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Abstract 

In chemical mechanical polishing (CMP), a rigid wafer is forced on a rough, elastomeric 

polishing pad, while a slurry containing abrasive particles flows through the interface. 

The applied pressure on the wafer is carried partially by the 2-body pad-wafer contact 

(direct contact) and partially by the 3-body contact of pad, wafer and abrasive particles 

(particle contact). The fraction of the applied pressure carried by particle contacts is an 

important factor affecting the material removal rate (MRR) as the majority of the material 

is removed by the abrasive particles trapped between the pad asperities and the wafer. In 

this thesis, the contact of a rough, deformable pad and a smooth, rigid wafer in the 

presence of rigid abrasive particles at the contact interface is investigated by using 

contact mechanics and finite element (FE) modeling. The interactions between the pad, 

the wafer and the abrasive particles are modeled at different scales of contact, starting 

from particle level interactions, and gradually expanding the contact scale to the multi-

asperity contact of pad and wafer. The effect of surface forces consisting of van der 

Waals and electrical double layer forces acting between the wafer and the abrasive 

particles are also investigated in this work. The wear rate due to each abrasive particle is 

calculated based on the wafer-abrasive particle contact force, and by considering 

adhesive and abrasive wear mechanisms. A passivated layer on the wafer surface with a 

hardness and thickness determined by the chemical effects is modeled, in order to 

characterize the effect of chemical reactions between slurry and wafer on the MRR. 

The model provides accurate predictions for the MRR as a function of pad related 

parameters; pad elastic modulus, pad porosity and pad topography, particle related 
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parameters; particle size and concentration, and slurry related parameters; slurry pH, 

thickness and hardness of the passivated surface layer of wafer. A good qualitative 

agreement between the model and the experiments is found for the variation of the MRR 

with respect to these parameters. Furthermore, closed form equations are derived in order 

to optimize the CMP parameters for maximizing the material removal efficiency, which 

is a measure of the ability of pad to transmit the applied pressure on the abrasive 

particles. The optimization of the CMP parameters described in this thesis may be 

particularly important for the low-pressure CMP of ultra-low-k (ULK) dielectric 

materials, where it is difficult to achieve acceptable MRR without compromising the 

porous structure of ULK materials.   
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CHAPTER 1 

 

INTRODUCTION 

 

1.1 Background 

Chemical mechanical planarization (CMP) is a polishing method commonly used in the 

manufacturing of wafer based integrated circuits (ICs). Since CMP was first introduced 

to the integrated circuit manufacturing in the mid-1980s, by IBM, CMP became a key 

technology in generating planar surfaces for several semiconductor manufacturing 

processes [1]. 

CMP operation involves forcing the rotating wafer attached to a wafer carrier against a 

rotating polishing pad as seen in Fig. 1.1. The polishing pad is covered with liquid slurry, 

which contains abrasive particles. The chemical reactions between the CMP-slurry and 

the wafer are the primary driver for preparing the surface for polishing. The chemical 

composition of the surface is modified by the chemically reactive slurry, to favor higher 

wear-rates. In addition to the chemical interactions, the pad-wafer interface experiences 

the effects of contact and lubrication.  Three-body contact due to the abrasive particles  
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caught between the pad and the wafer (particle contact) provides the necessary physical 

force to remove the material from the wafer surface. While solid-body contact is taking 

place, the interface of the pad and the wafer experiences the lubricating effect of the 

slurry flow between the pad and the wafer. 

The abrasive particles used in conventional polishing techniques are 2.5-3 times harder 

than the workpiece material. These techniques cause scratches and pitting on the surface, 

and cracks in the sub-surface of the workpiece. The passivation of the surface layer of the 

wafer (workpiece) is important to achieve smooth and planarized surfaces without any 

surface and sub-surface defects [2]. For this reason, an effective CMP process should 

provide a balance between the chemical and mechanical effects. In case there is not 

enough oxidizer near the surface of the wafer, the material removal rate (MRR) is limited 

by chemical effects, and material removal is achieved by abrasion of the unpassivated 

wafer material from the surface. This may result in wafer surface damage. In contrast, 

Conditioning 
disc 

Platen 

Pad 

Wafer carrier 

Wafer Retaining 
ring 

Slurry 

Pressure  

Fig. 1.1: Schematic of CMP Process 

Pressure  
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high oxidizer concentration causes the mechanical abrasion to be the limiting factor 

limiting MRR.  

Polishing pad plays a crucial role in determining the success of the CMP to obtain planar 

surfaces [3]. Polishing pads are made of polymeric foam and has a porous structure [4]. 

The pad properties are altered due to the pad wear and closing of the pores by the debris, 

which affects the polishing performance. Hence an essential part of the CMP process is 

pad conditioning that is used to stabilize the pad properties during polishing. Pad 

conditioning involves the pressing of the spinning abrasive wheel covered with diamond 

tips protruding a specified amount on the pad surface (Fig. 1.1). The abrasive wheel is 

connected to the conditioner arm, which sweeps across the polishing area [3]. 

Fig. 1.2 shows the relationship between the slurry, pad and process parameters that 

determine the performance of CMP. The performance of CMP is evaluated by the output 

parameters, such as the roughness and planarity of the polished surface, the material 

removal rate (MRR), within-die-non-uniformity (WIDNU), within-wafer-non-uniformity 

(WIWNU), planarization length, dishing and erosion, surface defects and degradation of 

the dielectric. The slurry parameters include the abrasive properties (abrasive size, 

concentration, material and shape) and the slurry chemistry. The properties of pad (the 

roughness, elasticity, thickness and macro-channels of the pad) also influence the output 

parameters of CMP. The effect of slurry and pad parameters is controlled via the process 

parameters (pressure, velocity and slurry flow rate). 

1.2 Applications of CMP 

Several key processes in ultra-large scale integration (ULSI) manufacturing including Al 

metallization, Cu damascene and shallow trench isolation (STI) processes require CMP  
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for planarization and smoothening of the deposited layers. In Al metallization (Fig. 1.3a), 

the interlayer dielectric (ILD) (usually silicon dioxide) is deposited on patterned Al layer 

to provide isolation between the successive Al layers. CMP is then used on the ILD layer 

to establish a smooth surface for another layer of Al interconnects. The non-uniformity of 

material removal introduces several problems. The material removal rate depends on the 

pattern density as seen in Fig. 1.3b. The high pattern density areas tend to get polished at 

a smaller rate as compared to low pattern density areas, which causes a difference in the 

film thickness between high and low pattern density areas. This is a result of the larger 

pad deformation at the high density areas with larger contact area and contact force.  

Planarization length is a measure of this problem and defined as the distance over which 

the film thickness between areas of different density changes. Fig. 1.3c shows another 

characteristic of CMP, which requires over-polishing of the ILD layer. As the high areas 

above the Al interconnects are polished, the points between the high areas get polished at  

 

CMP 

Process Parameters 
Pressure 
Velocity 

Slurry flow rate 

Pad Parameters 
Roughness 

Elastic modulus 
Porosity 

Thickness 
Macro channels 

Slurry Parameters 
Abrasive size 

Abrasive concentration 
Abrasive material 
Abrasive shape 
Slurry chemistry 

Output 
Roughness 

Planarity 
MRR 

WIDNU 
WIWNU 

Planarization length 
Dishing and erosion 

Defects 
Degradation of the dielectric 

Fig. 1.2: Input and output parameters of CMP 
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the same time. Although the material removal rate at these points is small, the whole ILD 

layer needs additional polishing once the high areas are removed. 

CMP step in Cu damascene process is shown in Fig. 1.4. Due to the problems associated 

with etching and patterning the Cu layer, this layer is deposited on the patterned oxide 

layer forming trenches filled with Cu interconnects after the deposition of the barrier 

layer. Excess Cu and barrier layer deposited on the oxide layer needs to be removed 

before another set of oxide and Cu interconnects is stacked up. Dishing (Fig. 1.4b) and 

erosion (Fig. 1.4d) are important problems affecting the reliability of the structure. 

Dishing occurs at a smaller scale than the erosion and it is due to the higher removal rate 

of the Cu in the trench before the excess Cu and barrier layer is polished away. Erosion, 

on the other hand, is the result of several trenches that are over-polished (Fig. 1.4c). This  

a) The removal of oxide 

b) Planarization length 

High pattern density 
Low pattern density 

c) Overpolishing 

Oxide (SiO2) 

Al Before CMP After CMP 

Fig. 1.3: Oxide CMP for Al metallization a) the removal of oxide with CMP, 

b) and c) the defects seen in oxide CMP.  

CMP 

Overpolishing 
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can be described as follows. The removal rates of the oxide and Cu layers are different. 

The polishing behavior of areas with high metallization density are dominated by Cu 

polishing, whereas oxide polishing is the determining factor for the overall CMP process 

in low density areas. This difference in the polishing rates, and metallization density 

induced by the selectivity of the slurry and the pad deformation is the responsible 

mechanism for erosion.   

Shallow Trench Isolation (STI) is an enabling technique allowing tighter packing of the 

transistors. CMP step is necessary to remove the excess oxide and planarize the surface 

by removing as little nitride as possible since the transistors are located in the place of the 

nitride layer once the nitride layer is removed. Similar challenges seen in ILD CMP exist 

in this application. The removal rate of silicon dioxide is usually greater than silicon 

a) CMP of Cu 

 

b) Dishing c) Overpolishing 

d) Erosion 

Before After 

CMP 

Cu 

Oxide 

Barrier layer  

Fig. 1.4: CMP for Cu damascene a) the removal of Cu and barrier layer with CMP, 

b)-d)) the defects seen in CMP for Cu damascene.  
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nitride, which enables the control of dishing and erosion. The selectivity of the slurry is 

sometimes increased to improve the polishing behavior of the structure.        

Outside the integrated circuit (IC) industry, the enabling feature of CMP to smoothen 

surfaces and planarize patterns makes CMP an attractive solution for the micro electro 

mechanical systems (MEMS). As MEMS devices evolve, more sophisticated patterns 

need to be smoothened and planarized, which can be achieved by the CMP technology. 

1.3 Future Challenges for CMP  

Although CMP emerged as an enabling technology for planarizing and smoothening 

surfaces, the shrinking device dimensions and the integration of new materials (i.e. ultra-

low-k dielectrics) present future challenges for CMP.  

1.3.1 Shrinking device dimensions 

The number of components on a metal-oxide-semiconductor (MOS) device doubles every 

two years following Moore’s law [5]. This requires the shrinkage of the device 

dimensions to accommodate more components in a smaller area. One of the most 

important requirements for the planarity of the surface in ILD stem from the difficulties 

in lithography if the planarity of the surfaces is not satisfactory [6]. The lithography 

system allows only a certain amount of variation in the height of the surface to be able to 

resolve features on the surface. The maximum allowable variation in the surface height is 

defined as the depth of focus (σ). The depth of focus can be determined using the 

minimum feature size b and the wavelength of the projection light λ [6] as, 

2

10.75
b

σ
λ

=                                                     (1.1) 
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It is seen that the depth of focus σ is proportional to the square of the minimum feature 

size b. The requirement for the depth of focus σ, hence the planarity of the surface, 

increases rapidly as the minimum feature size b decreases. The depth of focus can also be 

improved if the wavelength of the projection light λ is decreased with innovations in the 

lithography systems, however the further improvements in the planarization of the 

surfaces is still essential to meet future challenges for the depth of focus with decreasing 

device dimensions [7].  

1.3.2 Integration of ultra low-k dielectrics 

One of the factors limiting the speed of the microelectronic circuits is the resistance-

capacitance (RC) delay in the interconnects between the transistors. Copper has replaced 

aluminum because of its lower resistance to improve RC delay. The RC delay is further 

decreased by using low-k materials instead of silica as the insulator layer, which lowers 

the capacitance. The development of the low-k materials is a significant challenge and the 

industry has not been able to catch up with the International Technology Roadmap for 

Semiconductors (ITRS) roadmap requirements in the past years.  

Fluorinated silica glass (FSG) and organic-doped silica glass (OSG) with dielectric 

constant of 3.7 and 2.8, respectively are used for achieving lower dielectric constant [8]. 

A further reduction in the dielectric constant is essential to meet the requirements of the 

45 nm node. According to the latest ITRS roadmap, ultra-low-k (ULK) dielectrics with 

dielectric constant in the range 2.1 < k < 2.4 are needed for 45 nm node [7]. The 

introduction of the nanopores in the dielectric material is considered to be the logical 

approach to decrease the dielectric constant. The nanopores facilitate lowering the 

dielectric constant due to the small dielectric constant of air (k~1) [9].  
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One of the draw-backs of this approach is that the nanopores cause degradation of the 

mechanical properties, which causes severe problems in the microfabrication processes 

[10]. Higher porosity promotes lower dielectric constant, however causes a decrease in 

the elastic modulus and the strength of the dielectric material [11]. The adhesion strength 

of the ULK dielectric layer to the barrier layer also presents a problem [12].  

A typical Cu damascene process integrated with ULK dielectrics involves the 

planarization of layers by removing the excess copper and barrier material once copper 

and barrier layer is deposited on the ULK dielectric layer patterned with vias and trenches 

[13]. CMP remains to be the enabling technology to achieve the desired planarization, 

which is crucial for the manufacturing of multi-level interconnects. As a result, the ULK 

dielectric materials are exposed to CMP and are required to be resistant to high pressures 

and slurry chemistries used in CMP [14].  

The delamination of ULK dielectric/barrier interface and the fracture of ULK dielectric 

are the two modes of mechanical failure of the damascene structure associated with ULK 

dielectric materials [9]. Various approaches are pursued to minimize the occurrence of 

the failures related to ULK materials. Low-pressure CMP is proposed to be an approach 

to decrease the probability of mechanical failure [15,16]. The application of the abrasive-

free slurries is investigated to enable material removal with enhanced chemical reactions 

and minimal pressure [17]. The adhesion strength of the layers may be improved by 

applying pre-treatment to the surfaces [18]. The residual stress in the dielectric layer is 

also shown to be an important factor that determines the adhesion strength. The residual 

stress in the dielectric layers may be minimized by optimizing the deposition techniques 

and the alteration of the Cu layer [12].  
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1.4 Motivation 

The continuous miniaturization of the devices and integration of new materials in the 

semiconductor industry depend on the development of an understanding of the CMP 

process, which may enable the improvement of process optimization and control. The 

demand for improved planarity due to the shrinking device dimensions and the 

integration of new materials call for stringent requirements from the CMP process [1]. 

