kV. 
Applied voltage of 15 kV. Capillary column was 75 ^m in diameter, and 70 cm in 

length.] 
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Figure 4.40. Chromatograph of cationic analysis using CEC. Analyte is 0.5 M 
hydroxylamine based solution prior to copper removal experiments. The solution also 
contains sulfuric acid for pH adjustments. [Electrokinetic injection for 5 second at 1 kV. 
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Figure 4.41. Chromatograph of cationic analysis using CEC. Analyte is 0.5 M 
hydroxylamine based solution after copper removal experiments. The solution also 
contains sulfuric acid for pH adjustments. [Electrokinetic injection for 5 second at 1 kV. 
Applied voltage of 30 kV. Capillary column was 75 |j.m in diameter, and 70 cm in 
length.] 
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However the cationic analyses did show some changes, as displayed in Figure 4.41. The 

NH4"^ peak appears at both pH values of 8 and 6, but interestingly the peak intensity at pH 

6 is larger than at pH 8. The cationic chromatogram of hydroxylamine prior to copper 

contact shows that NH/ did not exist at pH 6. Also from Figure 4.41, the NHsOH"^ peaks 

increased much more with deceasing pH than the NHsOH"^ peaks in Figure 4.40. The 

NH2OH peak at pH 6 in Figure 4.41 was actually smaller than that at pH 3. It was 

expected that the pH behavior of NH2OH peaks after copper dissolution would be similar 

to Figure 4.40. 

In order to examine the chemistry of hydroxylamine with respect to pH, the NHsOH"^ 

and NH2OH peaks from Figure 4.40 and Figure 4.41 were integrated. The results of the 

calculations are plotted with respect to pH in Figure 4.42. The integrated area is directly 

proportional to the concentration of hydroxylamine based species. Since the pKa of 

hydroxylamine is approximately 6, the concentrations of NH2OH and NHsOH^ are 

expected to be approximately the same at this pH. At pH values greater than 6, the 

concentrations of NH2OH should be greater than NHsOH"^, and vice versa for pH values 

less than 6. Interestingly, the overall hydroxylamine concentration is lower after contact 

with copper. At pH 6, the overall hydroxylamine concentration dropped by half This 

indicates that hydroxylamine is being consumed during copper dissolution. 
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Figure 4.42. Integrated peak areas of NHsOH"^ and NH2OH species from chromatograms 
of cationic analysis (shown in Figure 4.40 and Figure 4.41) plotted with respect to pH. 



From the results in Figure 4.40, Figure 4.41, and Figure 4.42, it is evident that the 

reduction of hydroxylamine to ammonia does occur in solution. Not only does the 

reduction reaction occur during decomposition of hydroxylamine but it also occurs 

during the dissolution process of copper film. Using the chromatogram of a standard 

NH4"^ ion analysis at pH 6, the measured NH4'*" peak after copper dissolution is estimated 

to be 0.006 M. This is considerably small compared with the 50% of 0.5 M 

hydroxylamine that was consumed after copper dissolution. It is possible that the 

reduction of hydroxylamine to ammonia can influence the oxidation of copper metal, but 

the small amount of ammonia produced cannot account for the hydroxylamine that was 

consumed after copper dissolution. 

The amount of hydroxylamine consumed was determined by subtracting the 

integrated area after copper contact from the area before copper contact. The 

consumption of hydroxylamine is an evidence that shows hydroxylamine does indeed 

participate in the oxidation process of copper. It is also possible that the hydroxylamine 

consumed is actually in the form of Cu(NH20H)x^^ complex, which cannot be accurately 

determined with the current CEC cationic analyses. 



CHAPTER 5. PROPOSED MECHANISM 

At this juncture, a mechanism will be proposed for the removal of electroplated 

copper film in a hydroxylamine based chemical system maintained at different pH values. 

Since the removal behavior of copper film in a regular CMP tool (Figure 4.1) as well as 

the laboratory EC-AC tool (Figure 4.9), showed a maximum in removal rates at a pH 

value of 6, three pH values of 9, 6, and 3 will be used as a basis for discussion of copper 

removal mechanisms. Before the discussion on copper removal mechanisms, the 

chemistry of hydroxylamine from literatures and experimental results will be discussed. 

This will aid in the explanation of various nitrogen-based species other than 

hydroxylamine involved in the mechanism reactions. 

