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ABSTRACT 
 
 

Interfacial Forces in Chemical-Mechanical Polishing (CMP).  (December 2007) 

Dedy Ng, B.S., University of Texas at Austin;  

M.S., Texas A&M University  

Chair of Advisory Committee: Dr. Hong Liang 

 
 

The demand for microelectronic device miniaturization requires new concepts and 

technology improvement in the integrated circuits fabrication. In last two decades, 

Chemical-Mechanical Polishing (CMP) has emerged as the process of choice for 

planarization. The process takes place at the interface of a substrate, a polishing pad, and 

an abrasive containing slurry. This synergetic process involves several forces in multi-

length scales and multi-mechanisms.   

 

This research contributes fundamental understanding of surface and interface sciences of 

microelectronic materials with three major objectives. In order to extend the industrial 

impact of this research, the chemical-mechanical polishing (CMP) is used as a model 

system for this study. The first objective of this research is to investigate the interfacial 

forces in the CMP system. For the first time, the interfacial forces are discussed 

systematically and comparatively so that key forces in CMP can be pinpointed. The 

second objective of this research is to understand the basic principles of lubrication, i.e., 

fluid drag force that can be used to monitor, evaluate, and optimize CMP processes. New 

parameters were introduced to include the change of material properties during CMP. 

Using the experimental results, a new equation was developed to understand the principle 

of lubrication behind the CMP. The third objective is to study the synergy of those 

interfacial forces with electrochemistry. The electro-chemical-mechanical polishing 

(ECMP) of copper was studied. Experiments were conducted on the tribometer in 

combination with a potentiostat. Friction coefficient was used to monitor the polishing 

process and correlated with the wear behavior of post-CMP samples. Surface 

characterization was performed using AFM, SEM, and XPS techniques. Results from 

experiments were used to generate a new wear model, which provided insight from CMP 
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mechanisms. The ECMP is currently the newest technique used in the semiconductor 

industries. This research is expected to contribute to the CMP technology and improve its 

process performance. 

 

This dissertation consists of six chapters. The first chapter covers the introduction and 

background information of surface forces and CMP. The motivation and objectives are 

discussed in the second chapter. The three major objectives which include approaches 

and expected results are covered in the next three chapters. Finally chapter VI 

summarizes the major discovery in this research and provides some recommendations for 

future work. 
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CHAPTER I 
 

INTRODUCTION 
 
 
 
In this research, for the first time, the role of interfacial forces in chemical-mechanical 

polishing (CMP) will be discussed. This chapter provides necessary background in CMP 

and forces involved. Those forces, including the predominate interfacial forces, will be 

evaluated theoretically and characterized through innovative and unique methodologies. 

Detailed discusses will provided in later chapters. 

 
1.1. Chemical-Mechanical Polishing (CMP) 

1.1.1. Background 

The improvement of state of microelectronic devices is always an important issue in the 

semiconductor industry. Major achievements have been made recently in increasing 

memory capacity and processing speed by size shrinking and integration (1).  Through 

continuous scaling, the transistor performance can be improved as a result of a shorter 

intrinsic gate (2). However, there is a limit to performance enhancement due to the small 

size and shrinking interconnections (2-5). When device size reaches sub-micron meter 

length scales, the layers of metal and interlayer dielectric are critical for device 

performance (2). Currently used materials, such as aluminum (Al) and silicon dioxide 

(SiO2) cannot meet future performance demands because of low current conductivity and 

high resistive capacitive (RC) delay (3). In sub-micron devices, RC delay is a more 

dominant factor than the intrinsic gate delay (4). Due to those reasons, new technologies 

and new process steps have been implemented in the IC fabrication (6). One of the 

important technologies which will be discussed in this dissertation is chemical-

mechanical polishing (CMP).  

 
 

___________ 
This dissertation follows the style of Journal of Electrochemical Society. 
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CMP was introduced as a method to planarize inter-level dielectrics (ILD), shallow 

trench isolation (STI), and damascene metal wiring for on-chip multi-level interconnects 

(6-8). As the size of microelectronic devices to be fabricated get smaller, CMP has 

become a standard process to greatly enhance the capability of commercial 

semiconductor processes. Its initial application and subsequent enormous growth to date 

have attracted great research efforts to understand and optimize this process. 

 

CMP was originally used for glass and silicon wafer polishing (9). As its functionality 

increases, the CMP process has been adapted to copper (Cu) (10, 11), tungsten (W) (12, 

13), and low k dielectric (14) in the semiconductor processing. The goal of CMP is to 

achieve planarization of rough surfaces. During the CMP process, a wafer is held upside 

down in a carrier and pressed into contact with a slurry-saturated polishing pad (figure 

1). The surface of wafer is polished by both mechanical abrasion and chemical etching, 

in order to achieve local and global planarization. This process is crucial in preparing a 

smooth layer of surface so that subsequent processes can begin from a flat surface. 

 
 
 

 
Figure 1.1. Schematic drawing of CMP process 
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To date, many unknowns still remain to be explored because of the complicated 

behavior of polishing. The polishing process is a dynamic, rather than static, event. It 

involves synergistic interactions. 

 

In CMP, it has been reported that the interfacial pressure is not uniformly distributed but 

is more localized at asperity contacts than the entire interface (15). When interfaces of 

pad and substrate are brought together, contact occurs at numerous asperities. In 

polishing, the resulting interfacial friction involves shearing and tearing of pad surface 

asperities. Material removal occurs through mechanical abrasion. In addition, friction 

and wear on nano-scale are highly dependant of the surface interaction (adhesion). As 

reported in the earlier work by Liang et al. (16), this adhesion phenomenon could 

promote transfer wear of material from the substrate to the pad surface during CMP. The 

material transfer is found to provide lubrication effect on Cu polishing (17). These 

interactive forces will be discussed later.   

 

CMP slurries may consist of abrasives particles, e.g. alumina (18, 19), silica (20, 21), 

mixed abrasives (22), coated polymer particles (23, 24), etc, dispersed in deionized 

water containing dissolved chemicals such as oxidizers, complexing agents, corrosion 

inhibitors, surfactants, buffering agents, among others. Some of the commonly used 

slurry additives for copper are listed in Table 1.1. These chemicals are able to modify 

copper surface that comes in contact with the slurry. Many metals oxidize in the 

presence of hydrogen peroxide, ferric nitrate, and other oxidizing agents as listed in 

Table 1.1. For this reason, the slurry used in CMP must compensate for competing 

oxidation reactions of etching and passivation. 

 
 
 

Table 1.1. Slurry additives for copper CMP (6-8, 25) 
Oxidizing agents Complexing agents Inhibitors Surfactants 

Hydrogen peroxide Glycine Benzotriazole (BTA) CTAB 
Nitric acid Citric acid Polytriazole DTAB 

Ferric nitrate Oxalic acid Benzimidizole Triton-X 
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Controlling the slurry chemistry plays a crucial role in CMP. A highly ionic solution can 

give rise to large attractive surface forces (van der Waals and electrostatic) that can 

severely disrupt experimental conditions and convolute data interpretation (26). 

Moreover, the tribo-chemical film which forms due to non-stoichiometric process can 

protect contacting surfaces against abrasive wear (7). These films were found as 

complex decomposition products and extremely heterogeneous on a micron scale (27, 

28). In order to reveal anti-wear mechanisms from tribochemical interaction, a novel 

approach is proposed in order to identify distinct regions with different mechanical 

properties.  A fundamental understanding of the nano-mechanical properties of the 

various regions in non-stoichiometric surface is both scientifically interesting and 

technologically relevant. 

 

1.1.2. Tribochemical Mechanisms 

CMP is a polishing technique operates based on tribochemical interaction. 

Tribochemistry is a principle deals with the chemistry and physicochemistry changes of 

matter due to the influence of mechanical energy. During tribochemical interactions, the 

synergy of chemical and mechanical efforts are observed, and the resulting product is 

free from mechanical defects and plastic deformation (29, 30). Additionally, the material 

removal occurs through a chemical dissolution that is stimulated by friction at the 

contacting asperities.  

 

1.1.2.1. CMP Consumables 

CMP consumables usually comprise a polymeric pad in conjunction with the slurries 

containing abrasive particles. This subsection will briefly discuss their roles in CMP. 

 

1.1.2.1.1. Polishing Pad  

As mentioned in section 1.1.1, CMP is the synergy of chemical and mechanical 

interactions. The polishing pad must have adequate mechanical integrity to withstand the 

chemical attack and wear. By means of mechanical properties, the proposed pad should 



 5

have an acceptable hardness, modulus, and high strength in order to retain its properties 

during the polishing process. In addition, the pad must be hydrophilic so polishing 

slurries can wet the pad and transport slurries to the wafer surface.  The current 

industrial standard pad is made of polyurethane (7). The typical polyurethane pad used 

in CMP is IC1000TM. This pad has a closed pore structures, which are created by a 

blowing reagent to achieve high compressibility and porosity. Figure 1.2 shows the cross 

section of IC1000TM. Other pad structure, which consists of grooves on its surface is 

used for low-k CMP to achieve low down pressure is shown in figure 1.3. Further 

discussion on the polishing pad will be covered in chapter IV.  

 
 
 

 
Figure 1.2. Typical polyurethane pad (IC1000TM) 
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Figure 1.3. Polyurethane texture/ groove pad 

 
 
 
1.1.2.1.2. Slurries  

Slurries in CMP are typically comprised of three elements, such as abrasive particles, 

deionized water, and additives. The abrasive particles in slurries play a role of 

mechanical abrasion of the surface being polished. Subsequently, the deionized water 

provides lubrication and serves as a transportation medium for abrasive particles to the 

surface.  

 

Typical abrasive particles used in CMP are silica, alumina, and ceria. These particles are 

available in a form of colloidal and fumed powder. The colloidal particles are widely 

used in the industry since it mixed with some additive to form agglomerate free and 

promote good planarization with uniformed particle sizes. Polymer-coated slurries have 

been introduced in the laboratory setting to reduce friction and enhance a uniform 
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material removal rate (23). To date, no efficient production of these particles and their 

adaptability are known. 

 

The additives used in CMP include acids, bases, corrosion inhibitors, oxidizers, and 

surfactant. Acids and bases react uniquely to produce both an active and inactive layers 

through chemical reactions (8). The corrosion inhibitors suppress a negative side 

reaction. In case of copper CMP, benzotriazole is a typical inhibitor used to control 

corrosion (31). Oxidizers, such as hydrogen peroxide is commonly used in metal 

polishing to form passivation (11, 27, 32)  The role of hydrogen peroxide in the surface 

roughness of copper CMP has been reported by Kulkarni et al. (33). They proposed a 

new diagram (super-imposed surface roughness mapping in the Pourbaix diagram of 

copper) to study the copper CMP.  

 

Surfactants are often added to promote particles agglomeration and reduce the tendency 

of particle adhesion to the surface being polished by controlling the zeta potential of 

solution. Recently, Ng et al. showed the mixed surfactant slurries can be used to support 

a passivation on copper surface (34). They reported that this surfactant slurry controls 

the material removal rate better than the conventional hydrogen peroxide slurries used in 

copper CMP. This is primarily due to the homogeneous formation of passivation layer 

on the copper surface during CMP.    

 

1.1.3. Economical Impacts of CMP  

The demand for miniaturization requires new implementation of technology and process 

in the semiconductor. Figure 1.4 shows the market value of CMP conducted by BCC 

Research (35).  The demand for CMP and post-CMP equipments continue to dominate 

the largest share of the market, which was $925 million in 2003 and will rise at the 

predicted amount of $1,825 million in 2008. On the other hand, the reported share for 

CMP slurry and pads related consumables was $400 and $380 million in 2003, while the 
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predicted share in 2008 are around $775 and $ 700 million. The driving force of CMP 

business is due to the high demand for ICs and memory chips in the market.  
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Figure 1.4. Reported market share for CMP business (35)  

 
 
 
1.1.4. Post-CMP Cleaning 

During CMP, contaminations have been found to be impregnated in to the wafer surface 

due to the presence of adhesion forces (36-38). The most commonly reported 

contaminations were abrasive particles, debris from the copper surface being polished, 

and debris from the polishing pad. Those contaminations were often difficult to remove 

after the surface had begun to dry out before the cleaning process. The effect of humidity 

on the removal of these contaminants has been reported in the past by many researchers 

(39, 40). To achieve high yield and reliability, Post-CMP cleaning is introduced as the 

follow-up process after CMP.  

 

Great efforts have been made to develop some techniques to effectively remove surface 

contaminants. These include direct and non-direct contact with the surface, such as 

cryogenic cleaning; mechanical wiping and scrubbing; etching in a gas, plasma or liquid; 
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ultrasonic and megasonic cleaning; and laser cleaning (6). Among those methods, the 

direct contact with the surface, i.e. brush cleaning, has become a standard process due to 

its simple setup and low-cost operation (41).  

 

A brush currently used in the post-CMP cleaning is made of the polyvinyl acetal (PVA). 

The most common PVA brush is a knobby brush roller, a tubular-shaped brush that 

contains organized nodules on its surface. During cleaning process, those nodules 

contact the wafer surface and remove the adhered particles by overcoming adhesion 

forces between particles and a wafer surface. The cleaning solution is normally 

deionized water or surfactant which is often added to weaken the adhesion forces on the 

surface (42). The schematic diagram of the post-CMP setup is shown in figure 1.5. 

 
 
 

 
Figure 1.5. Post-CMP cleaning setup 

 
 
 

1.2. Roles of Surface Forces in CMP 

In physics, force can be defined as an entity that affects the motion of an object. The 

motion due to the acceleration can be translated as a push, pull, or lift. The actual 

acceleration of the object can be determined by the resultant force, which is the sum of 

vectors of all forces acting on it (43). Based on its interactions with an object, a force can 

cause rotation or deformation. When the force is acting on the surface, it becomes a 
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surface force. Some examples of the surface force are applied force, normal force, and 

friction force. Applied force is a type of force which is applied to an object due to 

another object or by a person. Normal force is used to describe force acting on an object 

which is perpendicular to the plane of contact. Finally, the friction force is a force 

exerted by a surface when an object moves across it.  

 

The basic forces discussed in here can be found in almost all engineering applications. 