These requirements can be met if the mechanisms underlying the CMP process are 

understood. Although there has been a considerable number of studies focusing on 

constructing a basis to understand the mechanisms acting in CMP, these mechanisms are 

not adequately understood and modeled yet due to the complex interactions among many 

variables [19]. 

The mechanical modeling of the MRR may contribute to the understanding of the CMP 

process. The effect of various parameters on the output of the CMP process may be 

analyzed by using reliable mechanical models. The planarity of the surfaces can be 

improved, if the variation of the MRR from point to point across the wafer is minimized. 

The conditions necessary for uniform MRR may be determined as a result of the 

modeling efforts. 

The failure of the porous ULK dielectric layer may be prevented if the stresses generated 

by the contact pressure due to abrasive and direct contact, and the resulting friction force 

due to the relative movement of the surfaces are minimized. Excessive stresses may result 

in the fracture of the ULK dielectric layer. High shear stresses at the interface of the ULK 

dielectric and Cu layers may cause delamination. The material removal rate should be 

reasonably high as the probability of failure of ULK dielectric layers increases with large 
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polishing times. The mechanical modeling of the CMP process, which can be used to 

calculate the forces through the abrasives and pad-wafer direct contact may help 

minimize the stresses induced in the ULK dielectric layer is minimized and appreciable 

material removal rate is achieved.  

1.5 Problem Statement 

In chemical mechanical polishing (CMP), the majority of the material is removed by the 

abrasive particles trapped between the pad asperities and the passivated wafer surface. 

The applied pressure is carried partially by the 2-body contact of the pad to the wafer 

(direct contact) and the 3-body contact of the pad, wafer and the abrasive particles 

(particle contact). The fraction of the applied pressure distributed to the direct and 

particle contact is an important factor affecting the material removal rate (MRR). An 

essential prerequisite to predict the MRR in CMP by modeling is to accurately 

characterize the contact of the rough elastic pad, rigid abrasive particles and the rigid 

smooth wafer. The objective of this work is therefore to develop a model in order to 

predict the MRR by considering the interactions between the pad, the wafer and abrasive 

particles. 

 The proposed model uses the contact mechanics and finite element modeling to enable 

the accurate calculation of the 3-body contact force due to the contact of the pad, the 

wafer and the abrasive particles and 2-body contact force between the pad and the wafer 

as a function of the important parameters. The influence of the pad-related parameters 

(pad elastic modulus, pad porosity and pad topography), abrasive particle-related 

parameters (particle size and concentration), passivation rate-related parameters 

(hardness and thickness of passivated surface layer), surface force-related parameters  
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(Hamaker constant, zeta potential of wafer and particles and molar concentration of 

electrolyte)  and process parameters (pressure and velocity) on the MRR and the 

interactions between various parameters are determined.   

The interactions between the pad, wafer and the abrasive particles are modeled at 

different contact scales; starting from the single particle interactions shown in Fig. 1.5d to 

the interactions between all the particles active in contact with the rough pad and the 

wafer described in Fig. 1.5a. The results of each model for smaller contact scale is used 

as an input for the next model to increase the contact scale gradually until the final model 

including all the necessary interactions is achieved. Once the mechanical forces acting on 

the abrasive particles, consisting of pad-to-particle contact and wafer-to-particle surface 

forces, are calculated, wear equations are utilized in order to model the MRR. The effects 

of slurry chemicals, which influence the hardness and the thickness of the passivated 

surface layer of the wafer are then considered.  

Fig. 1.5: Cross-sectional view of the wafer-pad interface at different scales of contact. 

b) Single asperity contact  

d) Single particle contact  

a) Multi-asperity contact  

c) Multi-particle contact  

pad 

wafer 

slurry 
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1.6 Thesis Organization 

The literature for the previous experimental and theoretical work on CMP is reviewed in 

Chapter 2. The MRR model explained in this thesis is based on the basic theory of the 

contact mechanics, surface forces (van der Waals and electrical double layer forces), 

hyperelastic material behavior, mechanical behavior of porous materials and wear 

mechanisms, which are explained briefly in Chapter 3. The single particle (SP), multi-

particle (MP), single asperity (SA) and multi-asperity (MA) contact models are 

introduced in Chapter 4. The wear equations are implemented in Chapter 5 in order to 

model the MRR considering the effect of surface forces and wafer hardness influenced by 

passivated surface layer of wafer. In Chapter 6, the model developed in Chapters 4 and 5 

is simplified by considering additional assumptions, thus leading to closed-form 

equations for calculating the optimum conditions in order to maximize material removal 

efficiency in CMP. Chapter 7 focuses on the results of the model for evaluating the effect 

of each parameter, which is validated by comparing with experimental results found in 

literature. The conclusions drawn form the work presented in this thesis are given in 

Chapter 8. 
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CHAPTER 2 

 

LITERATURE REVIEW 

 

In this chapter, the experimental and theoretical studies as related to the modeling work 

presented in this thesis are reviewed.  

2.1 Slurry Flow 

2.1.1 Lubrication regime 

The lubrication regime operating in the pad-wafer interface is an important factor 

affecting the material removal rate (MRR) [1]. The relative magnitude of hydrodynamic 

pressure generated due to slurry flow and applied pressure determines the lubrication 

regime. If the hydrodynamic pressure is sufficiently high such that a continuous slurry 

film separates pad and wafer, all the applied pressure is carried by hydrodynamic 

pressure. This regime is called the hydrodynamic lubrication regime or non-contact 

mode, as pad-wafer contact does not occur in this regime [2]. In the boundary lubrication 

regime (contact mode), the hydrodynamic pressure is relatively small, and the majority of 
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the applied pressure is carried by the pad-wafer contact. A transition regime exists 

between boundary and hydrodynamic lubrication regimes, in which the applied pressure 

is partially carried by hydrodynamic pressure and pad-wafer contact. This is called the 

mixed lubrication regime (partial contact mode). 

Stribeck number [3], which is defined as the ratio of viscous forces responsible for 

hydrodynamic pressure to normal pressure, is commonly used to characterize the 

lubrication regime. Stribeck number, Sr can be calculated using the dynamic viscosity of 

the slurry η, relative velocity Vr and normal pressure Po as, 

r
r

o

V
S

P

η
=                                                      (2.1) 

The coefficient of friction at pad-wafer interface has been measured during CMP in order 

to determine the lubrication regime [1, 2, 4-6] as the coefficient of friction is a strong 

function of the lubrication regime; in fact, the friction coefficient in the hydrodynamic 

lubrication regime is 1-2 orders of magnitude smaller than the boundary lubrication 

regime [1]. Friction coefficient was found to be ~0.001 for hydrodynamic lubrication, 

~0.01-0.1 for mixed lubrication and ~0.1 for boundary lubrication [1]. A typical variation 

of friction coefficient with respect to Stribeck number is plotted in Fig. 2.1. In addition to 

the friction coefficient measurements, the lubrication regime was investigated by 

measuring the slurry film thickness [6, 7] and interfacial fluid pressure during CMP [8-

12].  

The friction coefficient measurements [1, 2, 4, 5] indicated that friction coefficient in 

CMP is around ~0.1, i.e. much larger than 0.001 typical for hydrodynamic lubrication  
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regime. The slurry film thickness was measured to be in the range 20-25 µm [6], which is 

on the same order of magnitude as the height of pad asperities. Furthermore, scratches 

formed due to pad-abrasive-wafer contact were found on the wafer surface [13]. These 

findings suggest that the lubrication regime in CMP is most likely to be either mixed or 

boundary lubrication and hydrodynamic lubrication is not seen for typical conditions in 

CMP. 

2.1.2 Sub-ambient fluid pressure 

The sub-ambient hydrodynamic pressure forming in the pad-wafer interface is the main 

factor driving lubrication regime to mixed or boundary lubrication. The experimental and 

theoretical work by Danyluk, Tichy and their co-workers explained the sub-ambient 

pressure by considering the soft elastohydrodynamic lubrication taking place in the pad-

wafer interface [8-12, 14]. The contact pressure between the pad and the wafer is not 

uniform due to the effect of friction force, which causes the contact pressure to be greater 

at the leading edge of the pad-wafer contact. Higher contact pressure causes the elastic 

S

fµ
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-1 

10
-2 

10
-3 

Boundary Mixed Hydrodynamic 

Fig 2.1: The variation of the friction coefficient µf with lubrication regime. 
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pad to undergo more deformation, resulting in a net diverging slurry film. Such a net 

diverging slurry film results in sub-ambient fluid pressure [11]. 

The magnitude and the distribution of the hydrodynamic pressure depend on the 

parameters such as fluid viscosity, pad structure and elastic modulus, relative velocity, 

pad roughness and wafer curvature [12]. The magnitude of the sub-ambient pressure 

increases with pad roughness and relative velocity [11, 12, 14]. Higher pad elastic 

modulus causes sub-ambient pressure to become smaller, while the magnitude of sub-

ambient pressure increases with higher viscosity [12]. A convex wafer results in positive 

pressure whereas a concave wafer increases the tendency for higher sub-ambient pressure 

[12]. The effect of applied pressure is relatively small as compared to other parameters 

[12]. The magnitude of sub-ambient pressure was found to be as large as 50-100% of 

applied pressure under some conditions [11, 12]. Therefore, the effect of sub-ambient 

pressure may be significant for MRR and within-wafer-non-uniformity (WIWNU).  

2.1.3 Effect of slurry flow on wafer passivation 

One of the important functions of slurry flow is to distribute the chemicals and the 

abrasive particles of the slurry uniformly over the wafer surface. The wear debris forming 

during removal of wafer material is transported away from the wafer surface by the slurry 

flow. Since fresh slurry is fed into the system and material removal occurs concurrently, 

the slurry becomes a mixture of slurry reacted slurry chemicals, wear debris and 

unreacted fresh slurry [15]. The mean residence time (MRT) of the slurry, defined as the 

mean time required for the fresh slurry to replace the old slurry, is a function of applied 

pressure, relative velocity, slurry flow rate, pad roughness and pad morphology [7, 15]. 
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The passivation rate of the wafer with reacted and unreacted slurry is different, therefore 

a variation of the passivated layer on the wafer arises, and the WIWNU increases if the 

unreacted slurry is not transported uniformly across the wafer, i.e. MRT varies across the 

wafer. Shorter MRT in general causes the MRR to increase [15]. If the slurry flow is not 

able to transport the wear debris away from the wafer effectively, entraining of the wear 

particles under the pad asperities results in surface scratches and decreases finish quality 

of the wafer [15].  

Temperature at the wafer surface is also an important consideration as the passivation 

rate of the wafer surface is a strong function of temperature [16-19]. The temperature at 

the wafer surface is a result of the thermal equilibrium of the heat generated due to 

friction force and the cooling effect of the fresh slurry introduced into the system. 

Therefore, the slurry flow becomes a critical factor for the MRR and WIWNU as the 

temperature at wafer surface is controlled by the slurry flow [18].  

2.1.4 Modeling of hydrodynamic lubrication 

The hydrodynamic lubrication in CMP was first modeled by Runnels and Eyman [20] by 

solving three-dimensional (3-D) Navier-Stokes equation. Since the slurry film thickness 

is small, the flow in the thickness direction can be neglected for typical CMP conditions 

without loss of accuracy [21]. This assumption leads to the Reynolds equation, which 

was used to determine the slurry flow in CMP in both 2-D [14, 22, 23] and 3-D [21, 24-

27] models. The Reynolds equation was further simplified to reduce the equation to a 

more manageable form [28]. The effect of porosity and compressibility of pad were also 

included [21, 24]. In these models, the equilibrium position of wafer as determined by 
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slurry film thickness and tilt angle of wafer was found by iteratively finding the 

equilibrium of the applied pressure on the wafer and the hydrodynamic pressure 

generated by the slurry flow [20]. In addition to the equilibrium of forces, the balance of 

moments about the pivot (gimbal) point was used to calculate the equilibrium position of 

wafer [21].  

The outputs of the models concerned with hydrodynamic lubrication are slurry film 

thickness, hydrodynamic pressure and slurry velocity distribution. It was shown that the 

slurry film thickness is over-predicted by 2-D models as compared to 3-D models due to 

the fact that slurry flow in one of the directions is neglected in 2-D models [21]. Thakurta 

et al. [21] calculated the minimum slurry film thickness of 20-50 µm. The slurry film 

thickness was found to increase with lower applied pressure, higher relative velocity, 

lower pad porosity and compressibility and larger slurry viscosity [21]. 

The experimentally observed sub-ambient hydrodynamic pressure was not detected in the 

early models as these models neglected the elasticity and roughness of the pad [21-26]. 

The sub-ambient hydrodynamic pressure was calculated by the models, where a 

deformable pad was incorporated [10, 11, 14, 27]. The results of these studies indicate 

that the deformation of pad alters the slurry flow significantly and the soft 

elastohydrodynamic lubrication (EHL) is the main reason for the sub-ambient 

hydrodynamic pressure measured in the experiments [27].  

The models reviewed so far in this section neglected the effect of abrasive particles on 

the slurry flow. The granular lubrication theory was employed to simulate the slurry flow 

in CMP [29-32] by considering the influence of abrasive particles in the slurry. The 
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models were further improved by including the effect of pad roughness on slurry flow 

[30, 31]. The results of these studies showed that pad roughness influences the slurry 

flow more significantly for large abrasive particles, high applied pressure and low 

relative velocity [31]. The slurry film thickness increased with greater particle size and 

pad roughness [31].  

The outputs of the models were used in order to calculate the MRR in CMP. The models 

considering a continuous slurry film between the pad and wafer assume that the shear 

stress induced on the wafer surface due to the slurry flow is sufficiently high to cause 

material removal [20]. The MRR was evaluated by calculating the shear stress from the 

solution of flow field. An energy approach was also used to simulate the material 

removal in hydrodynamic lubrication regime by considering the abrasive particles as 

energy transmitting mechanism from slurry to wafer [33]. The energy of abrasive 

particles was found to be proportional to the shear stress generated in the flow and as a 

result, the MRR increases with greater shear stress generated by the flow.  

In the models taking pad-wafer contact into account, i.e. mixed lubrication regime, the 

MRR was determined by considering the contact of abrasive particles and wafer. The 

calculation of the MRR in these models is similar to that of the material removal models 

used for boundary lubrication. The details of the calculations utilized by the models for 

the MRR in boundary lubrication are given in Section 2.4.  