In the background section, some reaction mechanisms of hydroxylamine 

decomposition were discussed. A summary of these mechanisms is shown in Figure 2.8. 

The majority of the decomposition reactions involve oxidation of hydroxylamine into 

various intermediate chemical species. In alkaline conditions, the oxidation of 

hydroxylamine is coupled with the reduction of oxygen. This behavior is evident in 

Figure 4.18, where the levels of dissolved oxygen are plotted with respect to pH. The lack 

of oxygen in solution shows that hydroxylamine is oxidized at the expense of oxygen 

reduction reaction. The hydroxylamine will go through multiple-step oxidation reactions 

in conjuction with oxygen reduction. The oxidation reactions are shown as follows, 

NH^OH >HNO + 2H^+2e" E°^j= 0.686V (5.1) 

HNO + Hp >N02+3H"+2e" E°^j= 0.472V (5.2) 
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The reduction of oxygen is shown below. 

02+4H^+4e- >2H20 E°= 1.23V (5.3) 

Other reduction reactions besides oxygen are also possible, such as hydroxylamine to 

ammonia. 

NH20H + 3H^+2e- ^NH^+H^O E°=1.519V (5.4) 

Analysis using capillary electrophoresis chromatography (CEC) showed the presence of 

NH/ as well as NO2' (Figure 4.39 through Figure 4.41) at pH values above 6. Below pH 

6, the presence of NO2" was not detectable by CEC. The E-pH diagram of a nitrogen-

water system (Figure 4.15) shows that NO is more stable at pH 6 than NO2". It is likely 

that the lack of NO2' at pH 6 is due to the oxidation of HNO -> NO. The levels of 

dissolved oxygen below pH 6 were constant at 7.4 ppm. The constant O2 level near 

saturation signifies that hydroxylamine may be oxidized by oxygen at a much slower rate 

in acidic conditions. The hydroxylammonium cation (NHaOH"^) appears to be much more 

stable and less reactive than hydroxylamine (NH2OH) itself 

From the E-pH diagram of a nitrogen-water system (Figure 4.15), the measured redox 

potentials of hydroxylamine solution fall in the stability regions of H2N2O2, HN2O2", and 

N202^". This shows that the fate of the nitroxyl (HNO or NO") intermediate is may be 

decided by the following reaction, 

2 HNO J-NjO + HjO (5.5) 

A summary diagram on the decomposition of hydroxylamine with respect to pH is shown 

in Figure 5.1. 
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Figure 5.1. Summary diagram on the decomposition mechanisms of hydroxylamine at pH 
values of 9, 6, and 3.["red" - reduction reactions and "oxid" - oxidation reactions.] 
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5.1. Proposed Mechanism for Copper Removal at pH Value of 6 

The mechanism for the removal of copper in hydroxylamine based solution at pH 6 is 

due to oxidation of copper followed by hydroxylamine complexation coupled with the 

reduction of NO to H2N2O2 via HNO intermediate. 

• Oxidation reactions: 

Cu(NH20H)%2e-< >Cu + 2NH20H E"-0.218V (5.6) 

Cu(NH20H)'%2e-< ^Cu + NH^OH E°=0.268V (5.7) 

• Reduction reaction: 

2NO + 2H"+2e-< 0.708V (5.8) 

The E° values for Reactions (5.6) and (5.7) are lower than that of Cu^"^ ->• Cu. This shows 

that oxidation of copper metal through hydroxylamine complexation is more favorable. 

It may be noted that the reduction reaction of hydroxylamine to ammonium ion has an 

E" = 1.519V which is also favorable when coupled with Reaction (5.6) or (5.7). However, 

cationic analysis using capillary electrophoresis chromatography has shown that the 

amount of NH4"^ produced after dissolution of copper does not equate with the amount of 

hydroxylamine consumed. Roughly a little more than 50% of 0.5M hydroxylamine was 

consumed, while only about 0.006 MNH4'^ was produced. 

Additionally, the electrochemical polarization curves (Figure 4.22) of copper in 

solution at different hydroxylamine concentrations held at pH 6 showed that an anodic 

portion of these curves were significantly affected, while the cathodic portion of the 

curve showed hardly any changes with hydroxylamine concentration. This lack of 
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dependency on hydroxylamine concentration shows that hydroxylamine was not directly 

involved in the reduction process at pH 6. Therefore, the reduction of NH2OH ^ NH4^ is 

not a dominant reaction. 