When they are acted on a surface, the nature of the forces change accordingly. The 

mechanical forces play a significant role in CMP. As mentioned earlier, polishing is a 

complicated process which combines mechanical and chemical forces to achieve desired 

planarization. CMP is also a process acted on surfaces and in interfaces. There are 

several types of forces have been reported involved in this process. They are known as 

normal, friction, hydrodynamic drag, and rotational forces. Adhesive forces which result 

from the contact of interfaces during frictional and rotational motion can also exist. 

Together these forces affect both an active and inactive layer on the surface due to 

chemical modification to achieve effective planarization. When two bodies come in 

contact, the resulting common boundary is known as interface. The research on 

interfacial processes spans a new and exciting multi-disciplinary field (nanotribology), 

where researchers attempt to transfer an atomic scale understanding to real world 

macroscopic applications (7). A fundamental understanding of the processes occurring 

between two interfaces is central to many technologically relevant problems such as 

adhesion, friction, and wear.  

 

1.2.1. Methods of Interfacial Force Measurement 

Currently, the commercial apparatus for force measurement has been found in adhesive 

force testing. This includes several techniques, such as the Atomic Force Microscopy 

(AFM), Surface Force Apparatus (SFA), and Interfacial Force Microscopy (IFM). The 

explanation of how these instruments work along with other surface characterization will 

be provided in the next chapter.  
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1.3. Summary 

In this chapter, the basic understanding of surface forces and its types are provided in 

order to highlight their contribution in macro scale. The roles of these forces in CMP are 

also described. However, CMP removal mechanisms involve rubbing two interfaces in a 

presence of fluid flow. In order to obtain the fundamental understanding of CMP, we 

focus on the forces at the contacting interface. Following introduction, the second 

chapter describes the motivations and objectives in this research as well as three 

approaches used to achieve these objectives. The first approach is to identify and 

compare the interfacial forces, which will be covered in chapter III. The second 

approach is covered in chapter IV, which emphasized on the fluid drag and its 

lubrication behavior. Finally the last approach is to identify the nonequilibrium product 

of copper through electro-chemical-mechanical planarization (ECMP) and is covered in 

chapter V. Finally, conclusions and recommendations for future works are presented in 

chapter VI. 
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CHAPTER II 

 
MOTIVATIONS AND OBJECTIVES 

 
 
 
The major objective of this research is to understand the interfacial forces encountered in 

the CMP system. These forces are van der Waals, electrostatic, hydrogen bonding, 

hydrodynamic drag, and friction forces. Each individual force will be studied, compared, 

and evaluated.  Emphasis will be on interfacial friction and fluid drag forces which 

further lead to the lubrication study. The motivation behind this effort is that these forces 

were not studied well and it was only treated as an average force to optimize of certain 

CMP processes. The approaches used in this study are unique due to several reasons. It 

is the first time to study the interfacial forces and compare them all together in one 

application (CMP). The advantage of using the CMP as the system model is due to its 

synergy and multi-scale consideration. The fluid flow and shear stress analysis in 

polishing solution lead to the fundamental aspects of lubrication behavior. Finally, the 

combination of electrochemistry with tribology in friction and wear brings insight into 

the CMP mechanisms from atomic, ionic, and nano-scale prospective into the process as 

a system in whole. Resulting change in surface properties of copper through CMP, the 

non-equilibrium process, will be studied on Cu through an electrochemical-mechanical 

polishing (ECMP) approach.  

 

As a summary, there are three objectives of this research:  

1) Understanding of interfacial forces involved in CMP 

Most CMP applications are wafers with complex geometries (patterned wafers). To 

understand the removal rate mechanisms, we focus on the contact force at the interface. 

By identifying these forces, the CMP throughput can be controlled and optimized.  
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2) Obtain fundamental aspects of fluid drag and its lubrication behavior 

As polishing platen rotates, it generates a fluid drag and delivers slurries to the polishing 

interface. This significant fluid force will also transport the debris away from the 

surface. In CMP, slurries serve as hydrating fluid and its lubricity can affect the material 

properties of the contacting interface. The understanding of lubrication can guide in 

slurry design and removal rate optimization.   

 

3) Discover the non-equilibrium state of copper surfaces through ECMP 

New method of chemical-mechanical polishing incorporates the electrochemistry into its 

process. By introducing electro-potential to the system, some reaction byproduct can be 

generated. This non-equilibrium product which results from tribochemical interaction 

can be explained in terms of friction and wear of copper surface.  New wear mechanisms 

are proposed. 

 

All these objectives have their own important impact on CMP, or combined with each, 

as well as a whole. 

 

The objectives of this research are at the forefront of the semiconductor industry and 

microelectronics technology. It will open directions for future development as well as 

serve as guidance in current industrial process optimization.  
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CHAPTER III 
 

INTERFACIAL FORCES 
 

 
 
The forces involved in the CMP and post-CMP cleaning processes are dynamic and 

complex. We focus on the latter because the post-CMP cleaning represents the most 

comprehensive state of interfaces. We discuss the types of forces involved at the 

interface and individually evaluate and compare them.  

 

3.1. Introduction 

Detailed introduction of CMP and post-CMP cleaning were given in Chapter I. The 

CMP process is again illustrated as shown in figure 3.1. During CMP, the wafer is 

attached to the carrier, held upside down against a slurry containing abrasives. The 

objective of this process is to achieve high requirement in planarization. Due to the 

motion of polishing, interfaces come into contact and interact in presence of chemically-

active slurry. In general, its mechanism is often considered as a complicated system, 

mainly due to the role of chemical and mechanical forces. A closer inspection of CMP in 

Figure 3.2 illustrates three interfaces, which consist of polishing pad, slurry particle, and 

substrate. In the polishing system, the interactive forces which bring a particle to the 

surface are often classified as adhesive forces. Other type of forces such as 

hydrodynamic drag and interfacial friction are considered as removal forces. In this 

chapter, the driving force behind this interaction will be discussed in details. The 

application of this interface study can be applied to post-CMP cleaning as they share a 

similar interface (see figure 3.2).  There are five types of forces:  

1. Van der Waals  

2. Electrostatic  

3. Hydrogen bonding  

4. Hydrodynamic drag  

5. Interfacial friction  
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These forces will be discussed in the following. 
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Figure 3.1. Schematic drawing of CMP process 
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Figure 3.2. Schematic drawing of interfaces in CMP 
 
 
 

3.1.1. Van der Waals Force 

Van der Waals is one of the interactive forces that is always present at an interface and 

primarily responsible in establishing a contact of particle and surface (44). Due to this 

reason, this force is often classified as long-range dispersion force (44). By means of 

dispersion, van der Waals force can be explained as an interaction between molecular 

dipoles. These dipoles arose by the fluctuation of electron cloud that surrounds a neutral 

atom.  
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Two methods have been reported in analyzing van der Waals force: macroscopic and 

microscopic approaches (45). The macroscopic approach was developed by Lifshitz 

based on the optical properties of interacting bodies (46). The Lifshitz-van der Waals 

constant was calculated from an integral function of imaginary parts of the dielectric 

constant of those interacting bodies. Based on this approach, the van der Waals force for 

the contact of spherical sphere (particle) and flat plate (wafer) is given as (47): 

28
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where: hω is the Lifshitz-van der Waals constant, r is spherical particle radius, and z is 

the separation distance (approximately 4 Å (48)).  

 

The Lifshitz-van der Waals constant, hω, is defined by (47) 
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where: εi(iξ) is the dielectric constant of material i along the imaginary axis iξ. 

 

Since the integration in Eqn. 3.2 is complicated, the Lifshitz-van der Waals constant is 

normally obtained through experimental work. Thus the equation above can be 

simplified as (49):  

2211 ϖϖϖ hhh =          (3.3) 

where hω11 and hω22 are Lifshitz-van der Waals constants for substance and medium 

made of the same material. 

 

The microscopic approach was developed by Hamaker based on interaction of two 

bodies or more as integration over all pairs of atoms and is given as (50) 

26z
ArFvdw =           (3.4) 

where: A is the Hamaker constant, r is spherical particle radius, and z is the separation 

distance (approximately 4 Å).  
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The Hamaker constant can be used for different materials between two contacting bodies 

or more with the following relationships (49):  

( )( )33223311123 AAAAA −−=        (3.5) 

221112 AAA =          (3.6) 

where: A123  is the Hamaker constant for substances 1 and 2 in presence of medium 3. 

A11, A22, and A33 are Hamaker constants for substance and medium made of the same 

material. A12 is Hamaker constant for substance 1 in presence of medium 2. 

 

Based on these approaches, the Hamaker and Lifshitz-van der Waals constants can be 

related in the following form (49): 

)(
4
3 ω
π

hA =           (3.7) 

Due to its practicality, the microscopic approach is preferred in calculating van der 

Waals force. 

 

Typically particle-surface attraction due to van der Waals force establishes a contact area 

which leads to particle deformation. Thus the portion of particle induced by plastic 

deformation should be included in the van der Waals equation. The resulting equation is 

given as follow (49): 
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where A is the Hamaker constant, z is the separation distance between the particle and 

surface, r is the particle radius, and a is the contact radius of the deformed particle. The 

contact radius a can be calculated using JKR theory (51):  
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in which W=2(γpγw)1/2 is the work of adhesion where γp and γw are the surface free 

energies of the particle and surface, respectively, Fext is the external force, and K is the 

composite modulus of the particle and surface, which is given by (51): 
122 11
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where E is the Young’s modulus and ν is the Poisson’s ratio with the subscripts p and s 

denoting the particle and surface, respectively. 

 

3.1.2. Electrostatic Force 

Another long-range attractive force is the electrostatic force. Electrostatic along with van 

der Waals are primary forces responsible in bringing two bodies to contact. In physics, 

two types of electrostatic forces are considered. The first one is known as Coulomb force 

(electrostatic image force) which is due the excess charge on bodies that lead to 

Coulombic attraction (52). The Coulomb force for a spherical particle and flat plate is 

given as: 

2

2

)(6 zd
qFC +

=          (3.11) 

where: q is the charge, d is the particle diameter, and z is the separation distance.  

The drawback in this model is that the charge will dissipate as a function of time and 

thus decrease its effectiveness in holding the particle over time.  

 

Another type of electrostatic force is based on a difference in the work functions of two 

bodies made of different materials which leads to attraction. This can be explained as 

electron transfers from one body to another until the work functions reach equilibrium 

(52). If two interacting bodies are immersed in the electrolyte solution it will generate an 

electrostatic double layer. The double layer arises when a charged surface is tightly 

bounded by the counter-ions in the solution, while both the ions and its counter ions 

form a layer around the particle. When two bodies with double layer overlap, the 

resulting interaction gives electrostatic double layer.  Based on the potential energy of 
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interactions between a sphere and a flat plate model, the adhesion due to electrostatic 

force can be calculated by (53-55) 
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where ε=7x10-10 C/Vm is the dielectric constant of the medium, Ψw and Ψp are the 

surface potential or zeta potential of wafer and particle, respectively, and κ is the inverse 

of the Debye length is defined by 
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where, kB is the Boltzmann constant, T is the absolute temperature, e is the electronic 

charge, and z

B

i and ni are the valence and the bulk concentration of ion i.  

 

3.1.3. Hydrogen Bonding Force 

A simple illustration of hydrogen bond is water molecules. These molecules consist of 

negative and positive charged regions on its structure. When they collide, each region 

will be attracted to the oppositely charged region. The force of attraction that keeps these 

molecules from breaking is called hydrogen bond, or known as hydrogen bonding force.  

A hydrogen bond is also classified as short-range force.  Hydrogen bond is generally 

weaker than a chemical bond (~5 kcal/mole or 0.22 eV/bond), and stronger than the van 

der Waals force (~1 kcal/mole or 0.043 eV/bond) (47, 48, 56, 57). Typical solid surface 

is normally composed of several hydroxyl groups. Silica surface has been identified with 

four types of hydroxyl groups: hydrogen-bonded SiOH group, isolated SiOH group, 

internal SiOH group, and molecularly adsorbed water (48).  The formation of these 

hydroxyl groups depends on the temperature and humidity.  

 

Since its formation does not require high activation energy at room temperature, the 

hydrogen bond can occur through the particle-surface interaction. This is due to the 

potential of solid surface as hydrogen donor and acceptor.  
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The adhesion force due to hydrogen bonding between a particle and wafer is given by 

Wu et al. as (58, 59):  

( )
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       (3.14) 

where ρ is O-H group density (~4.6 OH/nm2), EH-bond is the hydrogen bond interaction 

energy of particle-wafer (~0.5 kcal/mole), πrΔz is the ring area cut at height Δz near 

contact points, P is the probability of particle bonded to wafer by chain of water 

molecules (ΔzP~0.721 nm for silica particle), and dbond is the hydrogen bond dissociation 

distance (~0.1 nm) (58-60). 

 

3.1.4. Hydrodynamic Drag Force 

As compared to adhesion forces described previously, the hydrodynamic drag is 

considered as one of the removal forces in this study. The fluid flow generated by the 

drag force acts as a lubricant to the polishing/cleaning interface and transports away the 

reaction-by-product from the surface. The drag force also performs like a fluid 

friction/shearing against the opposing surface. In post-CMP cleaning, the drag force 

promotes effective particle removal in combination with the brush scrubbing method. In 

the following paragraph, the laboratory post-CMP setup will be used to derive the drag 

force expression.   

 

When the brush rotates, it generates a fluid flow between the brush and the surface, 

which results in the occurrence of the drag force and moment. This drag force and 

moment act on the particle leading to the particle removal. When a particle collides with 

a slow linear flow near the surface, the hydrodynamic drag can be calculated as (61) 

ruFdrag πη⋅= 2.10          (3.15) 

where η is the fluid viscosity and u the fluid velocity.  

 

The fluid is assumed to be incompressible with a constant fluid density and viscosity 

with a relatively small Reynolds number. For the current experimental apparatus, Eqn. 
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3.15 has to be modified to calculate the drag. For the fluid flow through the glass 

container, that is a steady, uniform, and incompressible flow, the Navier-Stokes equation 

is reduced to  

)( 2VP ∇−=Δ η          (3.16) 

where Δ and ∇2 are the gradient and Laplacian operator, respectively, and p is the fluid 

pressure.  