The solution for the velocity distribution of the slurry flow enabled the use of the mass 

transport equations introduced by Subramanian et al. [34] in order to evaluate the role of 

slurry flow for preparing the wafer surface for material removal [23, 24]. The mass 
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transport of the chemicals in the slurry was calculated, and the concentration of slurry 

chemicals at the wafer surface was determined, which was then used in reaction kinetics 

models to predict the passivation rate of wafer surface [24]. These models indicated that 

the distribution of slurry chemicals is critical for achieving a uniform MRR across the 

wafer. 

2.2 Chemical Effects 

The role of chemical reactions in CMP is to passivate the wafer surface, thereby reduce 

the hardness of wafer material facilitating the mechanical removal of wafer material. 

Although the wafer passivation may involve multiple reactions occurring sequentially 

[35], a simplified two-step material removal mechanism is widely used to describe the 

material removal in CMP [16, 36, 37]. The first step is the formation of a passivated 

wafer surface layer, and the second step is the mechanical removal of the passivated 

material by abrasive particles. An optimized CMP process requires a balance of chemical 

reaction rate at the wafer surface and the rate of mechanical removal of the passivated 

wafer surface [16, 35, 37]. The chemical reaction rate becomes the limiting factor for the 

MRR if material is removed before the wafer surface becomes passivated by the 

chemicals, whereas mechanical removal determines the MRR if the chemical reactions 

are taking place more rapidly than mechanical removal [35, 37].  

2.2.1 Effect of slurry chemicals 

The slurry chemicals play an important role for the passivation of wafer surface. The 

oxidizers and inhibitors in the slurry determine the reaction kinetics controlling the 
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passivation of wafer surface [38]. The effect of different oxidizers, e.g. hydrogen 

peroxide (H2O2), and inhibitors, e.g. benzotriazole (BTA), on the MRR was investigated 

for CMP of oxide [39], copper [40-45], tantalum [45, 46] and tungsten [47, 48] films. It 

was shown that the reactions with slurry chemicals result in different compositions based 

on the oxidizer and inhibitor. The overall MRR is influenced by the existence of different 

compositions at the wafer surface due to the fact that some of these compositions readily 

dissolve in the slurry contributing to the MRR, while some compositions are more 

difficult to remove from surface [41, 44]. Furthermore surface hardness is also a strong 

function of composition affecting the wear rate of wafer material [40, 44, 45, 47].  

Slurry chemicals have also been shown to influence the zeta potential [39, 45, 49-51]. 

Experimental studies showed that citric acid introduced in the slurry causes a significant 

change in zeta potential of alumina particles [52] whereas zeta potential of silica particles 

remains almost the same [51]. Luo et al. [50] demonstrated that the addition of BTA 

reduces the zeta potential of alumina particles. Different ionic salts were also shown to 

have an influence on zeta potential [39]. This behavior was explained by the adsorption 

of the chemicals on abrasive particles causing the zeta potential to decrease [51, 52]. The 

zeta potential is a controlling factor for the agglomerate size of abrasive particles [53] and 

double layer forces between wafer and abrasive particles [45]. For this reason, the 

variation of zeta potential with respect to different slurry chemicals has important 

consequences for the MRR, which is discussed further in Section 2.2.3. 
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2.2.2 Effect of chemical interaction between wafer and abrasive particles 

Li et al. [54] investigated the influence of different abrasive materials on the MRR of 

tantalum and copper films. It was found that MRR of tantalum film is low, when 

diamond abrasive particles are used, whereas high MRR is achieved for tantalum in the 

case of silica abrasive particles. In contrast to the behavior seen for tantalum, diamond 

abrasive particles result in higher MRR for copper as compared to silica particles. 

Although copper is typically softer than tantalum, higher MRR of tantalum seen in the 

case of silica abrasive particles indicate that abrasive particles react with wafer material 

during material removal [54-56]. This was further studied by measuring the distribution 

of abraded material in the slurry, pad and abrasive particles [54]. Abraded copper and 

tantalum material were found on the surface of silica abrasive particles, which is an 

indication for the reaction between wafer and abrasive particles. Whereas the amount of 

abraded material on alumina abrasive particles was small indicating alumina particles do 

not react with wafer material. The silica particles are considered to have a “chemical 

tooth” as they react with wafer material [54-56]. The material removal of copper occurs 

due to abrasive wear since the MRR of copper increases as the abrasive particles become 

harder [56]. An adhesive wear mechanism seems to be more appropriate for tantalum 

[55]. 

2.2.3 Effect of slurry pH 

Although studies have shown the effect of slurry chemicals on zeta potential as 

summarized in Section 2.2.2,  the slurry pH is the primary factor affecting the zeta 

potential of abrasive particles and wafer [57, 58]. The electrical double layer forces 



 26 

between particles prevent the abrasive particles from forming agglomerates as the 

particles tend to attract each other due to the influence of van der Waals forces. This 

phenomenon is well known and studied under colloidal science theory and the 

background for this theory can be found in many textbooks [59]. The double layer forces 

between particles of the same material are repulsive in the slurry and the magnitude of 

these forces increases with higher zeta potential. In CMP, it was shown that the effective 

abrasive particle size increases significantly due to particle agglomeration, as the slurry 

pH approaches the isoelectric point (IEP) where the zeta potential becomes zero [57, 58, 

60-62]. Stable abrasive particle size was obtained as the slurry pH was varied if the zeta 

potential remained at high levels [13, 53, 61].  

The slurry pH also influences the zeta potential of the wafer. The double layer forces 

between the wafer and the abrasive particles depend on the zeta potential of both the 

wafer and the particles. Magnitude of the double layer forces between wafer and abrasive 

particles has been shown to have an effect on the MRR [13, 45, 62, 64, 65]. It was 

demonstrated that the MRR is high when abrasive particles and wafer are oppositely 

charged and a decrease in the MRR is observed as abrasive particles and wafer 

accompany the same charge [62, 64]. This behavior can be explained by considering the 

contact force between wafer and abrasives becoming large when double layer forces are 

attractive causing the MRR for each abrasive to increase [65]. Furthermore, when double 

layer forces become attractive, the impacting frequency of abrasive particles on wafer 

surface during the slurry flow at pad-wafer interface becomes larger, thereby increasing 

the number of active abrasive particles participating in material removal [45].  
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The hardness and thickness of passivated layer were also found to be a function of slurry 

pH [66-68]. Different oxidation rate and oxide compounds were observed as pH was 

varied in the acidic and alkaline regimes [68]. Due to the fact that passivated layer 

thickness and hardness has a strong influence on the MRR [66, 67], it is desirable to 

optimize the slurry pH in order to obtain favorable conditions for the MRR. 

2.2.4 The measurements of wafer hardness 

The hardness of passivated surface layer is different than that of the bulk wafer material 

[37, 69]. The chemical reactions, which lead to the passivation of the wafer surface, are 

different for different wafer materials, and slurry chemicals, as explained in Section 

2.2.1. Hardness of the passivated layer is an important input parameter for the models 

predicting MRR. However, the measurement of the passivated layer hardness in CMP is 

challenging as the hardness and thickness of passivated layer was shown to depend on the 

slurry chemicals [70], the contact time of the slurry with wafer [71] and the thickness of 

film [71, 72]. In this section, the measurements for characterizing the passivated layer 

and bulk wafer hardness are reviewed. 

The hardness values reported in the literature for different materials are listed in Table 

2.1. Jindal and Babu [56] measured the hardness of copper after exposure to slurry with 

5% peroxide at pH 2, 7 and 12. The hardness measurements of copper with and without 

exposure to the slurry at pH of 7 and 12 yielded similar results. The hardness was 

maximum at 25 nm (~2.25 GPa) and gradually decreased to 1.25 GPa at 250 nm. A 

similar trend was also observed for the hardness of tantalum exposed to the same slurry. 

A maximum hardness of 4 GPa was measured at 25 nm and the hardness decreased to 1.5 
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GPa at 200 nm in the case of tantalum. Ihnfeldt and Talbot [40] observed a similar 

behavior for copper film, where the hardness was at its maximum near the surface and 

approached the hardness of bulk material as the indentation depth was increased. This 

behavior changed as copper film was exposed to slurry with different pH. The hardness 

of bulk material was measured to be 2.2-2.8 GPa. It was shown that hardness near the 

surface of copper film at an indentation depth of 22-60 nm may become greater than 10 

GPa or smaller than 1 GPa based on the slurry. The hardness at an indentation depth of 7-

24 nm varied in the range 0.3-4.6 GPa. The decay in hardness found in this experiment as 

the indentation depth became larger, is in contrast to the assumption of softer passivated 

layer forming at the wafer surface. However in some cases, certain oxides and hydroxides 

formed at surface may actually be harder than the bulk material as explained by Ihnfeldt  

 

 

 

 

 

 

 

 

 

Reference Material Hardness  

(GPa) 

Indentation Depth  

(nm) 

Jindal and Babu [56] Cu 0.1 - 2.25 25-250 

Ihnfeldt and Talbot [40] Cu 0.3 – 16 7 – 60 

Lin et al. [71] Cu 0.1 - 3 25 – 300 

Jindal and Babu [56] Ta 1.5 - 4 25-200 

Chandrasekaran et al. [77] low-k 0.68 – 4.6 - 

Vella et al. [78] low-k 1-1.4 10 – 200 

Sikder et al. [75] low-k 0.3 – 6.3  

Wang et al. [72] low-k  0.16 – 0.52 - 

 

Table 2.1: Hardness measurements 



 29 

and Talbot [40] considering the hardness of different oxides of copper increasing in the 

order Cu(OH)2 < Cu < CuO < Cu2O [73]. 

Jindal and Babu [56] found that copper exposed to the slurry at pH = 2 exhibited 

significantly smaller hardness (0.5-0.75 GPa) than that of pH of 7 and 12, indicating the 

formation of a softer passivated layer in acidic solutions while the hardness of tantalum 

remained almost constant when exposed to the same slurry. No significant variation in 

hardness of copper was seen as a function of indentation depth in the range 25-250 nm 

for pH = 2. The experiments were repeated for different slurry with 5% peroxide and 1% 

glycine. The hardness of copper exposed to this slurry became even smaller at pH = 2 

(~0.1 GPa).  

The hardness of copper exposed to slurry decreased with indentation depth in 

experiments conducted by Lin et al. [71]. Note that slurry used in this experiment was 

more aggressive than the slurry used in experiments by Jindal and Babu [56]. The 

hardness was measured to be ~0.1 GPa at 25 nm and increased to 3 GPa at 300 nm depth. 

The hardness of tungsten was shown to vary with different oxides [74]. The hardness of 

tungsten was found to be in the range 1-6.5 GPa where higher oxygen content decreased 

the hardness. 

Sikder et al. [75] carried out nano-indentation tests to determine the hardness of low-k 

dielectric films. It was determined that the hardness of the films was a function of the 

deposition method. The hardness of different low-k materials varied in the range of 0.3-

6.3 GPa. The hardness of ultra-low-k dielectric films was measured to be lower 0.16-0.52 

GPa due to the fact that porosity was introduced in these films to ensure low dielectric 

constant [76]. In addition, hardness of 0.68-4.6 GPa was reported for different low-k 
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dielectric materials [77]. Vella et al. [78] measured the hardness of porous dielectric 

material to be 1 GPa at 10 nm indentation depth and hardness was shown to increase up 

to 1.4 GPa when indentation depth was increased to 200 nm. 

Several measurements were made to find the thickness of passivated layer. Trogolo and 

Rajan [79] determined a low density layer of 2 nm thickness in oxide CMP. The density 

of the material starting increasing as a function of indentation depth beyond this layer and 

the density reached the bulk density of material at 15-20 nm depth.  The X-ray 

photoelectron spectroscopy (XPS) analysis of niobium surface revealed an oxide layer of 

~5 nm thickness [80]. Considering the depth of cut of abrasive particles 1-10 nm for 

particle with a diameter of 10-200 nm [81], the abrasive particles may indent into the 

bulk wafer based on the chemical reactions, i.e. thickness and hardness of passivated 

layer and indentation depth of particles. 

2.2.5 Modeling of passivated layer hardness 

The hardness of passivated surface layer has been taken into consideration in a few 

studies focusing on the calculation of the MRR. Bastaninejad and Ahmadi [69] assumed 

that the oxidizer the slurry diffuses into the wafer material altering the hardness of wafer. 

The oxidizer concentration near wafer surface was considered to be constant and the 

oxidizer concentration as a function of distance from wafer surface was calculated. The 

derivation for the equation giving the variation of wafer hardness as a function of 

distance from wafer surface is explained next. 

The diffusion of the oxidizer can be quantified by Fick’s second law in the following 

form, if diffusivity Do is constant [82],  



 31 

2

2

o o
o

C C
D

t y

 ∂ ∂
=  

∂ ∂ 
                                                    (2.2) 

where Co is the oxidizer concentration and y is the distance from wafer surface. The 

steady-state material removal rate (MRR) if defined as the rate of wafer thickness 

reduction, can be expressed as, 

dy
MRR

dt
= −                                                        (2.3) 

The term, oC

t

∂

∂
 in Eqn (2.2) can be combined with Eqn (2.3) using the chain rule as, 
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Eqn (2.2) reduces to the following form using Eqn (2.4) 
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The 2
nd

 order differential equation can be reduced to the 1
st
 order by substituting 
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∂
 in Eqn (2.5) as,  
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The solution of this equation is [83],  
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where C1 is a constant. Co can be found by integrating Eqn (2.7) as, 
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where the constants C1 and C2 can be determined by using the boundary conditions. The 

following conditions are used to calculate C1 and C2 as, 

Co → 0    as      y → ∞                                              (2.9) 

Co = C∞      at        y = 0                                           (2.10) 

which gives C2 = 0 and C1  = 
o

MRR

D
− . Substituting constants C1 and C2 in Eqn (2.8), the 

variation of the oxidized concentration, Co through the thickness of the wafer can be 

found as,  

o

MRR
y

D

oC C e
−

∞
=                                                      (2.11) 

The passivation reaction was considered to occur much more rapidly than the removal of 

the material from the surface by two successive abrasives [69]. It was assumed that the 

passivation of the wafer surface is linearly proportional to the oxidizer concentration. 