The voltammetry studies on copper showed a strong cathodic peak around -0.5 V 

(SHE) in the presence of hydroxylamine at pH 6, and this was identified as the reduction 

of NO -> NO" with an of -0.514V. Any NO" produced were eventually converted to 

H2N2O2. It is interesting to note that even though the reduction of NO -> NO" may not 

seem favorable, the E*' value from the reduction reaction of NO -> H2N2O2 shows that it 

is highly favorable. It may be that the copper ion catalyzes the reduction of NO to NO" 

intermediate. 

In Figure 4.17, where the copper-hydroxylamine-water and nitrogen-water E-pH 

diagrams are superimposed together, the measured redox potential of 0.5M 

1 

hydroxylamine containing O.OOIM Cu at pH 6 are shown to fall in the region between 

the NO/H2N2O2 and Cu/Cu(NH20H)2^^ E-pH lines. This shows that the overall reaction 

between reduction of NO/H2N2O2 and oxidation of Cu/Cu(NH20H)2 is favorable. 

5.2. Proposed Mechanism for Copper Removal at pH Value of 9 

At pH 9, the measured redox potentials of solution without hydroxylamine fell in the 

stability region of CuO. With the addition of hydroxylamine into the solution, the 

solution redox potentials became more reducing and were close to the Cu/CuiO E-pH 

line. The reducing nature of hydroxylamine appears to favor the formation of CU2O. 



At this pH, the oxidation of hydroxylamine is coupled with O2 reduction, shown in 

the following reactions, 

02+4H"+4e" E°= 1.23V (5.9) 

NH^OH )'HNO + 2H"+2e' =0.686V (5.10) 

HNO + HjO >NO-+3H"+2e" 0.472V (5.11) 

As discussed earlier, the dissolved O2 concentration was decreased at alkaline pH values. 

Since NO2' is stable in alkaline pH values, hydroxylamine decomposition is likely to 

yield NO2" rather than NO. 

The observed copper removal rate at pH 9 is predominantly due to mechanical 

abrasion of the CU2O layer. The study on the effect of applied pressure and relative 

velocity during abrasion (Figure 4.5) showed that the copper removal rate is dependent 

on applied pressure. The ratio between RRiviechanicai and RRchemicai shown in Figure 4.10 

proves that, indeed, mechanical abrasion is the main contributing factor in copper 

removal rate. Once abrasion was stopped, the dissolution of copper was minimal at this 

pH. 

5.3. Proposed Mechanism for Copper Removal at pH Value of 3 

In acidic conditions hydroxylamine exists in its protonated form (NHaOH"^). Due to 

the unreactive nature of NHaOH^, a majority of the decomposition reactions involoving 

NH2OH would likely cease. The Cu(NH20H)2^^ and Cu(NH20H)^'^ complexes are also 

not stable in acidic conditions. The measured redox potential of 0.5M hydroxylamine + 

0.00IM CUSO4 solution at pH 3 fell in the stability region of Cu^^ (Figure 4.16). The 
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removal mechanism of copper is likely due to copper oxidation coupled with oxygen 

reduction, shown below, 

02+4H^+4e- >2H^0 £"= 1.23V (5.12) 

Cu''-+2e" ^Cu £"= 0.34V (5.13) 

The abrasion of copper in acidic hydroxylamine solution shows an increase in copper 

removal rate. The polarization curve (Figure 4.29) shows that this increase in copper 

removal rate is predominantly due to the increase in exchange current density of the 

cathodic reaction during abrasion. It is thus probable that the abrasion process creates a 

fresh copper surface that enables the reduction of oxygen to occur in a more efficient 

manner. 
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CHAPTER 6. CONCLUSIONS AND FUTURE WORK 

6.1. Conclusions 

The following conclusions can be made from this study: 

1. The removal rates of copper in hydroxylamine based chemistries are highly 

dependent on solution pH. A maximum copper removal rate is achieved at pH 6 

and a significantly lower removal rate occurs at pH values 3 and 9. 

2. The constructed E-pH diagrams of copper-hydroxylamine-water and nitrogen-

water systems identify that the reduction of NO to H2N2O2 coupled with the 

I 
oxidation of Cu to Cu(NH20H)2 is favorable. The measured solution redox 

potentials plotted on the E-pH diagrams show that the coupled redox reaction is 

highly probable. 