 

The velocity for fluid confined between two walls separated by a distance of 2h is given 

by 

)
3

(
3

η
hPV −∇= .         (3.17) 

The fluid flow in this case could be considered as two-dimensional and from Eqn. 3.16 

and 3.17 the pressure gradient can be expressed as 

Q
hdx

dP
32
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Assuming that the Poiseuille flow is fully developed in the experimental glass cell, the 

flow length can be estimated using the Karman-Polhaussen integral and is given by 

hL Re09.0 ⋅=           (3.19) 

where 
υ
Uh2Re =  is the Reynold number, where υ is the kinematic viscosity. At 

distances greater than L, the fluid velocity profile is parabolic, and the velocity at a 

distance y = 1.4r is given by 
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If the fluid flow is laminar and the particles are small enough to retain in the laminar 

sublayer, Eqn. 3.20 can be simplified as 

h
rUu 3

=           (3.21) 
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Introduce Eqn. 3.21 into 3.15, the hydrodynamic drag acting on the particles for the 

current experimental apparatus can be calculated by 

h
rUFdrag

26.30 πη⋅
=          (3.22) 

where, η is the fluid viscosity, h is the half-depth of the glass cell, /U Q S=  is the fluid 

mean velocity, in which Q is the flow rate, and S is the cross sectional area of the 

particle. 

 

3.1.5. Frictional Force 

When two contacting bodies slide against the opposing direction, the resistance force 

due to the motion is defined as friction force. The friction principles were first postulated 

by Amonton, which are known as Amonton’s law (62). The first law states that friction 

is independent on the apparent contact area, while the second law claims that friction is 

proportional to the normal load. The first law can be expressed as: 

ALF =  

where: F is the friction force, A is the real contact area, and L is the friction force per 

unit area.  

 

The second law is given as: 

NF μ=  

where μ is the friction coefficient and N is the normal load perpendicular to the surface. 

 

The third law of friction was introduced by Coulomb, who claimed that kinetic friction is 

independent from the sliding speed (63). The major drawback in this law is that the 

kinetic friction experiment is impractical to perform as compared to the static friction as 

described in the first two laws.  
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Friction generated at the interface can be explained as interlocking of asperities. It has 

been observed by some researchers that deformation of these asperities is needed to 

produce a relative motion (64, 65).  

 

3.2 Interfacial Force Analysis  

Based on the interfacial forces identified in the previous section, a free-body diagram 

which consists of brush/particle/wafer can be generated in order to stimulate an idealized 

post-CMP cleaning process. The system of interest consists of a contaminated wafer 

surface attached to the bottom of a rectangular glass container, and a nodule of a 

cleaning brush made of polyvinyl acetal (PVA) moving unidirectionally to brush-clean 

the wafer surface. The interfacial forces on a particle include adhesion due to van der 

Waals, electrostatic, hydrogen bonding, mechanical removal action applied through the 

brush owing to friction, and hydrodynamic drag force, as shown in figure 3.3. The goal 

of removal action is to remove the remaining particles from the surface without causing 

any damage.  
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Figure 3.3. Schematic of the interfacial forces on a particle/wafer interface, where: Fvdw 
is the van der Waals force, Fel is the electrostatic force, FH-bond is the hydrogen bonding 
force, Fdrag is the hydrodynamic drag force, and U is the mean fluid velocity  
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3.3. Comparison of Interfacial Forces  

Based on the aforementioned concepts of interfacial forces and the free-body diagram 

(figure 3.3), this section will focus on comparison of calculated data generated from the 

experiments and those reported in literature. To start, the interfacial forces such as van 

der Waals, electrostatic, hydrogen bonding, and hydrodynamic drag are plotted as a 

function of particle radius, as shown in figure 3.4. These forces are calculated using Eqn. 

(3.8), (3.12), (3.14), and (3.22). As seen in fig. 3.4, it can be considered that the van der 

Waals force increases linearly with the particle radius. The electrostatic force is 

significantly smaller than that of van der Waals force due to its dependency on the 

surface potential of the SiO2 and silicon surface. At pH of 7 with no ionic solution 

present, both SiO2 and hydrophilic silicon surface have negatively charged surfaces 

(~40-45mV).  Therefore, the variation of the particle size has little effect on the 

electrostatic force. 

 

The hydrogen bond shows a linear relationship with particle radius and is a much larger 

force than that of the van der Waals force as shown in fig. 3.4. As discussed previously, 

this force will become dominant when the particle-surface contact area increases due to 

long-range forces and particle deformation. We assumed that the hydroxylation between 

the particle and the substrate is 100% and the dissociation length of the hydrogen bond is 

0.1 nm in predicting the adhesion force due to hydrogen bond. 

 

Similarly, the drag force increases as the fluid velocity increases. The increased drag 

force at larger particle size as seen in fig. 3.4 will aid greater particle removal. Due to the 

fluid movement in one direction, the drag force will follow the same trend as the fluid 

shear stress, which means the drag force will also increase with the applied pressure. To 

observe this relationship, numerous fluid flow experiments were performed and their 

effects on the friction and lubrication behavior during post-CMP cleaning were 

presented in details in the next section.   
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Figure 3.4. Adhesion forces as a function of particle radius during cleaning 

 
 
 
3.4. Experimental Evaluation of Interfacial Forces 

This section firstly summarizes the reported method in force evaluation and secondly, 

discusses the value of friction in this research. The adhesion forces measurement have 

been reported by using several techniques, Atomic Force Microscopy (AFM), Surface 

Force Apparatus (SFA), and Interfacial Force Microscopy (IFM). The explanation of 

how these instruments work has been provided (57). Despite a number of shortcomings, 

AFM has been a preferred instrument to measure adhesion forces in a complex 

environment (36, 66-68).  

 

Table 3.1 lists reported removal forces conducted using an AFM in a vacuum 

environment. In reality these values are dependent on the surface roughness of the 

substrate. For smooth surface, a small amount of removal force is needed to break the 

adhesion forces present at the interface of particle/substrate. However, the removal force 

reported using AFM might not be accurate since those values did not account for the 

fluid movement in the actual post-CMP process. In Table 1, the calculated total removal 
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force was greater than the reported values, which is mainly due to the effect of 

hydrodynamic drag. 

 
 

 
Table 3.1. Overview of reported removal forces 

Parameter Removal Force using AFM (N) References 
Cu-H20-SiO2 (d=40µm) 2.02E-09 Hong & Busnaina (25) 
Si-H2O-Al2O3 
(d=0.3µm) 2.00E-07 

Cooper & Beaudoin 
(26)  

Cu-H20-Al2O3 
(d=0.7µm) 1.76E-07 

Cooper & Beaudoin 
(27) 

Si-H2O-PSL 
(d=6.25µm) 1.04E-07 

Cooper & Beaudoin 
(28) 

Si-H2O-SiO2 
(d=6.25µm) 1.108E-06 (theoretical) Present work  

 
 
 
3.4.1. Experimental Evaluation of Friction Force 

The experiments were conducted on a tribometer-polisher (CSM Inc.). The PVA 

(polyvynil acetal, Rippey Corp.) pad was used as a counterpart material to polish silicon 

wafers (1.6 cm x 1.6 cm) in a presence of deionized water. The tests were performed at 

different fluid velocity (20 to 40 cm/s with an increment of 10 cm/s) as well as different 

load (2 to 10N with an increment of 2N) in order to explain and understand the effect of 

drag force contribution. Also, the use of abrasives particles will be neglected in this 

work. Doing so we can prevent pad degradation due to the chemically active slurry and 

the three-body wear caused by abrasive particles.  

 

Frictional force is measured as follows: a silicon wafer is fixed onto the bottom of a 

glass container that is attached to a motorized disc. The pad is attached to one end of the 

non-rotating holder connected to the loading arm. During the experiment, the silicon 

wafer moves in one direction while the pad is pressed onto its surface by an applied load. 

The load is applied on the pad through the weights hanging at other end of the loading 

arm.  
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3.4.2. Friction Coefficients  

Figure 3.5 shows average friction coefficients obtained from theoretical and 

experimental results. As the cleaning speed was increased from 20 to 40 cm.s-1, the 

measured friction coefficients decreased at a constant applied load. Similarly, the 

measured friction coefficients decreased when the applied load was increased. Overall, 

the measured friction coefficients have a good agreement with the calculated friction 

coefficients. Since the brush is made of foam-polymer, it will deform when it contacts 

the surface. The elastic deformation will further lead to the change in mechanical 

properties of the brush, i.e. the elastic modulus. Other factors that can contribute to 

lower friction coefficient are due to the change of fluid lubrication regimes during 

cleaning. Further explanations on the friction and lubrication relationships are discussed 

in the next section.  
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Figure 3.5. Average friction coefficient as a function of speed at different applied load 
and number of cycle  
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CHAPTER IV 
 

LUBRICATION THEORY REVISITED 
 
 

The application of classical lubrication theory in CMP is unique. The soft and elastic 

pad, nanoabrasive slurries, and wafer materials are proven to be special in their own 

synergetic process. In this chapter, the basics of lubrication are reviewed. The classical 

Stribeck curve for a thrust bearing is then compared with the CMP process. New theory 

is proposed at the end of this chapter along with detailed discussion of fluid drag force. 

 

4.1. Background 

4.1.1. Basic Lubrication Theory 

Between two sliding surfaces, a presenting liquid can work as a lubricant. Generally, 

lubricant is added to prevent wear, lower friction, and carry heat away from the surface. 

The lubricated surfaces are strongly modified by the viscosity of lubricant. In CMP, the 

polishing slurries play a role of a lubricant. The slurries are made of water-based 

containing complex chemistry such as oxidizers, or other additives. To briefly describe 

the role of lubricant, an oil-based lubricant is used as an example. In a sliding contact of 

metal-metal surfaces, the viscous properties of oil will act as a layer to keep the metals 

apart. The lubricity of the oil also serves as hydration of a native layer of metals from 

torn away and further exposing the pure metal of both surfaces. In addition, oil is also 

used to dissipate the heat generated from the contacting surfaces. 

 

Depending on the properties of solid surface and lubricant, the lubrication layer can be 

formed via physisorption and chemisorption (57). In physisorption, the molecules in 

solution are attracted to the surface due to intermolecular (dipole) forces which results in 

lower surface energy. This phenomenon is quite general in any solid/fluid system. In the 

case of chemisorption, a new compound can be formed if it meets the following criteria: 

1) a metal surface is reactive,   2) the lubricant is chemically active, and 3) the metal 

surface is partially free from the physisorbed material for a reaction to occur. Since CMP 
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used the combination of chemical and mechanical forces to achieve planarization, any 

types of adsorption mentioned here could take place. Due to the nature of polishing 

motion, the applied mechanical force can lead to physisorption. Addtionally, 

chemisorption can also occur due to the complex of slurry chemistry used in CMP. For 

this reason, a simplest illustration from the less complicated system is chosen to explain 

the role of adsorption. The  typical example of chemisorption is the formation of ferric 

stearate from metal and stearic acid (57). This chemically bound layer will adhere to the 

surface and serves as an excellent lubricant. Basically, chemisorption is purposely 

modified to achieve desired surface finish.  

 

4.1.1.1. Lubrication Regimes  

In a sliding contact with a presence of lubricant, the friction strongly depends on surface 

roughness of contacting surfaces, separation distance of contacting surfaces, thickness of 

lubricant layer (7). These regimes are represented in a well-known Stribeck curve as a 

function of Sommerfeld grouping and friction coefficient (69). The Sommerfeld 

grouping (S) is a function of speed (Vrot), viscosity (η), and load (P). The equation is 

given by: PVS rot /η=         (4.1) 

Figure 4.1 shows the schematic drawing of renowned Stribeck curve for a contact of 

metal-metal surfaces in thrust bearing condition. 

 
 
 
 

Fr
ic

tio
n 

C
oe

ffi
ci

en
t

Sommerfeld Number

Boundary 
Lubrication

Mixed
Lubrication

Hydrodynamic
Lubrication

Fr
ic

tio
n 

C
oe

ffi
ci

en
t

Sommerfeld Number

Boundary 
Lubrication

Mixed
Lubrication

Hydrodynamic
Lubrication

 
 
 
 
 
 
 
 
 
 

Figure 4.1. Lubrication regime of Stribeck curve 
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Based on these factors, different lubrication regimes can be distinguished, such as, 

boundary lubrication, mixed lubrication, and hydrodynamic lubrication (69). In 

boundary lubrication, the fluid film is very thin and does not form a complete/continuous 

film. At  a low velocity, the sliding surfaces are in physical contact resulting in high 

coefficient of friction, marking the complete breakdown of fluid film. In mixed 

lubrication, the degree of lubrication depends on the surface roughness of contacting 

surfaces. As the film gets thinner, coefficient of friction increases as some of the 

opposing asperities are in contact. The transition from mixed lubrication to 

hydrodynamic is observed at the minimum point of the Stribeck curve. Lastly, in the 

hydrodynamic lubrication, the sliding surfaces are separated by the fluid film which 

results in lower coefficient of friction. The lubrication behavior is dominated by the fluid 

film properties.  

 

4.2. Lubrication Behavior of CMP 

In CMP, the polishing slurry serves as a lubricant in the pad/wafer interface. In non-

metal polishing, such as Si CMP, the formation of silica has been observed after CMP 

(70). In the case of metal polishing, oxidizers have been used to create a passivation 

layer and prevent corrosion of a metal surface. It has been widely accepted that the 

resulting layer after CMP is due to the formation and subsequent removal of passivation 

layer (71).  

 

Initial lubrication studies have been reported by Liang et al. (7, 17, 32, 72). It was 

observed that different lubrication behavior can be made by modifying the viscosity of 

slurry (73). In nonmetal polishing, such as Si CMP, the hydrated surface layer was 

observed to be the main reason for low friction coefficient (9). It was later confirmed by 

Zhu et al. that hydrogen ion contributed to higher degree of hydration during non-metal 

polishing (74).  
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 Further studies by Liang et al. in copper CMP have found that the addition of oxidizers 

and alumina particles increased the friction coefficient in a steady manner (17). The 

increased concentration of oxidizers leads to the formation of harder layer, which 

increased the friction coefficient steadily. The addition of abrasives further raised the 

friction coefficient in a non-linear manner mainly due to nature of abrasion. It was 

observed that the friction coefficient changed when polishing was performed at acidic 

and alkaline pH for alumina slurries. Their findings conclude that the lubrication of 

CMP occur in the boundary and mixed lubrication regimes.   