Following the two assumptions stated above, one can determine the variation of the wafer 

hardness through the thickness, Hw by replacing the variable Co by Hw in Eqn (2.8) and 

using the following boundary conditions in Eqns (2.9) and (2.10) to find constants C1 and 

C2 as, 

Hw → Hbw    as      y → ∞                                              (2.12) 

Co = Hbw      at        y = 0                                               (2.13) 
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which gives C2 = Hbw and C1  = ( )t
bw pw

o

MRR
H H

D
− . Hpw is the hardness of the wafer 

surface oxidized with oxidizer concentration, C∞ and Hbw is the hardness of the bulk 

wafer in the absence of the oxidizers. 

As a result, the variation of the hardness, Hw can be described by the following equation 

[69],  

( )
t

o

MRR
y

D

w bw pw bwH H H H e
−

= + −                                    (2.14) 

Eqn (2.14) implies that diffusivity and MRR determine the hardness variation from wafer 

surface. If MRR is significantly smaller than diffusivity, hardness of wafer material is 

dominated by passivated layer hardness w pwH H≈ . In the case of large MRR, the 

passivation of wafer material does not occur effectively and wafer hardness becomes 

equivalent to the hardness of bulk material, w bwH H≈ . 

Eqn (2.14) indicates a smooth transition from passivated layer hardness near the surface 

to bulk wafer hardness as the indentation depth is increased. Qin et al. [37] assumed a 

sudden change from wafer passivated layer to bulk wafer hardness. A bi-layer model was 

used in the following form,  

( )
pw pw

w

bw pw

H y t
H y

H y t

<
= 

>
                                           (2.15) 

where passivated layer hardness Hpw is the relevant hardness, Hw = Hpw when the distance 

from wafer surface is smaller than the passivated layer thickness, y < tpw whereas 
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hardness of bulk material Hbw becomes the relevant hardness, Hw = Hbw at a distance 

greater than the passivated layer thickness, y > tpw.  

2.3 Effect of CMP Parameters on MRR 

The most commonly cited empirical equation used to predict the MRR as a function of 

applied pressure Po and relative velocity Vr is the Preston equation [84], which was 

developed based on the observations for the variation of MRR in glass polishing 

experiments. The MRR is calculated using, 

p o rMRR k PV=                                                 (2.16) 

where kp is the Preston constant. Preston constant kp implicitly includes the effect of the 

parameters such as abrasive particle size and concentration, pad elasticity, morphology 

and roughness, and slurry chemistry. Eqn (2.16) indicates that the MRR increases linearly 

with pressure and velocity, and the other parameters determine the rate of increase.  

The CMP experiments conducted in order to investigate the effect of various parameters 

on the MRR showed that the Preston equation is valid in some cases while non-

Prestonian behavior is observed in other cases. Moreover, experiments shed more light on 

the effect of the parameters such as abrasive particle size and concentration, pad elastic 

modulus, topography and porosity on the MRR. This is discussed next.  

2.3.1 Effect of applied pressure and relative velocity 

The validity of Preston equation in CMP was investigated by experiments. Ouma [85] 

found that the MRR of tetraethyloxysilane (TEOS) films increases linearly with the 
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product of applied pressure Po and relative velocity Vr, PoVr at different slopes for small 

and large values of PoVr. The rate of increase in the product PoVr becomes smaller at 

large PoVr. Stein et al. [86] carried out experiments for CMP of TEOS films with hard 

and soft pads. The results of this study showed MRR increases linearly with PoVr for a 

hard pad, whereas a sub-linear variation is observed for a soft pad.  

Guo and Subramanian [87] conducted CMP experiments for polishing copper films using 

both soft and hard pads. MRR increased linearly with applied pressure when a hard pad 

was used. The rate of increase was determined to be different at low and high pressures. 

On the other hand, MRR increased sub-linearly with applied pressure for the whole range 

of applied pressure used in the experiments in the case of soft pad. Nguyen et al. [43] 

found that the MRR of copper increases linearly with applied pressure; however, the rate 

of increase is a strong function of slurry chemicals. Chandrasekaran et al. [77] detected a 

highly non-linear variation of MRR with respect to applied pressure for different low-k 

dielectric materials and the variation was significantly different for each low-k material.  

Hocheng et al. [88] conducted oxide CMP experiment in order to evaluate the effect of 

relative velocity Vr on the MRR. A sub-linear variation, MRR ∝  Vr 
0.65

, was observed for 

the three values of applied pressure studied. Tseng and Wang [89] showed that the MRR 

increases with relative velocity as MRR ∝  Vr 
0.50

 for oxide CMP and this relation 

remained constant for different levels of applied pressure used in the study. Copper CMP 

experiments conducted by Guo and Subramanian [87] indicated that MRR increases 

linearly at low relative velocity and a saturation effect is seen as relative velocity is 

increased. The experiments illustrated that the effect of applied pressure and relative 



 36 

velocity on MRR may be linear (Prestonian) under some conditions, while a non-linear 

variation for MRR with respect to applied pressure and relative velocity was also 

observed.  

2.3.2 Effect of abrasive particle concentration 

Bielmann et al. [90] studied the effect of particle concentration on the MRR of tungsten 

films polished with alumina slurry containing particles of different size. The MRR was 

found to increase linearly with particle concentration at low particle concentration. The 

MRR leveled off at high particle concentration exhibiting a saturation effect. This 

saturation effect occurred when particle concentration was 5-10%. Particle size seemed to 

have an effect on this behavior, as no saturation effect was determined when particle size 

was greater than 300 nm in the range of particle concentration, 2-15% studied. Guo and 

Subramanian [87] carried out copper CMP experiments with alumina slurry. A saturation 

effect at high particle concentration, 5% was also found in this study. The experimental 

work by Stein et al. [86] for tungsten CMP with alumina slurry indicated a lower 

saturation particle concentration as compared to other experiments [87, 90]. Saturation 

particle concentration seemed to become higher with the product of applied pressure and 

relative velocity PoVr, where saturation particle concentration was 0.5% at low PoVr, and 

increased to 1.5% at high PoVr [86]. 

Silica slurry with particle concentrations in the range, 0-6.5% was used by Forsberg [91] 

to polish silicon film. The saturation effect was observed at a particle concentration of 

~6%. Choi et al. [13] investigated the influence of silica particle concentration on the 

MRR seen for oxide CMP. A wide range of particle concentrations, 0-30% were used in 
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this study. In addition to the particle concentration, particle size was also varied in the 

range of 0.2-1.5 µm. The MRR was found to increase linearly with higher particle 

concentration when particle concentration was 0-30% and no saturation effect was 

detected for small particle size ~0.2 µm. A different behavior was observed for large 

particle size ~0.5-1.5 µm, where the MRR became saturated at particle concentration ~1-

5%. In fact, MRR started to decrease with higher particle concentration above saturation 

particle concentration for large particles. This behavior was attributed to the 

rolling/sliding motion of particles, where particles tend to roll on wafer surface for large 

particle size, which reduces the MRR as compared to that due to sliding motion.  

Tamboli et al. [92] investigated the effect of silica abrasive particle concentration for 

CMP of copper, tantalum and TEOS films by varying the particle concentration in the 

range, 0-14 %. In this range, the MRR of copper and TEOS films were found to increase 

linearly with particle concentration, whereas a saturation effect was observed at particle 

concentration of ~4-5% for tantalum film. 

Although the effect of particle concentration depends on the slurry and polished material, 

a general trend is that the MRR increases linearly with particle concentration up to a 

saturation concentration, above which a further increase in particle concentration does not 

result in larger MRR. This behavior has been commonly seen in alumina slurry; while no 

saturation effect was seen for silica slurry even at high particle concentration ~30% in 

some cases [93].   
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2.3.4 Effect of abrasive particle size 

The effect of silica abrasive particle size (25-200 nm) on the MRR of tantalum and TEOS 

films in CMP was studied by Tamboli et al. [92]. This work shows that the MRR 

increases with larger particle size for both tantalum and TEOS films. A similar 

observation was made by Lai [1] for the CMP of copper film with alumina slurry 

containing particles with diameter 50-1000 nm. 

In contrast to these results indicating that the MRR increases with larger particle size, 

Bielmann et al. [90] found that the MRR decreases when alumina abrasive particle size is 

increased from 250 to 1800 nm in tungsten CMP. In fact, studies conducted by Mahajan 

[94] and Choi et al. [13] showed that the variation of the MRR with respect to particle 

size depends on the particle concentration for oxide CMP with silica abrasive particles. 

The MRR was shown to reach its maximum at a different particle size as the particle 

concentration was varied [13, 94]. Choi et al. [13] determined that MRR increases with 

particle size (200 – 1500 nm) when particle concentration is high (10-30 %), and an 

opposite trend was seen for small particle concentration (<5%). At intermediate particle 

concentration (5-10%), the maximum MRR was detected at different particle size. 

These contradictory results were also realized by other researchers [95, 96]. The greater 

tendency of the particles to roll on the wafer surface as particle size becomes larger was 

explained to be one of the reasons for this contradictory behavior [13, 95]. This 

explanation was supported by in-situ friction force measurements showing a decrease in 

friction coefficient above a critical particle concentration for large particles, which 

occurred in parallel with the decrease in MRR [13]. Moreover, it was suggested for some 
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particle-wafer systems that the chemical interactions between abrasive particles and 

wafer causes the MRR to increase with smaller particle size since the total surface area of 

particles becomes larger as particle size is decreased providing more area for the 

interactions to occur [95]. The opposite behavior was attributed to the indentation of 

abrasive particles increasing with larger particle size [95]. 

2.3.5 Effect of pad elastic modulus 

In Section 2.3.1, it was mentioned that the variation of the MRR with respect to the 

parameter PoVr depends on the pad elastic modulus. The MRR increases sub-linearly with 

PoVr for a soft pad, whereas the variation is linear, much like Preston equation for a hard 

pad. In addition, the MRR is expected to vary with pad elastic modulus. However, it is 

very difficult to isolate the effect of pad elastic modulus due to the fact that there are 

other parameters, such as pad porosity and pad topography that are different between soft 

and hard pads. Due to this difficulty, it is not possible to evaluate the effect of pad elastic 

modulus directly from the experiments; nevertheless it is stated that the general trend is 

increase of MRR with increasing pad elastic modulus [87]. 

This difficulty was overcome in the experiments conducted by Castillo-Mejia et al. [97], 

where the same type of pad was used for the polishing of TEOS films with silica slurry, 

by using identical CMP parameters except that the immersion time of pad prior to 

polishing was varied. The variation in immersion time was shown to have an effect on the 

solid elastic modulus of pad material, where pad elastic modulus decreases with longer 

immersion time due to the penetration of the water molecules in pad material. The 

experiments showed that the MRR decreases as the immersion time is increased, which 
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implied that smaller pad elastic modulus has a negative effect on the MRR. In fact, one of 

the conclusions drawn from this experiment was that pad conditioning is critical for 

maintaining a stable MRR since the softened pad material is effectively removed by 

conditioning thus providing a constant pad elastic modulus during polishing. 

The measurements carried out by Sikder et al. [98] indicated that pad material exhibited 

viscoelastic behavior. This behavior was shown to be important for the MRR achieved in 

CMP [99]. CMP experiments conducted by Stein et al. [100] illustrated that the pad 

topography changes significantly in the early stages of polishing, when pad conditioning 

is not applied. The pad topography was found to remain stable in the later stages. 

However the MRR was determined to continuously decay during the entire polishing 

process. Fu et al. [99] attributed this continuous decay to the viscoelastic behavior of pad 

material, which causes the pad material to become softer as the polishing progresses. 

2.3.6 Effect of pad porosity 

The majority of pads are made of porous materials [93]. This is an important factor 

affecting the MRR in CMP [101, 102]. The pad acts as a conveyor to transfer the fresh 

slurry introduced in the system to wafer surface [103]. This is facilitated by the pores of 

the pad acting as passageways for slurry flow. Pad conditioning unclogs the pores closed 

by the abrasive particles, and polished material. This was suggested to be one of the 

reasons for the decay in the MRR in the absence of pad conditioning [100, 104-106].   

The porosity of pad also causes the mechanical behavior of the pad to be different in 

different contact scales. The study conducted by Gouda et al. [107] showed that the bulk 
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response of the pad was dominated by the porous structure (porous pad elastic modulus), 

while the local mechanical behavior was determined by the solid pad elastic modulus. 

Moon et al. [101, 102] conducted CMP experiments with pad of different density and 

compressibility. The MRR was shown to increase as the density of pad decreases. 

Although the density of solid pad material is not known, lower density is an indication for 

higher porosity. Therefore, it can be concluded that the MRR increases with higher 

porosity. In the experiments conducted by Fury et al. [108], two different pads made of 

the same polyurethane material were used but one of the pads had a porous structure. The 

MRR was shown to be greater for the porous pad as compared to the non-porous pad. 

2.3.7 Effect of pad roughness 

The pad roughness was shown to have an important effect on the MRR [109]. The pads 

used in the experiments conducted by Park et al. [109] were conditioned using different 

mechanical pad conditioners. The surface topography was measured to be significantly 

different for the pads based on the conditioner geometry. Not only the standard deviation 

of asperity summit heights, but also the mean height of asperities and skewness of height 

distribution were found to be different. The CMP experiments conducted using these 

pads showed that the MRR obtained using the pad with smaller roughness is greater. The 

skewness of the asperity summit height distribution was considered to play an important 

role for the ability of the pad to distribute the slurry over the wafer surface. According to 

the work of Park et al. [109], a pad with a positive skewness enables the slurry flow more 

effectively as compared to a pad with negative skewness.  
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2.4 Mechanical Modeling of CMP 

In this section, the mechanical models developed in order to predict the MRR in CMP are 

reviewed. These models were constructed considering the interactions between a wafer, 

abrasive particles and a pad. The majority of the models in this section neglect the effect 

of hydrodynamic lubrication. The studies concerned with the modeling of hydrodynamic 

lubrication and slurry flow has been reviewed in Section 2.1.4.  

2.4.1 Luo and Dornfeld’s model 

In this model [110], the pad and the wafer were assumed to undergo fully-plastic 

deformation due to contact with abrasive particle. Following this assumption, the 

indentation depth of particle in wafer and pad was calculated using the hardness of wafer 

and pad, respectively. The mean real contact pressure due to the rough contact between 

pad and wafer was calculated by considering a periodic (wavy) rough pad surface, which 

leads to closed-form equations for real contact area and mean real contact pressure. The 

mean real contact pressure was assumed to be acting on the particle as a result of the 

assumption that abrasive particles were embedded in the pad. The pad-particle contact 

force on each particle was determined using the mean real contact pressure and the cross-

section area of the particle. The abrasive wear achieved by each particle was then 

calculated by using the volume swept by each particle, which was determined from the 

indentation depth of each particle in the wafer due to the pad-particle contact force. 