3. An electrochemical abrasion cell (EC-AC) was succesfully designed and 

fabricated. Copper removal rates obtained using the EC-AC tool showed the same 

trend with respect to pH as the removal rated obtained on a regular CMP tool. 

Results obtained from the EC-AC tool can be used as a valid guideline to design 

new CMP slurries. 

4. The electrochemical polarization of copper studied as a function of 

hydroxylamine concentration at a solution pH of 6 showed that the oxidation 

reaction is dependent on hydroxylamine, whereas the reduction reaction is not. 

The oxidation reaction is due to the oxidation of copper followed by 

hydroxylamine complexation. 
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5. Voltammetry studies of copper in hydroxylamine solution showed a reduction 

peak of NO to NO" at -0.5V. This may explain the reduction of nitric oxide (NO) 

to hyponitrous (H2N2O2) via nitroxyl (HNO or NO") intermediate at pH 6. The 

presence of NO in hydroxylamine solution is due to the auto-oxidation/reduction 

reactions of hydroxylamine. 

6. Capillary electrophoresis chromatography detected NO2" and NH4"^ ions initially 

present in hydroxylamine solutions due to decomposition of hydroxylamine. 

Detection of NH2OH, and NHsOH"^ molecules after contact with copper showed 

that hydroxylamine was consumed. The amount of NH4"^ found in solution after 

contact with copper was considerably smaller than the amount of hydroxylamine 

that was consumed. This showed that the reduction process of NH2OH to NH4'^ is 

not dominant. 

6.2. Future Work 

To further understand the effects of hydroxylamine in the removal of copper, the 

following studies are suggested: 

• An electrochemical and removal rate study of copper in hydroxylamine solution 

at pH 6 containing ruthenium(III) chloride. Ruthenium(III) chloride is a well-

known nitric oxide scavenger. By decreasing the amount of nitric oxide in 

solution, the dissolution rate of copper should decrease. This will help in proving 

or disproving categorically whether the reduction reaction of nitric oxide is the 

cathodic reaction responsible for the dissolution of copper. 
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• Modifications to the electrochemical abrasion cell (EC-AC) for studying 

planarization issues, such as global and local planarity as well as non-

uniformities, at different hydroxylamine based chemistries. 

• Study the decomposition of hydroxylamine in more detail using the capillary 

electrophoresis chromatography. By measuring the amount of NH2OH, NHsOH"^, 

NH4"^, and NO2' as a function of time, the rate of decomposition can be 

determined. This study would enable the understanding of the rate at which 

hydroxylamine decomposes in the CMP waste stream. The treatments of CMP 

waste stream will be more critical as CMP processes become more demanding. 
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APPENDIX 

Relative Velocity Calculations Between Sample and Pad 

COS 

Figure A.l. Schematic diagram showing the relative velocity (URV) between the copper 
sample and the abrasion pad.'^'^^ 

The relative velocity (URV) between the copper sample and the abrasion pad can be 

calculated using the law of cosine, as shown below, 

I^^RV 1 = Vl^p r + I^S f - 2 |up 1 l^s I cos { ( p )  (A.l) 
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where Op is the pad velocity and us is the copper sample velocity at point Z. The 

velocities of the pad and the sample are related to its rotational speeds shown in the 

following, 

i;p = cOpy and = co^r (A.2) 

where wp is pad rotational speed and cos is sample rotational speed. The distance between 

point Z and the center of the sample (Cs) is 'y'. The distance between point Z and the 

center of the pad (Cp) is 'r'. The distance between the two centers (Cs and Cp) is'd'. The 

angle between up and us is (j). The angle (j) can be expressed as (j) = tt - (a + 9). Using the 

law of sine, an expression for 'y' is determined, which are shown below. 

r d y 

sin a sin (j) sin 0 

sin 6* 

sin(^ + ci;) 

(A.3) 

(A.4) 

Also using the law of sine, an expression for a as function of 0 is shown below. 

a - cot -1 3-
sin^ 

COS0 
(A.5) 

The averaged relative velocity is calculated using Equations (A.l), (A.2), (A.4), and 

(A.5). Throughout the calculation, only 'r' and 0 will vary while the rest remain constant. 
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