 

4.3. Lubrication Behavior due to the Property-Dominated Urethane Pad 

4.3.1. Brief Background on Polishing Pad 

During CMP, polishing pad delivers slurries and carries pressure to achieve wafer 

planarization. Since polishing involves both chemical and mechanical processes, the 

counter-part material must have sufficient mechanical integrity and chemical resistance 

to slurries attack during CMP. Polishing pads are typically made of polyurethane-based 

materials and have an open pore structure, as shown in figure 4.2. Its physical properties 

are summarized in table 4.1. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.2 SEM image of a polyurethane pad (IC1000, Rohm&Haas) 
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Table 4.1. Physical properties of polyurethane pad (IC1000, Rohm&Haas) (6, 8) 

Property Value 
Pore size (μm) 10-80 
Porosity (%) 27-35 

Density (gcm-3) 0.748 ± 0.051 
Hardness (Shore D) 52.2 ± 2.5 

Shear Strength (MPa) 51.2 ± 4.1 
Tensile Strength (MPa) 21.6 ± 2.8 
Elongation to Break (%) 175 ± 20 
Elastic Modulus (MPa) 100.1 

 
 
 
As the pad is immersed into the slurry solution, the porous membranes absorpt the fluid 

and act as slurry transport to the substrate. Subsequently, the movement of pad during 

polishing will transport away the reaction products accumulated in the porous wall of 

urethane.  

 

 Due to the nature of polishing mechanism, the urethane pad can undergo elastic, 

viscoelastic, and plastic deformation under the applied pressure.  The deformation leads 

to non-uniformity in surface planarity, and further result in dishing for shallow-trench 

isolation (STI) CMP.  In practice, it is not clear what mechanical properties of urethane 

should be considered in order to optimize the polishing results. 

 

Efforts have been made in order to understand the complex behavior of urethane pad.  

Such studies include characterizing the viscous behavior of urethane pad under different 

temperature (75, 76), random compressibility test under nano-indentation by varying the 

applied load (77), and even proposing a new metrology to observe the porous membrane 

in terms of its size and porosity distribution (78-80).  Previous work has treated the 

porous pad as one solid piece with assumption of a global change in stiffness under the 

applied load (81-83) . Furthermore, the use of nano-indentation may not be appropriate 
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in studying the physical properties of a pad, since the reported pore size (~30-50 µm) are 

greater than the average of Berkovich tip (~30 µm) used in the nano-indentation (8, 84).  

Urethane pads used in the CMP process are fabricated by mixing the polyurethane 

elastomer with a pore foaming agent and a curing agent.  The mixture is then poured 

onto the mold and allowed to cure at certain time before it sliced into an individual pad. 

As a result, the final product contains the randomly distributed cellular membranes or so 

called “pores”.  These pores occupy 30-35% of the pad volume with a pore diameter of 

30-50 microns (8, 85).  The salient features of the urethane pad includes pore size, 

porous wall thickness, pad density, surface roughness, open or closed membranes, and 

their degree of orientation.  Our previous work on metal-CMP had showed there is a 

transfer wear of metal at an individual membrane during polishing (16). We have in the 

past using modeling to show that there is a hardening effect in a urethane pad due to 

localized plastic deformation on the asperity level (86, 87). Motivated by such responses, 

this work will focus on the change of mechanical properties of urethane pad at an 

asperity level. The frictional behavior due to the localized stiffness at different polishing 

conditions will be presented in the later section. The new lubrication mechanism of CMP 

in a presence of a localized stiffness will be discussed. Such a study shall lead to a new 

understanding of lubrication behavior due to the property-dominated of urethane pad.  

 

4.3.2. New Lubrication Model 

Due to the physical properties of polymeric pad used in CMP, the pad can undergo 

change in material properties when subjected to an applied load. To date, the 

conventional Sommerfeld grouping for the thrust bearing has been used to explain the 

lubrication behavior of CMP. However, this method is not adequate for CMP since it 

does not account for the change in material properties during CMP. Thus, a new 

lubrication model is needed to explain the relation of pad’s changing properties with the 

interfacial force.  
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4.3.2.1. New Lubrication Grouping Number 

In an effort to explore the change of pad properties, the Post-CMP cleaning is selected as 

a model in this work. Post-CMP cleaning shares the same experimental setup with CMP 

and it does not require the complex slurry chemistry as its solution. The usage of 

deionized water in addition to different counterpart polymeric material will help us in 

emphasizing the change of pad properties during CMP.  

 

Comparing with the classical Stribeck curve (17, 69), that was obtained from a metal-

metal contact in a thrust bearing, the post-CMP cleaning deals with a contact of soft-on-

hard surface. Due to the large and nonlinear deformation of a brush, the contact pressure 

usually is difficult to obtain. We therefore propose to use the sliding velocity, composite 

modulus of brush, and the variation of the brush height under compression in the 

Sommerfeld grouping of a Stribeck curve. The elastic modulus of the brush can be 

determined by dividing the tensile stress by the tensile strain as (88) 

0/
/'

hh
AFE

Δ
=            (4.2) 

where Fbrush is the brush force; A is the contact area; Δh is the variation in brush 

thickness under compression; and h0 is the brush thickness.  

Substituting  into the original Sommerfeld grouping in equation 4.1, we have AFP /=

hE
V

S slid

Δ
=

'
η .          (4.3) 

 

The composite modulus of the brush, E’ is defined as 

         (4.4) )1(' 2α−= − bulkLN EkE

where kN-L is a constant, so-called the Ng-Liang’s proportionality constant, and Ebulk is 

the bulk modulus of brush, and α is the brush porosity (89). 

 

The modified Sommerfeld grouping in a system of a soft material sliding against a hard 

solid surface can be expressed as, 
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        (4.5) 

 

Here using this newly modified grouping number, we plot a modified version of the 

“Stribeck” curve, as shown in figure 4.3. As seen from figure 4.3, the friction coefficient 

was plotted against the new grouping number. Interestingly, all friction coefficients 

measured under different conditions, i.e., load and speed, merge into the same curve 

whereas figure 4.4 shows irregularities of friction behavior when plotted against the 

conventional Sommerfeld grouping. Based on this analysis, it can be concluded that the 

material constant can normalize the changing material properties, the elastic modulus 

and the density in this case.  
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Figure 4.3. Modified Stribeck curve for a soft material sliding against solid surface 

 



 36

0.000

0.100

0.200

0.300

0.400

0.500

0.600

0.700

0.800

0.900

1.000

0 0.000002 0.000004 0.000006 0.000008 0.00001 0.000012

Conventional Sommerfeld number

A
ve

ra
ge

 F
ric

tio
n 

C
oe

ffi
ci

en
t

100 rpm
200 rpm
300 rpm
400 rpm
500 rpm

 
Figure 4.4. Conventional Stribeck curve for a soft material sliding against solid surface 

 
 
 

How can this curve be used to explain the cleaning mechanism? At a high speed region, 

the increased friction coefficient with a rise of brush load is explained by an increase in 

contact area of brush-particle. As brush load undergoes high pressure, the brush 

compression height will reduce, which in turns increase the composite modulus. The 

increase in mechanical properties is also determined by a decrease in brush porosities 

and by an increase in energy interactions among polymer molecules. For mixed 

lubrication regime, the presence of fluid layer can increase the separation distance of 

brush-particle. In such, the friction coefficient can be reduced. If a complete fluid layer 

is formed, such as in the hydrodynamic regime, the friction coefficient is the lowest 

since the removal of particle is conducted by the hydrodynamic flow. As illustrated in 

the friction coefficient plot in figure 4.3 against a new grouping number, the effective 

particle removal should be operated in the boundary and mixed lubrication regime.  
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4.3.3. Experimental Validation  

4.3.3.1. Materials   

Two types of polymeric pads, urethane (Rohm and Haas IC1000) and polyvinyl 

acetal/PVA (Rippey) were used as a counterpart material to polish silicon wafers (1.6 cm 

x 1.6 cm). The mechanical properties of these counterpart materials are given in Table 1. 

In order to observe the tribological behavior and the change of mechanical properties of 

pad during polishing, the deionized water is used as polishing slurry instead of the 

chemically active slurry. It is noted that the use of abrasive particles were neglected in 

this work. By doing this we can prevent pad degradation due to the chemically active 

slurry and three-body wear caused by the abrasive particles.  

 

4.3.3.2. Polishing Experiments 

The polishing experiments were conducted on a tribometer polisher (CSM Inc.). A 

silicon wafer sample is fixed onto a glass container that is attached to a motorized disc. 

The pad is attached to one end of the non-rotating holder connected to the loading arm. 

During experiments, the silicon wafer rotates in a circular motion, while the pad is 

pressed onto its surface by the applied load. The load is applied on the pad through 

weights hanging at an end of the loading arm. The friction coefficient is measured by a 

load cell with a controller connected to a computer. The polishing experiments were 

conducted at a room temperature with the following conditions: speed of rotating platen 

from 100-500 rpm with a 100 rpm increment, applied load at 2-18 N with an increment 

of 2 N. For a particular speed, the load was varied starting with 2 N to 18 N with a 2 N 

increment. The process is then carried out at different speeds.   

 

4.3.3.3. Surface Characterization Methods 

The VEGA 5136-SB scanning electron microscope (SEM) from TESCAN was used for 

surface topography observation. The accelerating voltage used was 10 kV. The images 

were taken at a working distance of 19.69 mm and a magnification of 5000X. The TR-

200 profilometer from Qualitest was used to measure the surface roughness of pads. The 
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diamond tip radius was 5 μm. The  Fischerscope HM2000 XYp micro-indentation with a 

Berkovich (pyramid) tip was used to study the micro-mechanical properties of “moist” 

polishing pads. The wet or moist pad is chosen in order to simulate the actual polishing 

processes.   

 

4.4. Analysis  

4.4.1. Lubrication Mechanisms during Post-CMP   

Using the modified Sommerfeld grouping number that was derived in equation 4.5, a 

modified version of the Stribeck curve was plotted for PVA and urethane pad, as shown 

in figures 4.5 and 4.6.  The graph displays the plots of friction coefficient as a function 

of a new grouping number, i.e. viscosity, speed, new lubricant constant, porosity, elastic 

modulus, and a change of pad thickness. The polishing experiments in all cases were 

found to occur in the mixed hydrodynamic lubrication region. Both figures 4.5 and 4.6 

were found to be similar to the theoretical plot in figure 4.2 with the friction coefficients 

of both pads being close to the trend line. Based on these observations, it can be 

concluded that the derived lubrication constant can normalize the changing material 

properties such as elastic modulus and density. It can be seen that the friction coefficient 

reduces with an increase in the Sommerfeld grouping. Comparing the plots of the PVA 

and urethane pad, it was observed that the urethane pad had a lower magnitude of 

Sommerfeld number than the PVA. This can be attributed to the rigidity of urethane 

structure. When subjected to a load of 4 N, the PVA pad compressed about 3 mm where 

as the urethane pad compressed only 0.04 mm, because of its high modulus value.  

Moreover, the PVA pad experienced a larger change than the urethane in its friction 

coefficient with increase in the Sommerfeld number. The reason for this occurrence is 

that the pad undergoes significant deformation as a result of the increasing load. 

However, in case of the pad, the deformation is considerably less.   
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Figure 4.5. Modified Stribeck curve for rotational PVA pad 
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Figure 4.6. Modified Stribeck curve for rotational polyurethane pad 
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4.4.2. Composite Modulus  

The composite modulus is a defined as a function of pressure and ratio of the original 

thickness to the change in thickness after compression. Figures 4.7 and 4.8 show the plot 

of both materials using equation 4.4. Both materials exhibited a slightly linear trend with 

pad loading, with the PVA pad having a much lower modulus as compared to the 

urethane pad. This was mainly because of the low compressibility of the urethane pad. 

The pad deflected only 0.01 mm for loads of 2-6 N and 0.02 mm for loads of 8-18 N. 

Subsequently, the PVA pad compressed more than 3 mm when subjected to loads of 2-6 

N and around 3.5 mm when subjected to loads higher than that. For the given parameters 

of the experiment, the maximum composite modulus for the PVA pad was calculated to 

be 0.75 MPa where as for the urethane pad, a maximum of 0.16 GPa was observed. 

According to figures 4.7 and 4.8, it can be observed that the change in modulus per unit 

load is lower for the urethane pad than the PVA. The change in modulus for the PVA 

pad was around 750% between the lowest and highest loading, while under the same 

conditions, the urethane pad experienced a jump of only 275%. This is attributed to the 

fact that the PVA pad has a much more porous structure, which becomes soft when wet. 

Increasing the pressure might also cause the pad to expand horizontally, thus reducing 

the porous membrane significantly.   
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Figure 4.7. Composite modulus for the urethane pad  

 
 
 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0 2 4 6 8 10 12 14 16 18 20

Load (N)

M
od

ul
us

 (M
Pa

)

 
Figure 4.8. Composite modulus for PVA pad 
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4.4.3. Micro-Mechanical Properties and Apparent Wear on Polishing Pad 

The macroscopic performance of a material is often dictated by its ability to withstand 

the high pressures which can be generated during asperity contacts. The information 

obtained from the micro-indentation experiment will be used to verify the change in 

mechanical properties, such as the hardness and elastic modulus of a localized region. 

By studying the localized mechanical properties, it is possible to gain information 

concerning the localized molecular structure. Figure 4.9 shows the force-distance curve 

obtained from a micro-indentation test of a polyurethane sample. The indentation area 

was marked and carefully selected using a SPM (scanning probe microscope) to avoid 

indenting the porous region. Based on the indentation result, it can be seen that some of 

the region undergos elastic and plastic deformation during indentation. Following the 

indentation tests, the SEM was performed on the elastic and plastic deformation. Results 

are shown in figure 4.10(a) where the plastic deformation area shows a localized 

stiffness with an evidence of high abrasion wear in the polishing area. The elastic 

deformation area in figure 4.10(b) shows high stiffness and low abrasion wear in the 

polishing area.  