The particles larger than the gap between pad and wafer were considered to participate in 

material removal. The pad-wafer gap was determined by subtracting the indentation 
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depth of the largest particle in pad and wafer, from the diameter of the largest particle. 

Using the number of active particles and the abrasive wear achieved by each particle, the 

total MRR was calculated.  

The results of this model showed that MRR increases sub-linearly with applied pressure. 

This result stems from the assumption of wavy pad roughness, which leads to the relation 

between applied pressure Po and real contact area Ar as 2/3

r oA P∝ . A soft pad was 

determined to result in a greater MRR than a hard pad [110]. This is due to the fact that 

particle penetrates deeper into the pad for a soft pad, decreasing the pad-wafer gap and 

resulting in more active particles.  As standard deviation of particle size distribution 

increases, the model predicts a lower MRR, as the maximum particle size controlling the 

pad-wafer gap becomes larger [110, 111].  

Incremental improvements were made after the introduction of this model [112-114]. A 

bi-layer hardness model considering the hardness of a passivated surface layer was 

implemented [112]. Some of experimental trends for the variation of the MRR with 

particle concentration were explained by this model. The saturation effect for MRR at 

high particle concentration was attributed to the passivated layer hardness, which 

increases at high particle concentration, as the rate of passivation is not sufficiently high 

to maintain low hardness near the surface.   

Thagella et al. [113] improved the Luo-Dornfeld model by using a different approach to 

calculate the number of active abrasives. The number of active abrasives was obtained 

from the slurry volume trapped between pad and wafer, which was calculated using the 

real contact area between pad and wafer, and the mean height of pad asperities. The 
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comparison of model results with experiments showed that the error of the model 

increases with increasing relative velocity. When the relative velocity is increased above 

a critical value in the experiments, the MRR decreases due to the fact that the 

hydrodynamic effects become significant. The proposed model, however predicted 

increasing MRR in this range, as the model was based on boundary lubrication regime. 

Jeng and Huang [114] extended the model by including the effect of the abrasive particles 

on the load balance at pad-wafer interface, whereas pad-wafer contact was considered to 

be the only contact mechanism supporting the applied load in Luo-Dornfeld model. This 

was achieved by subtracting the contact area at wafer-particle interface from the real 

contact area between pad and wafer. The results of this model suggested a decreasing 

MRR for larger particle size due to larger gap at pad-wafer interface. 

Zhao and Chang [115] presented a similar model as Luo-Dornfeld model. Zhao and 

Chang found that pad-particle contact is essentially elastic for typical CMP parameters in 

contrast to the assumption of plastic deformation for pad-particle contact in Luo- 

Dornfeld model. This finding was based on their previous work investigating the elastic-

plastic contact of two rough surfaces [116, 117]. Luo and Dornfeld treated the pad 

roughness to be periodic, whereas Zhao and Chang assumed random pad roughness. The 

MRR was found to be inversely proportional to the square of particle size in their study. 

2.4.2 Ahmadi and Xia’s model 

Ahmadi and Xia [118] calculated the load on the abrasive particles with a different 

formulation for a soft and a hard pad that have different characteristics to distribute the 
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load on the particles based on the observation of Shi and Zhao [119]. In the case of a hard 

pad, most of the applied pressure is carried by particle contacts. As the applied pressure is 

increased, the load on each particle becomes larger. However, for a soft pad, the particles 

are embedded in the pad, therefore pad-wafer contact supports most of the load. An 

increase in the applied pressure does not cause an increase in the force on the particle but 

the number of active particles increases. Both elastic and plastic deformation of the pad 

and the wafer were taken into account for the contact with the particles. The van der 

Waals forces between wafer and particles were included. Abrasive and adhesive wear 

were considered to be the mechanisms that cause material removal. The model was 

studied for periodic and random pad roughness. 

This study showed that inclusion of the van der Waals forces into the model causes an 

increase in the MRR. In addition, smaller particle size causes larger MRR, due to the 

influence of van der Waals forces. The variation of the MRR with applied pressure Po 

was found to be linear (MRR α Po) for random pad roughness and a sub-linear (MRR α 

Po
2/3

) dependence was observed for wavy pad roughness. This was attributed to the 

variation of real contact area with applied pressure for random and wavy surface 

roughness. 

This model was improved by including the effect of the roughness of abrasive particles 

on the magnitude of van der Waals forces [120]. This was achieved by modeling the 

abrasive particles as spheres with hemispherical bumps on the surface. Bumpy (rough) 

abrasive particles were shown to have a lower MRR as compared to smooth particles due 

to the reduction in van der Waals forces for rough particles. In addition to the van der 
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Waals forces, the electrical double layer forces were considered in an extension of this 

model [121]. The experimentally observed variation of the MRR with slurry pH was 

attributed to the effect of slurry pH on zeta potential influencing the magnitude of double 

layer forces.  

2.4.3 Fu et al.’s model 

Fu et al. [81] developed a mechanical model by considering the occurrence of pad-wafer 

and pad-particle-wafer contact simultaneously. In order to achieve this, the pad was 

modeled as a thin elastic beam, supported by abrasive particles at the ends. The partition 

of applied pressure to pad-wafer direct contact and pad-particle-wafer contact was 

determined by solving for the deformation of the thin elastic beam. Furthermore, abrasive 

wear rate of each particle was calculated based on the shape of the particle (spherical or 

sharp). The authors concluded that the dependence of the MRR on various parameters is 

sensitive to the degree of pad-wafer direct contact. The assumption of soft pad with low 

abrasive concentration was determined to be valid for typical CMP conditions. In this 

regime, the MRR was found to increase with applied pressure Po as MRR ∝  Po
9/8

 and 

MRR ∝  Po
3/4

 for spherical (blunt) and sharp abrasive particles, respectively. The model 

showed that the MRR increases with higher particle concentration up to a critical 

concentration above which MRR decreases.  

2.4.4 Qin et al.’s model 

Qin et al. [37] considered the abrasive particles to be embedded in the pad and calculated 

the force on each particle using the real contact pressure between pad and wafer, and the 
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radius of particle as similar to Luo-Dornfeld model. The number of active particles was 

the determined by considering the slurry volume when the pad-wafer separation distance 

is the equal to the particle diameter. A bi-layer hardness model was adopted, in order to 

capture the effect of passivated layer thickness and hardness on the MRR. The results of 

the model indicated that the MRR is linearly proportional to applied pressure MRR ∝  Po. 

The MRR was illustrated to decrease significantly as the indentation depth of particles 

becomes larger than the passivated layer thickness. In this case, the MRR is limited by 

the chemical effects. The MRR is determined by the mechanical effects if the indentation 

depth of particles is smaller than the passivated layer thickness. It was concluded that the 

optimal polishing performance can be obtained by the balance of the mechanical and 

chemical effects.  

2.4.5 Other mechanical models for boundary lubrication 

Fu and Chandra [122] derived the contact pressure distribution due to the contact of a 

rigid curved wafer and a pad modeled as an elastic half space. The contact pressure was 

found to be Hertzian at small applied pressure indicating that maximum MRR would be 

at the center of wafer (edge-slow). As the contact force was increased, a singularity 

formed at the edge of wafer, causing the maximum contact pressure and MRR to occur at 

the edge of the wafer (edge-fast). The contact pressure was determined to be relatively 

uniform at an intermediate applied pressure in transition between the edge-slow and 

edge-fast MRR behavior. A combination of wafer curvature and applied pressure were 

used to optimize the contact pressure distribution, by modeling arbitrary wafer shapes in 

a separate study [123]. This model was further improved to include the viscoelastic pad 
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properties [99]. The experimentally observed MRR decay in the absence of pad 

conditioning was explained by viscoelastic behavior of pad, as the contact pressure was 

determined to be altered in time due to the viscoelasticity.  

Castillo-Mejia et al. [124] calculated the von Mises stresses induced in the wafer due to 

the contact with a pad, by using an axisymmetric finite element model for the pad-wafer 

contact.  The calculated non-uniform von Mises stress distribution in the wafer was found 

to qualitatively agree with the experimentally observed non-uniformity in the MRR. Lin 

and Lo developed a similar model, by including the effect of different elastic layers for 

pad and wafer [125, 126]. The effect of surface roughness on the pad-wafer contact was 

implemented in the finite element model, as a separate elastic layer with a stiffness 

calculated by a multi-asperity contact model [127].  Inclusion of the rough surface layer 

improved the correlation between the calculated contact pressure distribution and 

experimentally observed MRR profiles.  

The pad-particle-wafer contact was investigated by using a finite element model of a 

single particle with a pad and a wafer. The non-linear material behavior of the pad 

obtained from experiments was used in the model [128]. The distribution of the load to 

pad-wafer and pad-particle-wafer contact was studied. Different experimentally observed 

behavior for the dependence of MRR on applied pressure was attributed to the 

distribution of the load to pad-wafer and pad-abrasive-wafer contact. It was shown that 

low particle concentration, high applied pressure and small pad elastic modulus promote 

pad-wafer contact, whereas pad-particle-wafer contact becomes dominant when particle 

concentration is high, applied pressure is low and a hard pad is used. 
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The van der Waals forces between wafer and abrasive particles were considered in a 

model by Zhang et al. [129]. The wafer-particle contact force was a result of the 

combination of forces due to pad-particle contact and wafer-particle adhesion. This study 

concluded that van der Waals forces may have an effect on the MRR in CMP. 

2.4.5 Other mechanical models for mixed lubrication 

Tichy et al. [14] presented the first material removal model to simulate mixed lubrication 

in CMP. The bulk pad was modeled as a semi-infinite elastic half space, whereas Winkler 

model was used to model the deformation of the pad asperities. The slurry film thickness 

was assumed to be the same as the average height of pad asperity summits. The 

hydrodynamic pressure was calculated using 1-D Reynolds equation. The model was 

successful in determination of sub-ambient hydrodynamic pressure explained in Section 

2.1.2. It was concluded that increasing pad roughness and relative velocity increase the 

magnitude of sub-ambient pressure. 

Jeng and Tsai [29,30] applied a grain flow model, developed for thin film lubrication 

including the effect of abrasive particles, for modeling the mixed lubrication in CMP. 

The equilibrium slurry film thickness was iteratively found by using the equilibrium of 

the pad-wafer contact force, applied pressure and hydrodynamic pressure. It was 

concluded that the abrasive particles have an effect on slurry film thickness and 

hydrodynamic pressure, and larger particle size increases the slurry film thickness. 

The study conducted by Lin et al. [71] formulated the effect of pad deformation on the 

MRR in a model for mixed lubrication. The slurry flow was obtained by solving the 
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Reynold’s equation with Patir/Cheng’s flow factors [130] in order to include the effect of 

pad roughness on hydrodynamic lubrication. The equilibrium position of the wafer was 

calculated by the equilibrium of hydrodynamic pressure, applied pressure and contact 

pressure at pad-wafer rough contact interface. Both adhesive and abrasive wear were 

considered in the model. It was concluded that high MRR with low non-uniformity can 

be achieved by decreasing the composite hardness of the wafer via increasing the 

thickness of the passivated layer. The MRR was shown to increase with applied pressure 

and relative velocity, but the within-wafer-non-uniformity (WIWNU) increases with 

larger relative velocity and decreases with higher applied pressure. 

The model developed by Kim et al. [131] combined the effects hydrodynamic lubrication 

and pad-wafer rough contact. Mooney-Rivlin hyperelastic model was used to simulate 

pad material behavior. The abrasive particles were not directly included in the model but 

the MRR was correlated to the contact stress induced at the wafer surface due to pad-

wafer contact. The effect of wafer curvature was investigated in this model. The MRR at 

the edge of wafer was found to be greater for concave wafers, whereas convex and flat 

wafers resulted in a smaller MRR at the wafer edge. 

2.5 Physical Parameters 

In this section, the range of values reported in the literature for the physical parameters 

utilized in the model developed in this work is investigated. The elastic modulus of the 

pad was measured by tensile [97] and compression [128] tests. The elastic modulus of 

different types of pad was found to be varying in the range 3 MPa < Es < 372 MPa as 

shown in Table 2.2. The soaking of the pad in water was found to have a significant 
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effect on the pad elastic modulus. Castillo-Mejia et al. [97] measured the pad elastic 

modulus to be Es = 372 MPa for a dry pad and the pad elastic modulus decreased to Es = 

280 MPa when the pad was soaked in water. 

Surface profilometer was commonly used to determine the surface parameters of the pad 

including asperity radius Rs, asperity density ηs and roughness σs [132, 133]. The findings 

of different studies for these parameters are listed in Table 2.2. It was indicated that the 

conditioning of the pad plays an important role for the values of these parameters. Park et 

al. [109] studied the effect of different conditioner geometry on pad roughness σs. The 

roughness of a pad conditioned with two different conditioner geometry was measured to  

 

 

 

 

 

 

 

 

Reference Es (MPa) σs (µm) Rs (µm) ηs (1/µm
2
) 

Yu et al. [132] - 25 30 1.2x10
-3 

Stein et al. [100] - 20-29 - - 

Shan et al. [11] 12 5 100 4x10
-4 

Castillo-Mejia et al. [97] 280 - 372 - - - 

Shan [133] - 5 50 2x10
-4 

Levert et al. [9] 40 - - - 

Baker [Baker 96] 29 - - - 

Lin et al. [71] - 15 50 4.3x10
-5

 

Kim et al. [131] 3 - - - 

Steigerwald et al. [135] 100 - - - 

Kim [136] 5 - - - 

Bastawros et al. [128] 180 - - - 

Park et al. [109] - 2.96-4.94 - - 

Tso et al. [137] 16    

 

Table 2.2: Measurements for pad parameters in CMP 
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be σs = 2.96 and σs = 4.94 µm, while the roughness of the unconditioned pad was found 

as σs = 3.71 µm.  It is seen that pad roughness varies in the range 3 µm < σs < 29 µm, 

asperity radius 30 µm < Rs < 100 µm and asperity density 4.2х10
-5

/µm
2
 < ηs <          

1.2х10
-3

/µm
2
.  

The effective Hamaker constant Awsp due to the interaction of alumina (Al2O3) with 

different materials in nitrogen (N2) and water (H2O) was reported by Cooper et al. [138]. 