 
 
 

 
 

 

 

 

 

 

 

Figure 4.9. Force-distance curve of polyurethane pad indicating elastic and plastic 
deformation 
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             (a)           (b) 
Figure 4.10. SEM images of polyurethane pad indicating (a) localized stiffness, (b) 
plastic deformation 
 
 
 
4.4.4. Influence of Some Parameters under Mixed Lubrication  

Based on the theoretical and experimental validation of lubrication behavior due to the 

change of pad properties, we propose new mechanisms under boundary and mixed 

lubrication in the modified Stribeck curve.  Figure 4.11 shows the influence of some 

parameter relationship under the boundary and mixed lubrication. As seen in figure 4.11 

change in surface roughness due to abrasion can lead to higher friction coefficient, 

similarly rubbing two hard materials can lead to severe abrasion and increase the friction 

coefficient. In addition, changing other parameters such load, viscosity and speed will 

affect the friction coefficient accordingly. 
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CHAPTER V 
 

TRIBOLOGICAL STUDY OF ELECTRO-CHEMICAL-MECHANICAL 

POLISHING (ECMP) 

 
 

Beside the chemical and fluid forces, electrochemical reactions are affected by 

mechanical forces. This chapter focuses on understanding of mechanisms in ECMP. The 

Post-CMP surfaces were characterized and analyzed against the surface morphology and 

chemistry. New mechanisms of ECMP are proposed at the end of the chapter. 

 
 
5.1. Brief Background 

In this chapter, the interfacial forces will be studied in CMP and ECMP of copper. In the 

previous chapter, these interfacial forces were reviewed and evaluated through 

theoretical and experimental studies. It was found that friction was the dominant force 

among the interfacial forces described in aforementioned chapter. The effect of friction 

will be discussed in details here. Experimental approaches are used in this investigation. 

Firstly, materials are polished by chemical and mechanical polishing separately in order 

to study the underlying principles of tribochemical interaction in chemical-mechanical 

polishing (CMP). Secondly, the understanding of tribochemistry is applied to the 

electrochemical-mechanical polishing of copper. The resulting non-equilibrium states 

and wear of surfaces will be discussed in details. 

 

5.1.1. Copper as Interconnect Metal 

Device miniaturization requires compromise between material and its integration to 

integrated circuits. Currently the primary requirement of interconnect metals in IC is low 

resistivity (1). In early 90’s, aluminum was used as an interconnect line for transistors. It 

was then in late 90’s, copper was introduced to replace aluminum due to its favorable 

properties and manufacturing processes. Table 5.1 lists several candidates as 

interconnect materials and their properties.  
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Table 5.1. Several metals as interconnect materials  (6, 90) 
Properties Aluminum Copper Gold Silver 

Resistivity (μΩ-cm) 3.5 1.67 2.35 1.59 
Electromigration resistance (at 
0.5μm) Moderate Good Excellent Poor 
Corrosion resistance Good Poor Excellent Poor 
Adhesion to SiO2 layer Good Poor Poor Poor 
Melting temperature (0C) 660.32 1084.62 1064.18 961.78 

 
 
 
As listed in Table 5.1, the advantages of using copper are its low resistivity and good 

immunity to electromigration. Silver has lower resistivity than copper, but it is prone to   

electromigration attack due to its low melting temperature. Among copper and silver, 

gold has higher resistivity, which also degrades its performance as an interconnect metal.  

Overall, copper has emerged as the material of choice for interconnect. It has been 

reported by many researchers that copper cannot be patterned using reactive ion etching 

(RIE) due to lack of copper compounds with high vapor pressures at low temperatures 

(91)  Thus copper is usually deposited using chemical vapor deposition (CVD). To 

increase device yield, the excess copper must be removed before the next step of 

fabrication. The method to achieve global planarization of this excess layer is known as 

chemical-mechanical polishing.  

 

5.2. CMP of Copper 

5.2.1. Introduction 

The CMP has been used in the microelectronic industry as a major planarization process 

step in making chips since the 1980s (92-95). It generates a super smooth surface with 

an average roughness of less than 10 Å across a 300 mm wafer. Metal CMP is possible 

when a passivation layer is formed and then removed through nanoabrasive particles. 

Oxide CMP involves interaction between abrasive silica particles and the oxide surface, 

where material is removed through a "snow-ball" action (12).  
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It has been reported that oxide layers of silicon, tungsten, and copper are formed after 

CMP (6, 9, 10, 12, 21, 29, 71, 96-101). These metal-oxide layers are generally less than 

a few nanometers in thickness on super-smooth wafer surfaces (~ 250mm in diameter). 

Metals have high surface energies and oxides have low ones. The surface energy 

determines whether a material wets another material and forms a uniform adherent layer. 

Such a uniformly adherent layer might benefit from friction as it enhances diffusion of 

surface atoms and reduces residual stress, chemical reactions, and any misfit between 

film and bulk.  

 

Our recent XPS work on copper CMP has shown that non-equilibrium CuO and 

Cu(OH)2 are formed during polishing (33, 102). This means that mechanical stimulation 

during CMP plays a crucial role. In order to understand the synergy of the chemical-

mechanical process here, we will study the chemical and mechanical effects separately. 

This allows us to simplify our study and identify those reactions in two body wear. The 

focus will be on the properties of surfaces in non-equilibrium states. The approach used 

here is to conduct CMP experiments that pinpoint mechanical removal verses oxidation. 

This is further enhanced through surface characterize using XPS, SEM, and 

nanoindentation techniques. 

 

5.2.2. Experimental Procedure 

5.2.2.1. Materials 

Two metals, copper and aluminum, were investigated in this study.  Samples were cut 

from copper and aluminum wafers. The physical and mechanical properties are shown in 

Table 5.2. The polished area of these samples measured 10mm×10mm.  Polyurethane 

pads (Rohm & Haas IC1000) were used as counterparts to rub against the metal surfaces. 

Three types of polishing slurries were prepared; they are pure deionized water, water 

containing γ-alumina (Buehler), and a slurry containing H2O2. Their composition and pH 

are listed in Table 5.3. As mentioned earlier, these three slurries were prepared in order 

to precipitate the desired interaction.  
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Table 5.2. Physical and mechanical properties of metal materials 
 
 

Crystal structure Density 
(g/cm3)

Tensile modulus 
(GPa) 

Yield strength 
(MPa) 

Copper FCC 8.96 129.8 270 

Aluminum FCC 2.70 70.6 110-170 

 
 
 

Table 5.3. The composition and pH of slurries 
DI water 3% wt γ-alumina 3% wt H2O2 

pH=
5 

pH=7.
5 

pH=1
0 

pH=
5 

pH=7.
5 

pH=1
0 

pH=
5 

pH=7.
5 

pH=1
0 

Copper  X X  X X  X X 
Aluminu

m 
X X  X X  X X  

 
 
 
5.2.2.2. Polishing Experiments 

Polishing experiments were conducted on a tribometer with the disk-on-disk 

configuration in a reciprocating motion. Frictional motion is produced by a scotch yoke 

mechanism driven by a variable speed motor.  The upper sample was loaded against the 

lower sample by a 2D force sensor, which enabled the measurement of the sliding 

friction force as well as controlling the loading force. The testing conditions are as 

follows: normal load at 5 N, reciprocating speed at 200, 400, and 800 rpm, sliding time 

at 30 min, and operating under ambient conditions.  Prior to each test, the metal samples 

were cleaned using acetone. During experiments, the slurry was applied to cover the pad 

surface completely.  The friction coefficients were recorded and tests were repeated at 

least three times under each condition. 

 

5.2.2.3. Surface Characterization 

Before polishing, average surface roughness and wetting angle were measured. The 

surface roughness was measured using a profilometer (Talysurf 3+) with a stylus tip of 

radius 5 μm.  Data shown in the following sections are the average of four roughness 
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values.  The contact angle measurement was carried out using a goniometer, the water 

droplet being delivered onto the sample surface using a syringe. The measurement was 

made after waiting for 20 seconds when the droplet is stabilized. The contact angle data 

was also the average of four measurements, made at different locations on the metal 

surface. 

 

After polishing, sample surfaces were characterized using an ellipsometry, scanning 

electron microscopy (SEM), X-ray photoemission spectroscopy (XPS), and 

nanoindentation.  

 

Hitachi S-4700 scanning electron microscope (SEM) was used for obtaining surface 

topography of polished samples. The accelerating voltage used was 10 kV. The images 

were taken at a magnification of 2000X and a working distance of approximately 12 

mm. 

 

Kratos Axis Ultra Imaging XPS was used to study surface chemical compositions of the 

films. XPS data was collected using MgKα (1253.6 eV) radiation with HEA in FAT 

mode (in vacuum of 3 X 10-10 Torr). Spectra calibration was carried out using a Gold 

XPS line Au4f7/2 (BE 84 eV). All data were corrected for inelastic scattering by 

subtracting a Shirley background from the raw spectra. Peak fits were done using 

pseudo-Voigt shape peaks with different relative content of Gaussian and Lorentzian 

components. The Ar+ ion beam was used for depth profiling of the metal surface. The 

ion beam current was 30 µA/cm2 and a voltage of 3 kV. Average sputtering rate, which 

was calculated based on Sigmung’s theory was 4 nm/min and 3.7 nm/min for copper and 

aluminum, respectively (103).  

 

Nanoindentation was performed on four polished samples using a Hysitron’s 

TriboIndenter®.  The samples were labeled as Copper wafer No. 1 polished by 3%wt 

H2O2 (Cu 1); Copper wafer No. 2 polished by 3%wt Al2O3 (Cu 2); Aluminum wafer No. 
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1 polished by 3%wt H2O2 (Al 1); and Aluminum wafer No. 2 polished by 3%wt Al2O3 

(Al 2).  Eight or more indentations were performed on each sample using a 142.3o 

Berkovich diamond indenter tip with a triangular load function consisting of a 5 second 

loading segment and a 5 second unloading segment.  A minimum normal load of 1,000 

μN and maximum normal load of 11,000 μN were applied on all four samples for the 

tests. A high normal load was applied to get reproducible data, in jeopardy due to surface 

roughness from polishing. In addition, in situ surface probe microscope (SPM) images 

were obtained from all surfaces to estimate sample roughness. 

 

5.2.3. Results and Discussions 

5.2.3.1. Friction and Nanomechanical Properties 

The average friction coefficients were obtained from four tests and results are shown in 

figure 5.1. The shaded bars are friction coefficient and the top portion shows the 

standard deviation. It is seen that from the slurries tested, both copper and aluminum 

have friction coefficients between 0.4 and 0.6. The exception is that of Al polished with 

a slurry containing alumina. This behavior is explained later.  
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Figure 5.1. Average friction coefficient of metals CMP 
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Al Polishing
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Figure 5.1, continued 

 
 
 

Nanoindentation tests were performed to obtain the reduced modulus (Er) and the 

hardness (H). Four samples were evaluated - Cu 1, Cu 2, Al 1 and Al 2. Prior to the 

nanoindentation tests, in situ atomic force microscope (AFM) was used to estimate the 

surface roughness of these samples. Cu 1 and 2 showed the root-mean-square (RMS) 

roughness values of ~20nm and ~2nm respectively. Al 1 and 2 showed the RMS 

roughness values of ~28nm and ~15nm respectively. In order to obtain reproducable Er 

and H data, high normal loads (with large indentation depths) are used for 

nanoindentation. Results are shown in figures 5.2 (Cu samples) and 5.3 (Al samples).  

The figures show that the two copper surfaces are visibly different in depth under the 

same load, while the the depth for Al 2 is greater than for Al 1. Table 5.4 summarizes the 

nanoindentation results. The reduced modulus and hardness data show a slight difference 

in material properties between the samples polished by H2O2 and by Al2O3; the polished 

copper surface seems to have significantly higher values than that of aluminum. The 

Vickers hardness of pure copper is between 49 and 87 and pure aluminum is between 21 

and 48.39 The high hardness is shown in nanoindentation data for Cu (Table 5.4). At this 
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stage, we do not know the actual hardness of the metal oxides due to the very thin layer. 

However, we should note that the friction value for copper is lower than that of 

aluminum. This may be due to the fact that the hard copper surface is less deformed than 

the soft aluminum so that sliding is relatively favorable.  
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Figure 5.2. Multiple load-displacement plots of Cu 1 (turquoise) and Cu 2 (pink) 
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Table 5.4. Summary of results from nanoindentation 

 

 

 

 Load 
(μN)

Reduced 
Modulus 
(GPa)

Hardness 
(GPa)

Contact Depth 
(nm)

Load 
(μN)

Reduced 
Modulus 
(GPa)

Hardness 
(GPa)

Contact Depth 
(nm)

Copper 1 1200 169 +/- 55 3.0 +/- 1.0 111.6 +/- 29.3 Copp

 

 

 

 

er 2 1200 163 +/- 18 3.0 +/- 0.1 105.2 +/- 3.5 
4000 159 +/- 3 3.0 +/- 0.2 227.7 +/- 11.1 4000 150 +/- 8 2.9 +/- 0.0 223.3 +/- 1.0
6000 160 +/- 17 2.9 +/- 0.5 280.9 +/- 25.2 6000 160 +/- 2 2.9 +/- 0.2 283.1 +/- 5.1

10000 163 +/- 5 3.2 +/- 0.3 355.1 +/- 16.5 10000 167 +/- 2 3.2 +/- 0.0 356.4 +/- 2.4
Aluminum 1 1200 76 +/- 6 0.9 +/- 0.3 210.8 +/- 37.6 Aluminum 2 1200 61 +/- 5 0.8 +/- 0.1 231.8 +/- 21.0

3000 75 +/- 3 0.8 +/- 0.1 379.3 +/- 35.7 3000 64 +/- 1 0.7 +/- 0.0 422.5 +/- 10.0
6000 63 +/- 3 0.7 +/- 0.1 597.2 +/- 33.1 6000 73 +/- 8 0.7 +/- 0.1 672.1 +/- 24.0
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Figure 5.3. Multiple load-displacement plots of Al 1 (pink) and Al 2 (turquoise) 

 
 
 
5.2.3.2. Surface Properties 

Ellipsometry data for Cu and Al are shown in figures 5.4 and 5.5. The delta gives a 

measure of the change in oxide film thickness of the metal. The figures show that when 

the polishing surface speed changes (rpm value as the x-axis), delta changes slightly for 
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water and Al2O3 slurries. However, delta changes more when Cu and Al were polished in 

H2O2 slurries. This indicates the strong effect of H2O2 on surface passivation. 

 

The contact angle and average surface roughness versus speed (rpm) are shown in Table 

5.5. Contact angle changed when H2O2 was used as polishing slurry but not when other 

slurries were used. Most roughness values were low and did not vary much with 

polishing speed with the exception of the low polishing speed of 200 rpm, where H2O2 

for neutral pH is shown to give a rough surface.  
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Figure 5.4. Surface properties of Cu measured by ellipsometry 
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Figure 5.5.  Surface properties of Al measured by ellipsometry  
 
 
 

Table 5.5. Contact angle and surface roughness as a function of polishing speed 

DI water, pH=7.5 DI water, pH=10 H2O2, pH=7.5 H2O2, pH=10 Al2O3, pH=7.5 Al2O3, pH=10
0 82.63 82.63 82.63 82.63 82.63 82.63

200 75.8 76.53 34.57 48.73 72.53 64.5
400 71.37 70.07 51.07 26.63 81.3 67.83
800 73 74.6 15.13 23.13 82.2 70.63

DI water, pH=7.5 DI water, pH=10 H2O2, pH=7.5 H2O2, pH=10 Al2O3, pH=7.5 Al2O3, pH=10
0 0.13 0.13 0.13 0.13 0.13 0.13

200 0.083 0.07 0.37 0.22 0.153 0.07
400 0.09 0.063 0.073 0.107 0.073 0.08
800 0.103 0.057 0.137 0.083 0.1 0.053

Contact AngleSpeed 
(rpm)

Speed
Surface Roughness (μm)

(a) Cu  
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Table 5.5, continued 
 

DI water, pH=5.5 DI water, pH=7.5 H2O2, pH=5.5 H2O2, pH=7.5 Al2O3, pH=5.5 Al2O3, pH=7.5
0 84.17 84.17 84.17 84.17 84.17 84.17

200 70 78.73 37.93 32.93 56 23.6
400 55.83 65.6 37.63 35.97 46.17 30.63
800 59.67 71.4 27.7 24.33 56.13 19.9

DI water, pH=5.5 DI water, pH=7.5 H2O2, pH=5.5 H2O2, pH=7.5 Al2O3, pH=5.5 Al2O3, pH=7.5
0 0.37 0.37 0.37 0.37 0.37 0.37

200 0.66 0.41 0.49 0.67 0.81 0.76
400 0.38 0.34 0.36 0.42 0.54 0.65
800 0.42 0.37 0.35 0.53 0.68 0.52

Speed
Surface Roughness (μm)

Contact AngleSpeed 
(rpm)

(b) Al 
 
 
 
SEM micrographs are shown in figure 5.6, where (a) and (b) are for Al surfaces and (c) 

and (d) for Cu surfaces. Figure 5.6(a) shows pits due to corrosion on the surface while 

(b) shows more scratches due to mechanical abrasion. The most interesting one is figure 

5.6(c) that shows a passivation layer of H2O2 on the copper surface. The other 

micrographs exhibit regularly polished or scratched surfaces as already stated. To study 

the chemical nature of these films, we decided to conduct XPS experiments. 

 
 
 

(a) Al 1, polished by 3%wt H2O2 (b) Al 2, polished by 3%wt Al2O3
 Figure 5.6. SEM micrographs of metals after CMP 
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(c) Cu 1, polished by 3%wt H2O2 (d) Cu 2, polished by 3%wt Al2O3
Figure 5.6, continued 

 
 
 
5.2.3.3. XPS Analysis 

A “survey” spectrum was taken over a binding energy ranging from 0 to about 1000 eV 

for the aforementioned samples. After the elements contained in the film were identified, 

a detailed series of spectra were taken over the specific range of the elements of interest. 

 

The XPS analysis results are shown in figure 5.7.  Cu 1 and Cu 2 spectra are shown in 

5.7(a), whereas Al 1 and Al 2 are in 5.7(b). The Cu 1, which was polished in H2O2, had a 

mosaic surface according to SEM. Before any treatment, Cu 1 was found to contain Cu, 

K, C, and O. This confirms the EDAX analysis for this sample. The sample was then 

sputtered and analyzed continuously until pure Cu was attained. The total thickness of 

the surface layer was around 20 nm. Cu 2 was polished in Al2O3 and showed no film 

formed in an SEM image. Potassium was not detected in this sample as concurs with the 

EDAX results. Most peaks shown are similar, although there were some changes 

between 230 and 300 eV where C and K were found on the Cu 2. The C was from the 

polishing pad as reported in the previous study (104, 105) and K was used as a 

dispersion addition in the polishing slurry. The counts obtained depend on the depth of 

the photoelectrons so that the exact concentration of the surface elements is approximate.  
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The XPS results showed no difference between surfaces of Al 1 and Al 2, as shown in 

figures 5.7(b). This indicates that no matter what slurry is used, the oxidation and 

removal states of both surfaces are the same. In other words, the tribochemistry during 

Al-CMP is not affected by the addition of H2O2.  

 

Comparing Cu and Al, it is interesting to see their oxides have a different reaction to 

mechanical removal. The Cu 2 does not show any remaining oxide layer after 

mechanical polishing while Al 1 and 2 show no difference. Apparently, this depends on 

the bonding strength of the oxide. The Al2O3 is known for its high hardness and thus it’s 

difficult to remove the oxide through pad sweeping. On the contrary, the CuO and 

Cu(OH)2 are much softer than Al2O3 and we have found they are in non-equilibrium 

state (16, 32). A higher friction coefficient for Al than for Cu in Al2O3 is seen in figure 

5.1. Results indicate that these oxides, in equilibrium or not, dominate the polishing 

performance.  The oxidation is due to tribochemical reactions. 
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Figure 5.7. XPS spectra for Cu (a) and Al (b) 
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Figure 5.7, continued 
 
 
 

5.2.3.4. Kinetics of Film Formation 

Our results showed evidence of a 20 nm thick layer formed on the Cu surface when 

H2O2 was present. The formation of such a film was due to passivation as well as 

mechanical abrasion. Apparently, there is a balance between these two processes. For 

passivation, the thickness of oxide growth, hox, depends on the time of oxidation, t, 

through the parabolic relation (106) 
0.5

oxh Kt=          (5.1) 

where K is the parabolic oxidation rate constant.  

For our analysis, an empirical formula was chosen in the form of the power-law 

dependence, 

( ) n
ox oh t Kt h= +         (5.2) 

where hox (t) is the thickness of the newly formed oxide film, n is the polynomial 

constant (n<1), and ho is the initial thickness. 

For abrasion, the wear volume can be written as (106), 
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w
LSV k
H

=          (5.3) 

where V is the volume removed, kw is the wear coefficient, S is the sliding distance, L is 

the load on the sample, and H is the hardness of the material.  

As mentioned earlier, this research focuses on simplified polishing process so that we 

will focus on the two-body abrasive wear only. The two-body-volume wear rate can be 

expressed as, 

wk LdV v
dt H

=          (5.4) 

where v is the velocity of two surface in contact (=dS/dt). 

It is assumed that the contact area does not change during sliding contact, the above 

equation can be written as, 

wkdh pv
dt H

=          (5.5) 

Integrating the above equation, we get an expression for the initial thickness, h0

w
o

kh p
H

= vt          (5.6) 

where p is the pressure applied during polishing (=L/A) and t is the polishing time. 

Thus the Arrhenius equation for the thickness due to the mechanical (pad) sweeping 

should be equal to (107): 

0

t

wearh h e τ
−

= , where LP
Er

τ =       (5.7) 

where τ is the exponential decay time constant, L is the pad thickness, E is the pad 

modulus, and r is the removal rate. 

The balance of thickness between oxidation and pad sweeping is, 

0
1
2

t
n wkh Kt h pvte

H
τ
−⎛ ⎞

= + +⎜
⎝ ⎠

⎟       (5.8) 

 

As shown in Equation 5.1, the oxidation is a function of time exponentially. During 

CMP, the oxidation takes place in the H2O2 slurry. Different metals have different 
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constant, K. The subsequent removal of such oxide layer depends on the bonding 

strength and stability. Our results showed that the Cu forms an oxide layer that is more 

active than that of Al. The evidence is seen in the remaining thickness of oxide on Cu 2. 

Furthermore, the copper oxide is in a non-equilibrium state.  

 

How does the resulting oxide layer affect removal? The wear through the pad abrasion is 

expressed in Equation 5.4. This is for a two body abrasive wear model so that we focus 

on the mechanical abrasion through pad sweeping. Through a few simple steps in 

Equations 5.5-5.7, we derive an equation that summarizes the resulting thickness of the 

oxide layer, shown in Equation 5.8. It indicates that the resulting oxide thickness in 

CMP, h, depends on several factors: oxidation constant, oxidation time, initial thickness, 

wear coefficient, hardness of material, polishing pressure, polishing speed, polishing 

time, pad thickness, pad modulus and removal rate.  Since this work focuses on 

identifying separate mechanical and chemical reactions in two body wear, therefore, 

detailed study will be carried out for future steps. 

 

Figure 5.8 illustrates competing mechanisms between oxidation and abrasion. The initial 

thickness of the surface layer increases due to the faster oxidizing rate. After that, the 

thickness stabilizes reaching equilibrium. According to equation 5.8, the shape of the 

balancing thickness curve depends largely on the mechanical abrasion factor, this is only 

a qualitative illustration. In future, detailed quantitative comparisons will be made using 

an industrial polisher. 
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Figure 5.8. Illustration of surface film formation under CMP 

 
 
 
In this part of research, we used a non-conventional approach to study CMP 

mechanisms. Our experiments were able to separate the effects of oxidation and 

mechanical removal; we focused on the surface properties and their changes that take 

place during CMP instead of removal rate. The results showed that there was a surface 

layer formed on copper with H2O2. The oxide layer thickness for Cu was 20 nm after 

CMP that has not been reported before. Without H2O2, however, the polished surface 

showed either scratches or corroded pits (for aluminum). In addition, sliding friction 

introduces non-equilibrium oxide for Cu. This tribo-oxidation was not found in Al. In 

order to further the understanding of the surface chemistry, the remaining part of this 

chapter will investigate the electrochemical-tribological aspects of CMP. 

 

5.3. Electro-Chemical-Mechanical Polishing (ECMP) 

5.3.1. Introduction 

In sections 5.2 and 5.3, CMP was conducted separately, i.e. chemical verses mechanical 

polishing in order to understand its removal mechanisms. These concepts will be used to 

study ECMP. The current CMP practice in the microelectronics industry uses the 

electrochemical method to planarize the metal surface. While conventional polishing 

offers only the net polishing rate, the electrochemical measurements can offer 

information about the anodic as well as the cathodic reactions that occurs at the metal 
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surface (108). If compounds were to form in the metal surface, electrochemical 

measurements, such as voltammetry can be used to detect them in situ. These advantages 

enable the study of kinetics of the reactions taking place at the metal surface. Since CMP 

is a non-equilibrium process, being able to quantify the tribochemical contribution 

would lead to the understanding of non-equilibrium formation on the surface. This part 

of research attempts to elucidate the impact of these changes in the interfacial forces on 

the nano-scale of polishing.  

 

5.3.2. Copper and Hydrogen Peroxide 

As the name infers, ECMP is a polishing process in a presence of electropotential. The 

newly developed ECMP will employ a low mechanical down force and minimize the use 

of slurry abrasives. This new feature will effectively reduce dishing and erosion of 

copper since high polishing rate from the conventional CMP is not desirable.   

 

In the present situation, the widely-used oxidizing agent for copper is hydrogen 

peroxide. Being a weak acid, hydrogen peroxide decomposes in water at room 

temperature. Because the oxygen atoms in hydrogen peroxide are in the -1 oxidation 

state, H2O2 can be either oxidized to O2 or reduced to water. The typical reactions of 

hydrogen peroxide  are shown as  

a. Oxidation in aqueous solution 
−+ ++→ eHOOH 22222      (5.9) 

b. Reduction 

OHeHOH 222 22 →++ −+      (5.10) 

c. Decomposition 

OHOOH 2222 21 +→      (5.11) 

Previous work has been carried out to understand the removal rate of copper in a 

presence of  H2O2 (108).  Normally peroxide based slurries contain some complexing 

agents to increase the removal rate. Our previous work in peroxide based slurries 

containing glycine has proved a huge increase in the removal rate of copper (102).  
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5.3.3. Pourbaix Diagram of Copper 

The Pourbaix diagram is generated to understand the electrochemical behavior of metal. 

copper, as an active metal, has several regions of interest, namely immunity, passivation, 

and corrosion regions as shown in figure 5.9. Immunity relates to the stability of copper 

to withstand any chemical attack. Passivation is defined as an oxidation copper to form 

copper oxide, i.e., cupric oxide CuO, and cuprous oxide, Cu2O.  CuO is generally a more 

stable oxide than Cu2O. The formation of this reaction byproducts are as follows 
−++ ++→+ eHCuHOCu 2022 22       (5.12) 

OHCuHCuO 2
22 +→+ ++        (5.13) 
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Figure 5.9 Pourbaix diagram of copper-water system at room temperature 
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5.3.4. Experiment 

Materials: 

The copper wafers used in this study were electroplated on standard commercial 8-in.-

diameter silicon substrates. The samples were cut to 3 cm x 2 cm size and mounted onto 

the polishing cup using the superglue. Polyurethane pads (Rohm & Haas IC 1000) were 

mounted on the tribometer pin as a counterpart material. Hydrogen peroxide, 3 %wt, was 

used as an oxidizing agent. The solution’s pH was adjusted using H2SO4 and KOH.  