The values for Hamaker constant listed in Table 2.3 show that the effective Hamaker 

constant Awsp in water is significantly lower than that in nitrogen. The effective Hamaker 

constant in water varied in the range 1.3х10
-20

 J < Awsp < 6.6х10
-20

 J while the range of 

Hamaker constant in nitrogen was 9.7х10
-20

 J < Awsp < 22.6х10
-20

 J.  Cooper et al. [138] 

showed that the roughness of particles influence the van der Waals forces between wafer 

and particles significantly. This is attributed to the effect of low Hamaker constant of 

water, A = 4.38х10
-20

 J [139]. Furthermore, Eichenlaub et al. [140] measured the 

Hamaker constant of copper (Cu) and silica (SiO2) as listed in Table 2.4.  

 

 

 

 

 

 

System Awsp (x10
-20

 J) 

Cu / N2 / Al2O3 21.7 

SiO2 / N2 / Al2O3 9.7 

W / N2 / Al2O3 22.6 

Cu / H2O / Al2O3 6.2 

SiO2 / H2O / Al2O3 1.3 

W / H2O / Al2O3 6.6 

 

Table 2.3: Hamaker constant of alumina (Al2O3) with different materials 

in water and nitrogen [138]. 
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CHAPTER 3 

 

THEORY BACKGROUND 

 

3.1 Contact Mechanics 

3.1.1 Hertz contact  

The first satisfactory study of stresses due to the contact of two elastic spheres was 

developed by Hertz [1]. The Hertz theory is still widely used in contact mechanics for 

analysis of contact between two spheres. Hertz contact considers that the contact area is 

elliptical and the deformation of surfaces can be determined by considering the 

underlying solids as elastic half-spaces [2]. The contact radius is assumed to be small as 

compared to the radius of curvature of contacting solids. Material behavior is considered 

to remain elastic, i.e. the displacements are small. Only the normal pressure is assumed to 

be transmitted between surfaces, thus considering the contact interface to be frictionless.  

It is shown that the displacement field within the contact zone of two contacting spheres 

is due to the contact pressure distribution, ( )
s

cp r  in the form [2], 
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( )

1/ 2
2

1s s

c o

s

r
p r p

a

  
 = −  
   

                                       (3.1) 

where s

op  is the maximum contact pressure at the center of contact, r is the radial location 

and sa  is the radius of the circular contact area. 

The contact of two elastic spheres with radii Rs1 and Rs2, elastic moduli Es1 and Es2 and 

Poisson’s ratios νs1 and νs2 can be reduced to the contact of one rigid flat surface and one 

elastic sphere (Fig. 3.1) with equivalent elastic modulus Es and radius Rs as [3], 
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The contact radius as, penetration at the center of contact s

oδ  and maximum contact 

pressure s

op  for the contact of a sphere with a rigid surface is given by Hertz contact as a 

function of contact force s

cf  as [3], 
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                                                   (3.6) 

3.1.2 Greenwood and Williamson multi-asperity model 

When two surfaces are brought into contact, the real contact area is only a fraction of the 

apparent contact area due to the roughness of surfaces. Initially, contact occurs at the tip 

of the tallest asperities. As the load is increased, not only the deformation of asperities 

increases but also number of asperities in contact becomes larger and as a result, contact 

spreads to a larger area.  

One of the common solution methods to approach this problem is the utilization of the 

statistics of surface topography. Multi-asperity models such as Greenwood and 

Williamson [4] fall into this group. Numerical methods, such as the finite element model, 

can be used to model the contact of rough surfaces [5]. However due to the requirements 

for large number of elements, a few asperities can be modeled within a reasonable 

Rs1 

Rs2 

Es1 and νs1 

Es2 and νs2 

Rs 

Es  

rigid 

2as 

s

oδ  

Fig. 3.1: The contact of two elastic spheres can be reduced to the contact of one elastic 

sphere and one rigid flat surface. 

a) Contact of two elastic spheres b) Contact of one elastic sphere and 

one rigid flat surface 
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computation time. Although numerical models are more accurate in the sense that the 

interactions between the asperities are also included in the models, the requirements for 

large memory and computation time limit their usage. 

By far, the most widely used statistical model developed for the contact of two rough 

nominally flat surfaces is the classical model by Greenwood and Williamson (GW) [4]. 

In the GW multi asperity model, it is assumed that the height of asperity summits of both 

surfaces can be described statistically. Asperity summits are assumed to be spherical with 

a radius Rs. The height of asperities zs, measured from a reference plane, varies according 

to a probability density function (PDF) ( )s szΦ . The contact of two elastic rough surfaces 

can be reduced to the contact of an elastic rough and rigid smooth surface (Fig. 3.2) by 

using the equivalent standard deviation (SD) of surface roughness σs and elastic modulus 

Es. The equivalent elastic modulus Es is given in Eqn (3.2). The equivalent SD of surface 

roughness σs can be expressed as a function of the SD of surface roughness of contacting 

surfaces (σs1 and σs2) as follows [4], 

2 2 2

1 2s s sσ σ σ= +                                                     (3.7) 

The number of asperity summits ns per unit area in contact can be found by computing 

the probability of asperity summits with a height zs greater than the separation dsep, 

between the surfaces, zs > dsep as follows,   

( )
sep

s s s s s

d

n z dzη

∞

= Φ∫                                              (3.8) 
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where ηs is the total number of summits per unit area (asperity summit density). In the 

GW model, the Hertz contact is used for describing the behavior of each asperity contact. 

Thus, the contact area of each asperity, 
ir

A , can be expressed for a given penetration 

depth at the center of contact 
i i

o

s s sepz dδ = −  as, 

i i

o

r s sA Rπ δ=                                                      (3.9) 

The real contact area Ar is determined as a fraction of apparent contact area by integrating 

the real contact area of each asperity summit
ir

A for all asperity summits in contact using, 

 ( ) ( )
sep

r s s s sep s s s

d

A R z d z dzπη

∞

= − Φ∫                                (3.10) 

Hertz elastic contact gives the force on each asperity 
i

s

cf  for a given penetration depth 
i

o

sδ  

as, 

dsep 

Es1, νs1 , σs1 

Es2, νs2 , σs2 

dsep 

Fig. 3.2: The contact of two rough surfaces may be simplified by using equivalent 

surface and material properties that are obtained by combining the properties of 

individual surfaces. 

Es, σs 

zs1 

zs2 
zs 
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3/ 21/ 24

3i i

s o

c s s sf E R δ=                                              (3.11) 

The nominal pressure po can be found by summation of the contact force on each 

asperity
i

s

cf for the contacting asperities as, 

( ) ( )
3/ 21/ 24

3
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o s s s s sep s s s

d

p E R z d z dzη

∞

= − Φ∫                         (3.12) 

Gaussian distribution 

The asperity summit height zs of a random rough surface can be described by a Gaussian 

probability density function (PDF) ( )s szΦ  in the form,  

( )
2

221
( )
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m
s s

s

z z
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z e
σ

σ π

−

−

Φ =                                     (3.13)          

where σs is standard deviation of surface roughness and m

sz  is the mean height of asperity 

summits. The contact behavior of a random rough surface can be obtained by using Eqn 

(3.13) for the PDF of asperity summit heights in Eqns (3.8), (3.10) and (3.12). 

Exponential distribution 

The exponential distribution can also be used to approximate the tail end of the Gaussian 

distribution of the summit heights [4],  

( ) ( )exps s s s sz zλ λΦ = −                                        (3.14) 
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where the parameter λs is given by λs = 2 / σs which gives an agreement with Gaussian 

distribution at zs / σs = 1.12. In Fig. 3.3, the PDFs based on Gaussian and exponential 

distributions are compared. It is seen that exponential distribution gives a reasonable 

approximation for Gaussian distribution for the range zs > σs. Substituting Eqn (3.14) for 

PDF of asperity summit heights into Eqns (3.10) and (3.12), the real contact area Ar and 

the nominal pressure po can be found as, 

( ) 1expr s s s s sepA R d Cη π λ λ= −                                   (3.15) 

( )1/ 2

3/ 2

4
exp

3
o s s s s s sepp E R d Cη λ λ= −                            (3.16) 

where C1 and C3/2 are constants. Eqns (3.15) and (3.1) indicate that the real contact area is 
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Fig. 3.3: The comparison of Gaussian and exponential PDF used for describing the 

asperity summit height distribution for a rough surface. The values of PDF for 

Gaussian and exponential distribution is identical when zs = 1.12σs 
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linearly proportional to the nominal pressure, r oA p∝ . Following this relation, the mean 

contact pressure 
m

cp  (= /o rp A ) remains constant with respect to the nominal pressure po. 

The mean contact pressure 
m

cp  is a function of elastic modulus Es, SD of surface 

roughness σs and asperity radius Rs as [3], 

0.39m s
c s

s

p E
R

σ
≈                                              (3.17) 

The mean contact pressure 
m

cp  predicted by the GW multi-asperity model using Gaussian 

and exponential distribution (Eqn (3.17)) is shown in Fig. 3.4 for a unit elastic modulus 

Es = 1, asperity radius Rs = 1. It is seen that the mean contact pressure 
m

cp  predicted by 

Separation distance d
sep

/ σ
s

M
e

a
n

c
o

n
ta

c
t

p
re

s
s
u

re
,
p

cm

-3 -2 -1 0 1 2 3
0

0.2

0.4

0.6

0.8

Gaussian

Exponential

 

Fig. 3.4: The mean contact pressure 
m

cp  predicted by GW multi-asperity model using 

Gaussian and exponential PDF for asperity summit height zs for a unit elastic modulus 

Es = 1, asperity radius Rs = 1. 
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using Gaussian distribution is lower than exponential distribution when separation 

distance dsep is large, dsep > 0.9σs while Gaussian distribution gives higher 
m

cp  for dsep < 

0.9σs. The mean contact pressure 
m

cp  calculated by using exponential distribution (Eqn 

(3.17)) is within 20% of 
m

cp  determined by Gaussian distribution when separation 

distance is in the range, -0.3σs < dsep < 2.2σs.  

Weibull distribution 

The Gaussian distribution is a symmetrical PDF. Therefore the skewness of the summit 

heights’ cannot be simulated by using the Gaussian distribution, but it can be taken into 

account by using the Weibull distribution [6,7]. The Weibull distribution, which can be 

used to duplicate the characteristics of a range of other PDF distributions is given as 

follows [7], 

( ) ( )
1ˆ

ˆ ˆexp /s
s s sw

z
z z

ω
ωω

η
η

−

Φ = −                               (3.18) 

where ω and η are the shape and scale parameters, respectively. The mean 
m

sz  and 

standard deviation sσ  of a variable with Weibull distribution are given as follows, 

1
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sz Bη=                                                     (3.19) 
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where Bn can be found using gamma function Γ as 1n

n
B

ω

 
= Γ + 

 
.                                                

The skewness Ss and kurtosis Ks of the Weibull distribution are found as, 
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The Weibull distribution variable is shifted as ˆ m

s s sz z z= −  so that 0sz =  corresponds to 

the mean of asperity summit heights. The following form of Weibull distribution, where 

the distribution can be described by only one parameter ω is used [8], 

( )

1

exps s
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z z
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ω ω
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                                (3.23) 

where 

( )
1/ 2

2

2 1C B B= −                                                  (3.24) 

Note that skewness Ss and kurtosis Ks are related to each other and are also a function of 

shape parameter, ω. The shape parameter ω and kurtosis Ks are calculated for a given 

skewness Ss by using Eqns (3.20)-(3.22). The PDF for Gaussian and Weibull 

distributions are plotted in Fig. 3.5. It is seen that the skewness, Ss = -1 in Weibull 

distribution shifts the peak to a positive value, zs > 0, while causing the tail to become 

longer on the negative side, zs < 0 of the distribution (Fig. 3.5a). The skewness Ss = 1 has 
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an opposite effect to Ss = -1. Note that the practical values for skewness are in the range, -

1 < Ss < 1 [9] and Ss = 0 can be used to approximate Gaussian distribution (Fig. 3.5b). 

It is shown in Fig. 3.6 that the skewness Ss in Weibull distribution influences the relation 

between nominal pressure po and real contact area Ar, which is obtained by substituting 

the Weibull distribution given by Eqn  (3.23) into Eqns (3.10) and (3.12). Since the intent 

of the calculations is to demonstrate the difference in the variation of real contact area Ar 

with respect to nominal pressure po for different distributions, a unit elastic modulus Es = 

1, asperity radius Rs = 1 and asperity density ηs = 1 are utilized. In the case of the Weibull 

distribution with skewness Ss = -1, the real contact area Ar becomes larger than that of 

Gaussian distribution for a given nominal pressure po. This stems from the fact that the 

tail of Weibull distribution with Ss = -1 on the positive side representing tall asperities is 

shorter. The number of tall asperities is smaller; as a result nominal pressure po is 

distributed more evenly on asperities causing real contact area Ar to increase. The 
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Fig. 3.5: The comparison of Gaussian and Weibull PDF with a) skewness Ss = 1 and Ss = -1 

and b) Ss = 0 for describing the asperity summit height distribution for a rough surface.  
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existence of tall asperities for Weibull distribution with skewness Ss = 1 results in an 

opposite effect, thus decreasing the real contact area Ar for a given nominal pressure po as 

compared to Gaussian distribution. 

3.1.3 Contact of rough spheres (Greenwood and Tripp model) 

Greenwood and Tripp (GT) [10] studied the contact of a rough sphere with a flat surface 

by using GW multi-asperity model for determining rough contact behavior and elasticity 

theory for calculating the deformation of elastic surface. The bulk deformation of sphere 

( )bw r  was calculated based on the contact pressure due to the local contact of asperities 

(Fig. 3.7). The contact region was divided into infinitesimally small contact segments, 

where the contact pressure at each segment due to the micro-contact of asperities, ( )cp r  
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Fig. 3.6: The mean contact pressure 
m

cp  predicted by GW multi-asperity model using 

Gaussian and Weibull PDF for asperity summit height zs for a unit elastic modulus Es 

= 1, asperity radius Rs = 1 and asperity density ηs = 1. 
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was obtained from GW multi-asperity model [4]. Furthermore both asperities and bulk 

sphere were assumed to deform elastically. 

The local separation distance at each contact point, u(r) can be expressed as,  

( ) ( ) ( )
2

0
2

o b b

s

r
u r u w r w

R
= + + −                                        (3.25) 

where Rs is the bulk radius of sphere and uo is the separation distance at the center of 

contact, r = 0. The contact pressure for each contact segment ( )cp r is found by replacing 

the separation distance dsep in Eqn (3.12) by the local separation distance u(r) given by 

Eqn (3.25). 