 

Polishing setup: 

The electrochemical polishing experiments were conducted in tribometer polisher (CSM 

Instruments). Copper samples were connected with a lead wire at one end and isolated 

with a silver paste and epoxy coating. The standard Pourbaix diagram for copper will be 

used as a guide in applying the impressed potential. A saturated calomel reference 

electrode and a platinum counter-electrode will be placed close to the working electrode 

(copper wafer). A standard DC source with fixed potential will be used for applying 

electropotential. During experiment, the pH of slurry ranges from 2 to 14 with an 

increment of 2 and the applied electropotential ranges from -1V to +1V at an increment 

of 0.2V. The detail of experimental setup is shown in figure 5.10. Polishing tests were 

performed at room temperature for 20 minutes, with a linear speed of 2.5 cm/sec and 3 N 

down force. All other variables were kept constant during polishing. 
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Figure 5.10. Schematic drawing of ECMP process 
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5.3.5. Surface Characterization  

Surface topography will be conducted using an AFM with the non contact mode (Pacific 

Nanotechnology, Inc.). The AFM in its simplest implementation operates in an 

analogous way to a profilometer. In AFM, a small, sharp tip attached to the end of a 

cantilever is raster scanned across the surface of the sample of interest, at some finite 

repulsive load. A change in tip’s vertical position, detected as a deflection in the 

cantilever, corresponds to a change in the height, or topography, of the surface. The 

surface roughness can be measured and the wear mechanism due to pH and 

electropotential variation can be observed.  

 

Additionally, the tribochemical interactions during ECMP can introduce non-equilibrium 

states of copper. These oxidative states of copper will be analyzed using XPS (Kratos 

Axis Ultra Imaging). XPS data was collected using AlKα (1486 eV) radiation with HEA 

in FAT mode (in vacuum of 3 X 10-10 Torr). Spectra calibration was carried out using a 

Gold XPS line Au4f7/2 (BE 84 eV). All data were corrected for inelastic scattering by 

subtracting a Shirley background from the raw spectra using the XPS-PEAK software. 

Peak fits were done using pseudo-Voigt shape peaks with different relative content of 

Gaussian and Lorentzian components. The Ar+ ion beam was used for depth profiling of 

the metal surface. The ion beam current was 30 µA/cm2 and a voltage of 3 kV. Average 

sputtering rate, which was calculated based on Sigmung’s theory was 4 nm/min for 

copper (103).  

 

5.3.6. Experimental Analysis 

5.3.6.1. Copper Dissolution in Hydrogen Peroxide (Static Etching) 

Figure 5.11 shows the static etching rate of copper in a presence of 3%wt H2O2. As seen 

from the figure, the dissolution rate of copper occurs at low acidic pH, i.e., from pH 2 

through 5. The dissolution rate of copper at pH 6 or above becomes zero since copper 

starts to passivate in a presence of H2O2. At the present situation, it can be inferred that at 
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pH 6 or higher, the loss of metal due to chemical etching can be suppressed by the 

passivity of copper.  
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 Figure 5.11. Copper dissolution rate in 3%wt H2O2 

 

 

 
During copper immersion in H2O2 solution, copper ions will move gradually from the 

metal interface to the peroxide solution. Generally, the diffusion of copper ions will 

occur randomly in all direction, resulting in a hemispherical-shaped diffusion. However, 

in our laboratory setup, the area of copper surface to be polished is considered big (1cm 

x 1cm). Therefore, the diffusion of copper is assumed to be linear and the diffusion 

occurs at the edges are neglected. Based on the classical diffusion theory, the 

concentration profile can be written as (109) 
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where C is the concentration at a distance x measured from the metal surface to the 

solution, Cs is the concentration on the metal surface, D is the diffusion coefficient, and t 

is diffusion time.  

 

Since we assumed that the dissolution rate is linear, then copper dissolves at a constant 

rate. By expressing the rate of mass loss as a function of corrosion (dissolution) current 

density (icorr), the number of moles of metal dissolved after time t can be given as (110) 

nF
Ati

n corr
Cu =           (5.2) 

where icorr is the corrosion current density, A is the sample area, n is the number of 

electrons, and F is the Faraday constant.  

 

In addition, if the concentration in solution (C) is known at any distance x from the 

electrode surface, the number of moles of copper metal can be written as  

( )
dx

Dt
xerfCsCsAnCu ∫

∞

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=

0
5.02

       (5.3) 

 

By combining equations 5.2 and 5.3, the surface concentration Cs, can thus be estimated.  

 

5.3.6.2. Kinetics of Copper Dissolution in Hydrogen Peroxide 

Figure 5.12 shows the dissolution of copper at pH 2 at 3%wt and 5%wt of H2O2, 

respectively. As seen from figure 5.12, the dissolution rate of copper increases linearly 

with the oxidizer concentration.    
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Figure 5.12. Mass loss at different hydrogen peroxide concentrations at pH 2 
 
 
 

For a copper sample with unit area A, the rate of copper dissolution is given as  

[ α
22OHk

dt
dCu

=
− ]          (5.4) 

dt
dCu

A
nFicorr =          (5.5) 

where k is the rate constant, n is the number of electrons (n=1). 

 

As the concentration of the hydrogen peroxide increases, the dissolution on the metal 

surface will eventually decrease due to the formation of passive film (see Figure 5.13). 

The oxide coverage (θ) is a function of amount of oxide formed and the amount 

dissolved (110). At low hydrogen peroxide concentration, the oxide coverage is assumed 

to be 0 (θ=0) As the hydrogen peroxide concentration increases, the oxide coverage is 

approximately 1 (θ~1). For simplicity the oxide coverage can be written as following 

(111) 
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])[exp(1 22OHp−−=θ         (5.6) 

where p is an adjustable parameter. Assuming that the oxide film dissolves at a constant 

rate, then it follows from equations 5.4-5.6 that the net rate of copper dissolution is given 

by:  

)()1(' θθ issdcorrcorr kii +−=         (5.7) 

Substituting eqn 5.6 into eqn 5.7 we get 

]))[exp(1(])[exp(][ 222222
'' OHpkOHpOHki issdcorr −−+−=    (5.8) 

where AnFkk =' , and kdiss is the rate of oxide dissolution.  
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Figure 5.13. The dissolution rate of copper at different hydrogen peroxide concentrations 
at pH 2 
 
 
 
5.3.7. Results from Electro-Chemical-Mechanical Polishing (ECMP) 

In this section, the effect of interfacial forces will be discussed in terms friction and wear 

behaviors. 
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5.3.7.1. Frictional Behavior 

Figure 5.14 shows the friction coefficient distribution superimposed on the Pourbaix 

diagram of copper-water system at room temperature.  The friction coefficient was 

measured directly during ECMP and the stabilized values were used in creating the 

diagram. In order to interpret the tabulated data points, the regions on the Pourbaix 

diagram of copper were assigned a number from one to four (see figure 5.15). Results 

will be compared to our previous work on the surface roughness graph superimposed on 

the Pourbaix diagram of copper as shown in figure 5.16. 

 

5.3.7.1.1. Region 1 (pH 1-6) 

Region 1 represents the acidic pH and impressed anodic potential. As seen from the 

Pourbaix diagram of copper-water system, ionic dissolution of copper will dominate in 

this region. This material dissolution will lead to severe pitting, which result in a loss of 

surface planarity. This is shown with a relatively high friction distribution due to poor 

planarization. The high friction distribution in region 1 also correlates well with the poor 

Ra (surface roughness) value shown in figure 5.14.     

 

5.3.7. 1.2. Region 2 (pH 6-14) 

Region 2 represents the alkaline pH and impressed anodic potential. Based on static 

etching experiments, we found that the dissolution of copper will eventually stop at pH 6 

or above. At this point, passivation will play an important role in surface planarization. 

At alkaline pH condition, copper will form copper oxide which serves as a beneficial 

layer during polishing. This layer will be removed during polishing and subsequently 

reforming at a synergetic rate. Results show a low friction distribution in this region, 

which correlates to the best surface finish illustrated in figure 5.14. 

It is important to note that friction coefficients were higher at pH 14 on low impressed 

potential, this might be an indication of the formation of non-equilibrium product. Other 

reason might be due to hardness of abraded copper oxides which give a jump in friction 

coefficient. Further investigation will be carried out using XPS. 
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5.3.7. 1.3. Region 3 (pH 1-14) 

Region 3 represents acidic pH and impressed cathodic potential. As seen from the 

Pourbaix diagram, copper is the dominating species. At cathodic potential region, the 

corrosion activity is suppressed and the surface planarity is more dominated by 

mechanical abrasion. Friction coefficients are shown high at pH 2, 10, and 14, while 

other pH values were subjected to low friction distribution. High friction might indicate 

the formation of grooves due to severe abrasion. The variations of surface roughness due 

to friction fluctuation are also observed in zone 3 and 4 of figure 5.14. 

 

5.3.7. 1.4. Region 4 (Cu2O) 

Region 4 represents the neutral and alkaline pHs with low cathodic and anodic 

impressed potentials. A high friction distribution was observed in this region. A weak 

oxide layer with an incomplete passivation might be formed at lower potential. During 

polishing, this layer will be damaged by the mechanical action of the pad. High friction 

in this region also correlates well with the high Ra shown in zone 5 of figure 5.14. 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.14. Friction coefficient distribution superimposed on the Pourbaix diagram of 
copper-water system at room temperature 
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Figure 5.15. Pourbaix diagram of copper-water system showing four regions of friction 
studies 
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Figure 5.16. Surface roughness, Ra, superimposed on Pourbaix diagram of copper-water 
system at room temperature 
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5.3.7.2. Wear Behavior 

To validate the tabulated friction distribution in figure 5.14, atomic force microscope 

(AFM) was used to obtain the surface topography of polished samples.  From the four 

regions indicated in figure 5.14, an optimum polishing condition was selected for each 

region. AFM surface topographies with height and phase images were used to represent 

the wear behavior of each region. In the AFM height images, the bright spot or areas 

represent the high points while dark area the low ones. In the phase images, the bright 

area presents a harder area than that of softer ones. 

 

5.3.7.2.1. Region 1 

Figure 5.17 (a) and (b) show the height and phase images of polishing conducted in high 

acidic pH and impressed anodic potential. The height image shows variation of surface 

height due to poor planarization. As seen from the Pourbaix diagram of copper-water 

system, ionic dissolution dominates the removal process. This is observed through the 

formation of various pits across the surface. In addition, severe wear can be observed in 

a formation of groove-like pattern as shown in the phase image. This is due to the 

accelerated pitting by the mechanical abrasion.  
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(a) pH 2, 1V height image 

 

 
(b) pH 2, 1V phase image 

 
Figure 5.17. AFM surface topographies of post-CMP at high acidic pH and 
impressed anodic potential 

 
 
 
5.3.7.2.2. Region 2 

Figures 5.18 and 5.19 shows the AFM images of polished sample conducted at low and 

high alkaline pHs and impressed anodic potential. The height images in figures 5.17 (a) 

and 5.19 (a) show an acceptable surface finish in the polished region. Through our static 

etching experiments, we found that copper starts to passivate at pH 6 or higher. The 

removal of this sacrificial layer by mechanical abrasion and its subsequent reformation 
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must be balanced to achieve good planarization. The phase image in figure 5.18 (b) 

shows two types of phase might be formed after polishing, ie. lighter and darker phases. 

To date, CuO has been reported as the primary phase formed at this polishing condition. 

However, the darker phase on the AFM might suggest different surface oxide formation. 

The darker phase is further emphasized on figure 5.19 (b) at greater intensity. Results 

will be confirmed using XPS.  

 
 
 

 
(a) pH 8, 1V height image 

 
(b) pH 8, 1V phase image 

Figure 5.18. AFM surface topograph line pH and impressed 
anodic potential 
 

 

ies of post-CMP at alka
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(a) pH 14, 1V height image 

 

 
(b) pH 14, 1V phase image 

 
Figure 5.19. AFM scans showing topography after ECMP at high alkaline pH and 
impressed anodic potential 
 

.3.7.2.3. Region 3 

igure 5.20 shows the post-CMP images of copper polished at low acidity pH and 

otential. The height image shows various height distributions across 

 
 
5

F

impressed cathodic p
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the surface. At cathodic potential, the corrosion action is suppressed by the oxidizer. The 

various heights are mainly due to mechanical abrasion. Severe abrasion is also observed 

by the formation of groove, while not as deeper than the one shown in figure 5.18 (a). 

The phase image indicates two types of phase might be formed, the lighter phase is 

observed in the groove region. Possible formation of these phases will be confirmed 

using XPS. 

 
 
 

 
(a) pH 6, 0V height image 

 

 
(b) pH 6, 0V phase image 

Figure 5.20. AFM scans showing topography after ECMP at low acidic pH and 
impressed cathodic potential 
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5.3.7.2.4. Region 4 

and low 

he height image infers a non-complete passive layer apparently 

Figure 5.21 shows the AFM images of the polished copper at low alkaline pH 

cathodic potential. T

damaged by mechanical abrasion. Two or more surface phases are shown in the phase 

image in figure 5.21 (b). These phases might suggest other passive layers than a 

predominate cuprous oxide, Cu2O.  

 
 
 

 
(a) pH 6, 0V height image 

 

 
(b) pH 10, 0V phase image 

Figure 5.21. AFM scans showing topography after ECMP at cathodic potential 
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Finally, the wear behavior of gure 5.22. As seen from the 

he next question is, what is the best combination of chemical and mechanical impacts 

 copper is summarized in fi

upper portion of diagram, pitting mechanism is reduced from the left to the right. This 

indicates the increase of chemical etching from right to left. Mechanical wear is reduced 

from right to the left on the lower diagram. This indicates the mechanical action increase 

from left to right. During anodization, uniform oxidation may take place on a rough 

surface. However, during the oxide CMP, only the "surface peaks" get polished as 

shown in AFM height images. During the succeeding anodization process, these surface 

peaks may get preferentially oxidized because current density in this oxide-free area is 

the highest. 

 

T

of CMP?  To obtain the planarization, the non-uniformed etching (pits) should be 

avoided as well as mechanical abrasion. According to figure 5.22, it is proposed that the 

depth of abrasion, i.e. mechanical removal should be equal to the passivation layer. If the 

mechanical abrasion is stronger than passivation, scratch grooves would be introduced. 