The surface displacements for each contact segment are found by considering an elastic 

half space loaded with axisymmetric normal traction, where the normal traction is due to 

the rough contact. The solution to this problem can be derived from the Boussinesq 

solution for a concentrated load on an elastic half space [10] as,   

zs 

Rs 

r 

Fig. 3.7: The contact of a sphere and a rough flat surface 

dr 
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( ) ( ) ( )
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4 sa
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s
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w r p t K k dt

E t rπ
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+
∫                                    (3.26) 

where ( )K k  is an elliptic integral with modulus, 
( )

( )

1/ 2
2 rt

k
r t

=
+

 and as is the contact 

radius. 

The displacement of each contact segment interacts with other contact segments via the 

bulk deformation. The contact pressure distribution pc(r) is iteratively solved using Eqns 

(3.25) and (3.26) until the equilibrium of local contact pressure and the resultant local 

deformation is established.  

GT evaluated the effect of surface roughness on the contact behavior of a sphere by 

comparing the results of the model described above with Hertz contact, which is valid for 

smooth surfaces [10]. The effect of roughness on the contact pressure distribution was 

found to be small at large loads, while a significant difference was observed at small 

loads. The GT model found that the effect of roughness is to spread the contact to a larger 

area while lowering the maximum contact pressure.  

3.2 Surface Forces 

Surface forces play an important role for the contact of a spherical particle and a flat 

surface when the size of particle is small. Two different types of surface forces are 

considered, van der Waals and double layer forces. The calculation of van der Waals and 

double layer forces are explained in Section 3.2.1 and 3.2.2, respectively. 
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3.2.1 Van der Waals force 

Lennard-Jones Potential 

The Lennard-Jones potential gives the interaction force between two surfaces, separated 

by a distance do. The interaction force consists of the attractive van der Waals force (long 

range) and the Born repulsion force (short range) [11]. The attractive and repulsive forces 

are in equilibrium when the distance between surfaces is equal to the equilibrium distance 

do i.e. d = do. The potential energy between two surfaces, U varies as a function of the 

separation distance d [11] as, 

2 8

2

1
( )

12 4

o o

o

d dA
U d

d d dπ

    
= −    

     
                                        (3.27) 

where A is the Hamaker constant. The force per unit area, σc between two surfaces due to 

this interaction can be expressed as, 

3 9

3
( )

6

o o
c

o

d dA
d

d d d
σ

π

    
= −    

     
                                       (3.28) 

The potential energy (U) and the interaction force per unit area (σc) are plotted in Fig. 3.8. 

The van der Waals force for the contact of two rigid spheres with radius r1 and r2, can be 

found by using [11], 

2vdw eq af r Wπ=                                                      (3.29) 
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where req is the equivalent radius and Wa is the work of adhesion. The equivalent radius, 

req can be calculated from the radius of contacting spheres, r1 and r2 using Eqn (3.3). 

The work of adhesion, Wa is defined as the energy required to separate a unit area of the 

interface between two materials. The work of adhesion can be determined as a function 

of the surface energies of contacting surfaces, γ1 and γ2, and the interface energy γ12 [11] 

as follows,  

1 2 12aW γ γ γ= + −                                                     (3.30) 

The work of adhesion Wa can be found from the Hamaker constant, A and equilibrium 

distance do as follows,      

2
12

a

o

A
W

dπ
=                                                        (3.31) 

Fig. 3.8: Lennard-Jones potential and resultant force between two surfaces. 
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The effective Hamaker constant A12 between two different materials (1 and 2) can be 

calculated from the individual values, A11 and A22 [12] as follows,  

( )
1/ 2

12 11 22A A A≈                                                 (3.32) 

The effective Hamaker constant A132 between two different materials (1 and 2) in a third 

medium (3) can be determined using the Hamaker constant of the third medium A33 [12] 

as follows,  

1/ 2 1/ 2 1/ 2 1/ 2

132 11 33 22 33( )( )A A A A A= − −                                   (3.33) 

Maugis-Pollock Model 

Maugis-Pollock model describes the van der Waals interaction between a rigid sphere 

and a flat surface [13] which deforms in a fully-plastic manner. The contact pressure at 

the interface is taken to be equal to the hardness Hw. The contact force fw is then found as 

follows, 

 
2

w w wf a Hπ=                                                     (3.34) 

where aw is the radius of the contact zone. The external load fp and the van der Waals 

force fvdw are balanced by the contact pressure Hw at the interface as, 

 
2

p vdw w wf f a Hπ+ =                                                 (3.35) 
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where van der Waals force fvdw is given by Eqn (3.29). The contact radius aw can be 

obtained as a function of the external load fp in the presence of van der Waals force fvdw 

using Eqn (3.35). 

3.2.2 Electrical double layer force 

Origin of double layer forces 

Electrical double layer (dl) forces play an important role for the stability of colloidal 

systems. A complete analysis of dl forces and DLVO (Derjaguin, Landau, Verwey and 

Overbeek) theory, which forms the foundation of colloidal science, can be found in many 

textbooks [14-16]. Double layer force originates from the charging of particles immersed 

in a liquid. When an uncharged particle is placed in a liquid, the particle acquires surface 

charge (Fig. 3.9). The surface charge of the particle creates an electrostatic field and 

affects ions in bulk liquid. The electric field around the charged particle attracts the ions 

of opposite sign (counter-ions) and repels the ions of same sign (co-ions). As a result, a 

layer of counter-charge is created in the liquid due to the electrostatic field and the 

thermal motion of the ions. Some of the counter-ions are collected near the charged 

surface of the particle. This layer of strongly bound ions is called the Stern layer. The 

remaining counter-ions are located in the outer layer, which is called the diffuse layer. 

The ions in the diffuse layer are distributed according to Boltzmann distribution [14]. The 

combined Stern and diffuse layers constitute the electrical double layer. 

Due to the distribution of ions in Stern and diffuse layers, the electrical potential ψ varies 

as a function of distance from the particle according to the Gouy-Chapman theory. A 
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typical variation of electrical potential is shown in Fig. 3.9. This potential can be 

calculated by the Poisson-Boltzmann equation using [14],  

( )
/2 / iz e kT

o i i

i

e z n e
ψ

ψ εε
−

∞
∆ = − ∑                                (3.36) 

where e is electrical charge, ε is dielectric constant of medium, εo is dielectric permittivity 

of vacuum, zi is valence number, k is the Boltzmann constant, T is temperature and ni∞ is 

concentration of ions far away from the surface. Note that the electrical potential at the 

surface of particle is called as Nernst potential while zeta potential Ψ is the electrical 

potential just outside the Stern layer.  
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Fig. 3.9: Electrical double layer structure around a negatively charged particle. 
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It is assumed that the surface potential ψ is small such that / 1iz e kTψ < , the Poisson-

Boltzmann equation can be linearized by expanding the exponentials in Eqn (3.36) as a 

power series, 

2 2
ψ κ ψ∇ =                                                   (3.37) 

where κ is the Debye-Huckel reciprocal length parameter, κ, which can be expressed as, 

( )
22 2

/ o i i

i

e kT z nκ εε
∞

= ∑                                    (3.38) 

The thickness of diffuse electric double layer is equal to the Debye length, which is the 

reciprocal of κ. The concentration of ions ni∞ can be calculated by using the molar 

concentration of the electrolyte Mi as follows, 

1000i a in N M
∞

=                                            (3.39) 

where Na is the Avogadro’s number (6.02х10
23

) and Mi (mol/liter) is the molar 

concentration of the electrolyte in the liquid. 

Calculation of double layer forces 

As two charged particles approach each other, the diffuse layers of the particles start to 

overlap [14]. The electrical potential between particles is determined as a combined 

effect of electrical potential around each particle, which is given by Eqn (3.37). The 

double layer force resulting from this interaction starts to become significant when the 

separation distance between surfaces is less than the Debye screening length 1/κ. 
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Different assumptions are used to derive the double layer force between two charged 

particles. Two of the most widely used assumptions; constant potential and constant 

charge at the surface of particles are considered to be representative of two limiting 

conditions. The surface charge and surface potential of particles is assumed to remain 

constant as the particles approach in the constant charge and constant potential 

assumptions, respectively [14]. 

Hogg-Healy-Fuerstenau (HHF) equations for constant potential (HHF-CP) [17] and 

constant charge (HHF-CC) [18,19] assumptions are derived based on the linearized 

Poisson-Boltzmann equation. Therefore the accuracy of HHF equations depend on the 

zeta potential of surfaces since the linearization of the Poisson-Boltzmann equation leads 

to the over-estimation of double layer forces when the zeta potential is high (>50-60 mV) 

[16]. 

The interaction energy W between two flat surfaces can be found based on the constant 

potential assumption (HHF-CP) [17] as, 

( ) ( )2 2 1 2
1 2 2 2 2

1 2

2

1

o

o

o

d
d

o o r d

e
W d e

e

κ

κ

κ

κ
ε ε

−

−

−

 Ψ Ψ
= − Ψ + Ψ − 

− Ψ + Ψ 
             (3.40) 

The interaction force fdl between two spherical particles with radii r1 and r2 for HHF-CP 

can be found by assuming that the interaction energy W between two flat surfaces (Eqn 

(3.40)) is applicable. This assumption is known as the Derjaguin approximation and it 

leads to [16], 
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( ) ( )2 21 2 1 2
1 2 2 2 2

1 2 1 2

2
2

1

o

o

o

d
d

dl o o r d

r r e
f d e

r r e

κ

κ

κ

κ
πε ε

−

−

−

 Ψ Ψ
= − Ψ + Ψ − 

+ − Ψ + Ψ 
        (3.41) 

The interaction force fdl between two spherical particles under the constant surface charge 

assumption (HHF-CC) [18,19] is given as, 

( ) ( )2 21 2 1 2
1 2 2 2 2

1 2 1 2

2
2

1

o

o

o

d
d

dl o o r d

r r e
f d e

r r e

κ

κ

κ

κ
πε ε

−

−

−

 Ψ Ψ
= − Ψ + Ψ + 

+ − Ψ + Ψ 
        (3.42) 

As the separation distance do between two particles decreases, the surface charge of 

particles becomes smaller if the surface potential is considered to be constant or the 

surface potential becomes larger if the surface charge is constant. Under the constant 

charge assumption (HHF-CC), the surface potential of particles could become very high, 

violating small surface potential assumption of the linearized Poisson-Boltzmann 

equation [20]. This causes significant errors in the calculation of double layer forces at 

small separation distance when HFF equations are used. Gregory [20] used a different 

approach to find an expression for the double layer force which is considered to be valid 

at small separation. Based on the compression approximation (CA), the entire charge in 

the diffuse layer of particles is considered to be compressed in the area between particles 

as two surfaces approach. This leads to the following relationship based on CA, which 

can be used to calculate the double layer force between two spherical particles [20] as, 

( )
( )

( )21 2

1 2

coth / 24
2 ln ln cosh sinh

1

o

dl o o o o

B y dn kT r r
f d y y d B d d

r r y

κπ
κ κ κ

κ

−∞
 + −

= − + + +  
+ +   

 (3.43) 
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where 1 2y y y= + , /y ze kTψ=  and ( )
1/ 2

2 21 csc / 2oB y h dκ = +  .     

Eqn (3.43) is considered to be valid at high potentials (~ 50 mV) and small separation 

distance between the particles for constant charge assumption. Eqn (3.43) does not give 

good results when the charge of particles are opposite in sign but equal in magnitude. In 

this condition, Eqn (3.42) can be used for HHF-CC [21]. 

The linear superposition approximation (LSA) [22] assumes neither constant surface 

potential nor surface charge assumption, which are the two extreme approaches. 

According to the LSA, the potential between particles is determined by superposition of 

the potential of each particle, whereas the potential in the vicinity of each particle is due 

to the potential of that particle. The interaction force based on LSA is given [22] as, 

( ) 1 2 1 2

1 2

128
od

dl o

n kT r r
f d e

r r

κπ γ γ

κ

−∞
−

=
+

                               (3.44) 

where ( )tanh / 4ze kTγ = Ψ . Note that Eqn (3.44) is valid only for symmetric electrolytes
*
 

(z : z) and is applicable for high surface potentials. 

Note that a minus “-” sign is introduced in Eqns (3.41) – (3.44) so that double layer force 

becomes negative fdl < 0 when the interaction is repulsive while fdl > 0 for attractive 

interaction. The deviation between different approaches used to calculate double layer 

force (HFF-CP, HHF-CC, CA, LSA) becomes more pronounced if the separation 

distance do between particles is small. HHF-CC and CA equation is experimentally found 

                                                 

*
 An electrolyte is symmetric if all the cations (z+) and anions (z-) have the same valency, z+ = -z-. 
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to be more accurate at small separation distance as compared to HHF-CP or LSA 

equations [15,21]. The limitation of HHF-CP and HHF-CC equations is that linearized 

Poisson-Boltzmann equation is utilized in the derivation of these equations, therefore the 

error becomes significant when surface potentials are high. In this case, the CA equation 

gives more reliable results as it is based on the non-linear Poisson-Boltzmann equation 

[20].  

In Fig. 3.10, double layer force fdl between a rigid flat surface (r1 � ∞) and a rigid 

spherical particle with radius r2 = rp, is plotted  as a function of separation distance do 

using different equations based on the constant potential (HHF-CP), constant charge 

(HHF-CC), compression (CA) and linear superposition (LSA) assumptions. The 

separation distance is varied between 0.4 nm < do < 5 nm, where do = 0.4 nm is a typical 

separation distance between two atomically smooth surfaces. The separation distance 

effectively increases as the surfaces become rough. The zeta potential of surfaces is taken 

to be Ψ1,2 = 50 mV, 50 mV for two surfaces with same charge, Ψ1,2 = 50 mV, 0 mV for 

one charged and one neutral surface and Ψ1,2 = 50 mV, -50 mV for two oppositely 

charged surfaces. The other parameters used in the calculations are listed in Table 3.1. It 

is seen that different assumptions give similar double layer force fdl at large separation 

distance do while significant difference is seen for both the magnitude and the sign (fdl < 0 

for repulsive or fdl > 0 attractive) of double layer force at small do. All the assumptions 

predict the double layer force fdl to be repulsive when the charge of surfaces is the same 

(Fig. 3.10a). In this case, the double layer force fdl predicted calculated by HHF-CP is the 

smallest whereas HHF-CC gives the largest fdl. Fig. 3.10b indicates that the double layer 

force fdl is determined to be repulsive, fdl < 0 when HHF-CC assumption is used while the 
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double layer force is predicted to be attractive, fdl > 0 for HHF-CP assumption. The 

magnitude of the double layer force fdl is found to be much smaller for CA and LSA 

assumptions as compared to HHF-CP and HHF-CC assumptions. For the oppositely 

charged surfaces with the same zeta potential (Fig. 3.10c), CA predicts the double layer 
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 c) Ψ1,2 = 50 mV, -50 mV 

Fig. 3.10: The comparison of double layer force fdl / rp calculated based on constant 

potential (HHF-CP), constant charge (HHF-CC), compression (CA), and linear 

superposition (LSA) assumptions. Note that fdl < 0 indicates repulsion. 
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force fdl = 0. Equations for HHF-CP, HHF-CC and LSA assumptions give attractive 

double layer force fdl > 0 in this case. 