If the passivation is faster than the mechanical abrasion, the surface wouldn’t be 

polished. The chemical-mechanical polishing is a balance between chemical and 

mechanical interactions.  
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Figure 5.22. Pourbaix diagram of copper showing different wear behavior 
 
 

.3.7.3. XPS Results 

ducted to understand the interaction of hydrogen peroxide on the 

tribochemical contribution in CMP process.  

 
5

XPS studies were con

copper surface. XPS spectras were taken from the surface of the copper after the ECMP 

experiments. Figure 5.23 shows the XPS spectras (Cu-2p) of polished copper samples at 

different conditions. The samples were labeled as Copper wafer No. 1 polished at pH 6, 

0V (Cu 1); Copper wafer No. 2 polished at pH 2, 1V (Cu2); Copper wafer No. 3 

polished at pH 8, 1V (Cu 3); Copper wafer No. 4 polished at pH 10, 0V (Cu 4); and 

Copper wafer No. 5 polished at pH 14, 1V (Cu 5). These samples were selected as the 

best representative of each region in the Pourbaix diagram in order to emphasize the 
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It can be noted from figure 5.23, Cu2, Cu3, and Cu5 have CuO satellite peaks at 

approximately 943.8 eV. The formation of this oxide is possible due to the interaction 

Anodic reaction will dep  

dissolution of copper  

eHCuOOH 22222     (5.17) 

+→+ HOHCuOHOCu 2)(23 222  

 

In order to obtain details formation of the non-equilibrium product o will 

cus on the core Cu (2p3/2) spectras. The peaks shown in figure 5.23 will be 

   (5.20) 

  

Figure 5.25 shows the peak-fitted of  

the Pourbaix diagram, an a  

the low acidity solution and accelerated by the cathodic process, the metallic copper is 

with hydrogen peroxide. Since hydrogen peroxide is an oxidizer, it will passivate the 

copper surface upon its immersion to the solution. At this point, the cathodic reduction 

will consist of  oxygen reduction and decomposition of H2O2 as follow (112, 113):  
−− ↔++ OHeOHO 442 22        (5.14) 

−− ↔+ OHeOH 22        (5.15) 22

end on the electrode potential, which may include the

or further oxidation of Cu2O. The reactions are written as follow

(114):  
−+ ++→+ eHOCuOHCu 222 22    SHEVE /47.00 =  (5.16) 

+OCu −+ ++→ SHEVE /67.00 =

−+ + e2   (5.18) SHEVE /73.00 =

f copper, we 

fo

deconvoluted using XPS-Peak software.  Peak fitted XPS spectras (Cu-2p3/2) of Cu1 

through Cu5 are shown in figure 5.24 and 5.28, respectively. Figure 5.24 shows a 

mixture of metallic Cu, CuO, and Cu(OH)2. A closer inspection at the Pourbaix diagram 

of copper at pH 6 – 0V reveals the metallic copper dominant in this region. The 

formation of CuO can be explained by Eqn. 5.19, while the formation of Cu(OH)2 is 

shown in Eqn. 5.20 and 5.21 (11, 115, 116). 

OHCuOOHOCu 2222 2 +→+       (5.19) 

OHCuHOHCu 2
2

22 22 +→++ ++    

2
2 )(2 OHCuOHCu →+ −+      (5.21) 

 Cu2 with CuO and Cu(OH)2 products. According to

ctive dissolution of copper is expected for this condition. At
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completely dissolved in the solution.  Similarly, figure 5.26 shows the products of CuO 

and Cu(OH)2 for Cu3. In this condition, copper is passivated by the formation of oxide 

film in peroxide solution. As seen from Eqn. 5.21, the presence of OH radicals on the 

copper surface will form copper hydroxide, Cu(OH)2. In contrary, figure 5.27 shows 

only the product of Cu2O for Cu4. At the alkaline pH and accelerated by anodic 

potential, the weak passivation of copper can occur. Cu2O formation is shown in eqn 8. 

Finally, figure 5.28 shows the peak-fitted of Cu5 containing a mixture of CuO, Cu2O, 

and Cu(OH)2. At high alkaline pH, polarizing copper in the peroxide solution will give a 

wide range of copper passivity.  

 

Based on this study, it can be deduced that copper oxide will form in H2O2 slurry even if 

no potential is applied. This is also shown in the static etch rate of copper in previous 

ection.  Based on the peak-fitted presented in figures 5.24 through 5.28, we correlate s

the peak formation with the recorded friction coefficient during ECMP. We found that 

when metallic Cu is formed, there is a significant jump in friction coefficient. This might 

be due the abraded copper particles during polishing. We also found an interesting 

behavior when the CuO and Cu(OH)2 are formed, friction coefficient is lower than 

otherwise. This might be due to the porous copper oxide formed at a low pH. The 

formation of these peaks in figures 5.24 through 5.28 also contradict the previous 

investigation in ECMP (117-119). These findings clearly show the tribochemical 

contribution in ECMP leading to the formation of copper hydroxide at high/low acidic 

pH and impressed anodic potential. Furthermore, the formation of these peaks can also 

be explained in terms of its wear behavior. For Cu1, the wear behavior was described as 

pure mechanical abrasion, which leads to deep grove, as shown in figure 5.20. This 

result shows a good agreement with the XPS peaks, since polishing abraded copper layer 

and the remaining copper can be oxidized into copper oxides. For Cu2, the wear 

behavior was dominated by ionic dissolution. In this case, the abraded copper will be 

completely dissolved in the solution, thereby leaving the copper oxides on the surface, 

which is confirmed by XPS peaks of  CuO and Cu(OH)2. The wear images of Cu3 and 
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Cu4 illustrate the ideal CMP process condition. The formation of copper oxides in Cu3 

was shown in the AFM phase image. The brighter and darker regions are likely 

associated with CuO and Cu(OH)2. Further formation of these oxide and Cu2O was 

further highlighted in the AFM phase image of Cu4. The growth of darker regions and 

the presence of brighter regions seemed to be a mixture of copper oxides. For Cu5, the 

wear behavior can be described as weak passivation accelerated by the mechanical 

abrasion. The weak formation of copper oxide, Cu2O was also confirmed by XPS.  
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Figure 5.23. XPS peaks of polished sample 
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Figure 5.24. Peak fitted Cu(2p3/2) spectra of Cu1 

 
 
 

 
Figure 5.25. Peak fitted Cu(2p3/2) spectra of Cu2 
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Figure 5.26. Peak fitted Cu(2p3/2) spectra of Cu3 

 
 
 

 
Figure 5.27. Peak fitted Cu(2p3/2) spectra of Cu4 

 
 
 



 87

 
Figure 5.28. Peak fitted Cu(2p3/2) spectra of Cu5 

 
 
 
5.4. Summary 

In this chapter, investigation was conducted to pinpoint oxidation, passivation, 

electrochemical, chemical, and mechanical interactions. Kinetic analysis of film 

formation was conducted to balance two competing mechanisms. An equation 

expressing oxide thickness showed that there are several factors affecting the final 

thickness: oxidation constant, oxidation time, initial thickness, wear coefficient, hardness 

of material, polishing pressure, polishing speed, polishing time, pad thickness, pad 

modulus, and removal rate. 

 

The surface residuals and their resulting properties not only reflect the CMP quality, but 

also reveal fundamental mechanisms of polishing. The mechanical impact and chemical 

interaction, i.e., manipulation, apparently plays important roles in CMP. This research 

was able to quantify these effects through kinetic calculations predicting the resulting 

film thickness.  
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ECMP results show a peak shift due to the formation of a non-equilibrium state of 

copper. During polishing, the friction coefficient is recorded in order to pinpoint the 

change in surface chemistry. When correlated to the formation of metallic copper at low 

acidic pH and impressed anodic potential, friction coefficient is high. This might be due 

to the abraded copper during ECMP. Our investigation also showed that when the 

copper oxide, CuO and Cu(OH)2  are formed, friction coefficient is lower. This is due to 

the porous nature of these copper oxides. Our XPS findings on the formation of copper 

products can also be correlated in term of its wear behavior. This research opens more 

insight into ECMP mechanisms, our contributions show that a modified Pourbaix 

diagram should be established to include the tribochemical contribution.  

 

This chapter discussed the ECMP, as one of the resulting effects of interfacial forces. 

We have not only discussed about the nature of those forces, but also their interaction 

with environments, i.e., chemistry. This completes the overall consideration and 

discussion of the subject matter.  
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CHAPTER VI 
 

CONCLUSIONS AND FUTURE RECOMMENDATIONS 
 

 

6.1 Conclusions 

This research studied three fundamental aspects of CMP, i.e. interfacial forces of 

contacting interface, fluid drag and its lubrication behavior, and non-equilibrium state of 

copper through ECMP. The approaches used were theory combined with experiments 

focusing on the aspects of tribology and ECMP. 

 

The major discoveries are listed in the following: 

1. For the first time, the interfacial forces in CMP were compared and evaluated. 

These forces are van der Waals, electrostatic, hydrogen bonding, fluid drag, and 

friction. It was found that fluid drag and friction are the dominate ones, where 

electrostatic is the weakest. 

 

2. A new theory of lubrication was developed based on the conventional Stribeck 

curve. It was discovered, for the first time, that the material properties (elastic 

modulus) change during contact stress for soft materials. We successfully 

introduced a new parameter of a lubrication constant considering the material 

properties. This equation is useful for any systems or applications alike involving 

sliding of soft materials. 

 

3. We successfully outlined the distribution of friction over chemical conditions 

using the Pourbaix diagram. This method is powerful to demonstrate the friction, 

wear, oxidation, and passivation of metal (Cu) surface during polishing. We 

proposed wear mechanism with respects of surface chemistry. New 

understanding of tribochemistry was obtained. 
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This research has signification impacts to basic understanding of tribology and surface 

chemistry as a whole. Each chapter has its own and new contribution in specific areas 

considered. Through our innovative and unique approaches in studying CMP, for the 

first time, we proposed to compare interfacial forces at the polishing interface. Based on 

our analysis, among all interfacial forces, the most dominating forces, i.e., fluid drag and 

friction, were revealed. Those forces were further used to derive a new constant for 

lubrication. Subsequent efforts were made in identifying the non-equilibrium states of 

copper oxide due to tribochemical interaction. The new fundamental understanding in 

interface, electrochemical properties, and lubrication mechanisms has significant 

impacts in areas of surface science and wide industrial applications beyond CMP. 

 

6.2. Future Recommendations 

This research has opened new areas of future investigation in CMP. Recommendations 

are suggested as follows: 

1. In the present model, the modified Sommerfeld grouping was developed to 

predict the change of pad properties, particularly of elastic modulus. Further 

understanding can be obtain through finite element analysis or other modeling 

methods. In addition, effects of other parameters, such as humidity should be 

studied.  

 

2. Tribochemical approach should be continued to be used to study the ECMP. This 

method has been proven to bring insightful information to understand the 

synergy.  

 

3. Auger electron spectroscope (AES) and scanning ion mass spectrometer (SIMS) 

can also be used to confirm the surface composition of the non-equilibrium 

products formed during ECMP.  
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NOMENCLATURE 
 
 
 
Fvdw  Van der Waals force 
 
hω  Lifshitz-van der Waals constant 
 
hωii Lifshitz-van der Waals constant for substance and medium made of the 

same material 
 
z  Separation distance  
 
εi  Dielectric constant of material i 
 
iξ  Imaginary axis 
 
A  Hamaker constant  
 
A123  Hamaker constant for substances 1 and 2 in presence of medium 3 
 
Aii  Hamaker constant for substance and medium made of the same material 
 
Aij  Hamaker constant for substance i in presence of medium j 
 
r  Particle radius 
 
a  Contact radius of deformed particle 
 
K  Composite young’s modulus 
 
Fext   External force 
 
W  Work of adhesion   
 
γp  Surface free energy of particle 
 
γw  Surface free energy of wafer 
 
νp  Poisson’s ratio of particle 
 
νs  Poisson’s ratio of surface 
 
Ep  Young’s modulus of particle 
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Es  Young’s modulus of surface 
 
Fc  Coulomb’s force 
 
q  Charge 
 
d  Particle diameter 
 
Felec  Electrostatic force 
 
ε  Dielectric constant  
 
ψs  Surface potential (zeta potential) of surface 
 
ψp  Surface potential (zeta potential) of particle 
 
κ  Inverse Debye length 
 
e  Electronic charge  
 
zi  Valence of ion i 
 
ni  Bulk concentration of ion i 
 
kB  Boltzmann constant  
 
T  Temperature 
 
FH-bond  Hydrogen bonding force 
 
ρ  O-H group density 
 
EH-bond  Hydrogen bond interaction energy of particle-wafer 
 
Δz  Height difference of the ring area for hydrogen bonding calculation 
 
p  Probability of particle bonded to wafer by chain of water molecules 
 
dbond  Hydrogen bond dissociation distance   
 
Fdrag  Hydrodynamic drag force 
 
η  Viscosity 
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u  Fluid velocity 
 
Δ  Gradient operator 
 

2∇   Laplacian operator 
 
p  Fluid pressure 
 
V  Fluid velocity 
 
h  Half-depth of glass cell 
 
Q  Fluid flow rate 
 
L  Fluid flow length 
 
Re  Reynold number 
 
U   Mean fluid velocity 
 
υ  Kinematic viscosity 
 
S  Cross sectional area of particle 
 
Ff  Friction force 
 
A  Real contact area       
 
L  Friction force per unit area 
 
μ  Friction coefficient 
 
N  Normal load perpendicular to the surface 
 
Vrot  Rotational speed 
 
So  Sommerfeld number 
 
P  Load  
 
Vslid  Sliding speed  
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E’  Composite modulus of brush 
 
Ebulk  Bulk modulus of brush 
 
kN-L  Ng-Liang proportionality constant  
 
Δh  Variation in height 
h0  Initial thickness 
 
α  Brush porosity 
 
hox  Thickness due to oxide growth 
 
K  Parabolic oxidation constant 
 
t  Time 
 
n  Polynomial constant 
 
kW  Wear coefficient 
 
S  Sliding distance 
 
H  Hardness 
 
v  Velocity of two surface in contact 
 
p  Pressure applied during polishing 
 
τ  Exponential decay time constant 
 
L  Pad thickness 
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