In this work, the double layer force due to the interactions between two contacting 

surfaces (wafer and abrasive particle) is considered. Due to the experiments [14,15,21] 

showing double layer force calculated by HHF-CC and CA to be in better agreement with 

the measured values when the separation distance is small, HHF-CC and CA assumptions 

are used in the following Chapter 5. 

3.3 Hyperelastic Material Behavior 

The majority of polishing pads used in CMP are made of polymeric materials [23], which 

exhibit hyperelastic material behavior. The hyperelastic material models for describing 

the mechanical behavior of polymeric materials are introduced in this section. 

Parameter Value 

Electron charge (e) 1.6х10
-19

 C 

Avagadro’s number (Na) 6.02х10
23 

Dielectric constant of water (εr) 78.4 

Permittivity of vacuum (εo) 8.85х10
-12

 C
2
N

-1
m

-2 

Temperature (T) 298 K
 

Boltzmann constant (k) 1.38х10
-23

  

Valence (z)  1  

Molar concentration (M)  0.01 mol / liter  

 

Table 3.1: Parameters used for the calculation of double layer forces. 
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3.3.1 Basic definitions 

The basic definitions of finite strain elasticity related to the hyperelastic material models 

are summarized in this section [24]. Deformation gradient, F is used to quantify the 

change in the element from reference (X) to deformed (x) configuration, 

x
dx dX FdX

X

∂
= =

∂
                                       (3.45) 

In order to separate stretch and rotation components of a line element, the deformation 

gradient tensor, F can be decomposed into one positive symmetric tensor (U) and one 

orthogonal tensor (R) by right decomposition as, 

F RU=                                                    (3.46) 

where R  is the rotation tensor and U  is the right stretch tensor. The right Cauchy-Green 

strain tensor C, which is a popular measure for strain in finite strain elasticity, can be 

obtained from the right stretch tensor U as, 

2T
C F F U= =                                                 (3.47) 

The invariants Ii of the right Cauchy-Green strain tensor C can be expressed as a function 

of the stretch ratio, λi as, 

2 2 2

1 1 2 3I λ λ λ= + +                                              (3.48a) 

2 2 2 2 2 2

2 1 2 2 3 1 3I λ λ λ λ λ λ= + +                                      (3.48b) 
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2 2 2 2

3 1 2 3I J λ λ λ= =                                             (3.48c) 

where the stretch ratio, λ is defined using the initial (dL) and final length (dl) of the line 

element as, 

i
i

i

dl

dL
λ =                                                    (3.49) 

Note that the square root of the third invariant 3J I=  is the ratio of the deformed 

volume over the reference volume. For an incompressible material, I3 = 1. 

3.3.2 Hyperelastic models 

The mechanical behavior of a polymeric material can be characterized by using 

hyperelastic material models. The underlying principle of a hyperelastic material model is 

the conservation of the energy as the work done by inducing stresses in a material is 

considered to be converted to elastic strain energy. A material is considered to be 

hyperelastic if there is a strain-energy potential function W, which is a scalar function of 

one of the strain or deformation tensors [25].  

If a material is isotropic, strain-energy potential function W is a function of the invariants 

(Ii) of right Cauchy-Green strain tensor C, ( )1 2 3, ,W W I I I= . For an incompressible 

material I3 = 1, and as a result, the strain energy potential is a function of the first two 

invariants, 1 2( , )W W I I= . The constitutive equation relating Cauchy (true) stress σ to the 

right Cauchy-Green strain tensor C for an incompressible and isotropic material reduces 

to [26], 
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1

1 2

2 2ij ij ij ij

W W
p C C

I I
σ δ

−∂ ∂
= − + −

∂ ∂
                                     (3.50) 

where p is the hydrostatic pressure and δij is the Kronecker delta.  

Hyperelastic material models such as Neo-Hookean, Mooney-Rivlin, Ogen and Arruya-

Boyce are constructed based on different forms of the strain energy potential function, W 

[25]. The appropriate form of the strain energy potential function, W is selected based on 

the material behavior observed in experiments.  

3.3.3 Mooney-Rivlin hyperelastic model 

The strain energy potential, W for an incompressible Mooney-Rivlin material is in the 

form [26], 

( ) ( )1 2

,

3 3W A I I
α β

αβ

α β

= − −∑                                         (3.51) 

where Aαβ are the Mooney-Rivlin constants. The strain energy potential, W reduces to the 

following form for a two-parameter Mooney-Rivlin model as, 

( ) ( )10 1 01 23 3W a I a I= − + −                                         (3.52) 

where a10 and a01 are material constants. Eqn (3.52) for the strain energy potential W can 

be substituted in the constitutive equation to find Cauchy stress σ as a function of the 

right Cauchy-Green strain tensor C as follows, 

1

10 012 2ij ij ij ijp a C a Cσ δ
−

= − + −                                        (3.53) 
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In order to evaluate the non-linearity introduced by a two-parameter Mooney-Rivlin 

model, the stress-strain behavior of a material subjected to a uniaxial tension is 

considered. Selecting the coordinate system to coincide with the principal loading 

direction, the right Cauchy-Green strain tensor C can be expressed as a function of stretch 

λ as follows [26], 

[ ]

2

1

2

2

2

3

0 0

0 0

0 0

C

λ

λ

λ

 
 

=  
 
 

                                                   (3.54) 

where stretch λ is related to engineering strain ε as, 1i iλ ε= + . If we assume λ1 as the 

stretch in the loading direction, the stretch in other directions can be determined as, λ2 = 

λ3 = 
1/ 2

1λ
−

 considering the incompressibility of the material, 1 2 3 1λ λ λ = . Using Eqn (3.54) 

for the components of right Cauchy-Green strain tensor C and the stretch λ2 = 
1/ 2

1λ
−

, Eqn 

(3.53) can be used to calculate the Cauchy stress components σ11 and σ22 as, 

22

11 10 1 01 12 2p a aσ λ λ
−

= − + −                                            (3.55a) 

1

22 10 1 01 12 2 0p a aσ λ λ
−

= − + − =                                       (3.55b) 

Note that σ22 = 0 in Eqn (3.55b) since the material is loaded in 1-direction only. The 

hydrostatic pressure determined in Eqn (3.55b) can be substituted in Eqn (3.55a) to 

obtain; 

 ( ) ( )
1 22

11 10 1 1 01 1 12 a aσ λ λ λ λ
− − = − + −

 
                                (3.56) 

Note that the Mooney-Rivlin stress-strain variation is linear with a slope Es = 6(a10 + a01) 

at small strains [26]. Fig. 3.11 shows the effect of Mooney-Rivlin parameters (a10 and 



 98 

a01) on stress-strain behavior. It is seen that the linear elastic material behavior agrees 

well with the Mooney-Rivlin model at small strains. As strain becomes larger, εeq > 0.5, 

stress predicted by the Mooney-Rivlin model increases non-linearly deviating from the 

linear elastic behavior. The rate of increase of stress σeq with strain εeq seems to become 

greater when the second Mooney-Rivlin constant a01 gets larger. The deviation of the 

Mooney-Rivlin material model from linear elastic material behavior increases with larger 

second Mooney-Rivlin constant a01. In this work, two-parameter Mooney-Rivlin model 

with constants a10 = 0.5 and a10 = 0.5 is used in the models presented in Chapter 4. This 

material model gives 10% higher stress σeq as compared to linear elastic material 

behavior for strain εeq ≈  0.45 and the difference increases to 60% when strain becomes as 

large as εeq ≈  2. 
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Fig. 3.11: The comparison of stress-strain behavior of two-parameter Mooney-Rivlin 

hyperelastic model and linear elastic material model. The elastic modulus for linear elastic 

material is taken to be ( )10 016sE a a= + . 



 99 

3.4 Mechanical Behavior of Porous Materials 

The majority of CMP pads are porous materials [23]. Therefore it is important to 

understand the mechanical behavior of porous materials to characterize the mechanical 

response of a CMP pad. The mechanical behavior of a porous material (foam) depends on 

whether its cells are open or closed [27]. The cells are interconnected in an open-cell 

foam, whereas each cell is surrounded by a membrane-like structure and sealed off in a 

closed-cell foam. Both open and closed-cell foam structures are utilized for CMP pads 

[23].  

The mechanical response of a foam to compression consists of three regimes based on the 

deformation of the cells [27]. Fig. 3.12 illustrates a typical stress-strain curve of a foam in 

compression. At small loads, foam behaves like an elastic material. This behavior is 

controlled by cell wall bending. The elastic modulus of an open-cell foam Ep can be 

estimated by using the relative density of foam ρpo / ρso and the elastic modulus of solid 

material Es [27] as, 

2

p po

s so

E

E

ρ

ρ

 
≈  
 

                                                  (3.57) 

In a closed-cell foam, the bending of cell edges causes cell faces to stretch. The fraction 

of solid material contained in cell edges, φ  determines the relative effect of cell wall 

bending and cell face stretching on elastic modulus. Furthermore, compression of the 

fluid in cells may play an important role for the closed-cell foams. Considering these 

three effects, the elastic modulus Ep of a closed-cell foam [27] can be expressed as, 
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( )
( )

( )

2

2
1 2

1
1 /

o pp po po

s so so s po so

pE

E E

νρ ρ
φ φ

ρ ρ ρ ρ

− 
≈ + − + 

− 
                             (3.58) 

where po is the fluid pressure and νp is the Poisson’s ratio. The fraction of the solid 

contained in cell edges, φ  is found to be varying between 0.6 and 0.8 [27]. Poisson’s 

ratio of 0.3, νp = 0.3 is observed for both open and closed cell foams. 

The cell walls of a foam start to buckle at high compressive stresses. The buckling of cell 

walls causes strain to increase rapidly with larger stress as indicated by the plateau in the 

stress-strain curve since the resistance to applied load is small in this region. The elastic 

stress σe that initiates the buckling of a cell wall can be estimated for open and closed cell 

foams [27] as, 

 

2

0.05
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ρσ

ρ

 
≈  

 
    for open-cell                                  (3.59a) 
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σe 
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Fig. 3.12: Mechanical response of a typical porous material (foam) to compression 

consisting of three regions, elastic, cell wall buckling and densification. 
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( )
2

0.05
po o ae

s so s

p p

E E

ρσ

ρ

− 
≈ + 

 
   for closed-cell                         (3.59b) 

where po is the fluid pressure in the cell and pa is the atmospheric pressure. 

The third (densification) regime shown in the stress-strain curve (Fig. 3.12) of a foam 

starts to operate once the cell walls of the foam collapses plastically and densification 

occurs. The plastic stress, σpl in this regime can be calculated by using the yield strength 

of solid material σys as follows [27], 

3/ 2

0.3
pl po

ys so

σ ρ

σ ρ

 
≈  

 
   for open-cell                                (3.60a) 

( )
( )

3/ 2

0.3 0.4 1
pl po po o a

ys so so ys

p pσ ρ ρ
φ φ

σ ρ ρ σ

− 
≈ + − + 

 
   for closed-cell           (3.60b) 

The porous elastic modulus ratio Es / Ep is calculated using Eqns (3.57) and (3.58) for 

open and closed-cell materials, respectively. The relative density is varied in the range, 

0.4 < ρpo / ρso < 1. The calculations for closed-cell are carried out for a soft (Es = 10 MPa) 

and a hard (Es = 100 MPa) solid material and taking the fraction of solid contained in cell 

edges, φ  = 0.8 and Poisson’s ratio  νp = 0.3. Atmospheric pressure is used for the 

pressure inside the pores of a closed-cell material, po = 0.1 MPa. Fig. 3.13 shows that 

porous elastic modulus ratio is calculated to be 1 < Es / Ep < 6, where Es / Ep = 1 for a 

non-porous pad ρpo / ρso = 1 and Es / Ep = 6 for a porous pad with relative density ρpo / ρso 

= 0.4. Porous elastic modulus Ep of an open-cell foam is found to be smaller than that of 

a closed-cell foam at low relative density, ρpo / ρso < 0.6, while the opposite is true at high 

relative density, ρpo / ρso > 0.6. 
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The pore structure of a typical (IC-1000) CMP pad is illustrated in Fig. 3.14. Fig. 3.14a 

shows the grooves with a width ~200 µm and depth ~250-300 µm. The spacing between 

grooves is ~1-1.2 mm. The diameter of pores as shown in Fig. 3.14b varies in the range 

10-40 µm and the mean diameter is estimated to be ~ 20 µm. Note that IC-1000 has a 

closed-cell structure as demonstrated in Fig. 3.14b. The relative density of a IC-1000 pad 

is ρpo / ρso ≈  0.6 [23], which gives porous elastic modulus ratio of Es / Ep ≈ 2.8 based on 

Fig. 3.13. Note that the ratio of equivalent elastic modulus is used in the contact models 

developed in the subsequent sections. The equivalent elastic modulus is obtained by 

using the elastic modulus and Poisson’s ratio of materials in Eqn (3.2).  The solid pad 

material is typically a polymeric material such as polyurethane exhibiting a nearly-

incompressible material behavior with Poisson’s ratio νs ≈  0.5 [28]. Considering the 

Poisson’s ratio of a porous material νp ≈ 0.3 [27], the ratio of equivalent porous elastic 

modulus ratio can be calculated using Eqn (3.2) as Es / Ep ≈ 3.4 for ρpo / ρso ≈  0.6. 

Fig. 3.13: The variation of porous elastic modulus ratio Es / Ep with relative density ρpo 

/ ρso for open and closed-cell foams calculated using Eqns (3.57) and (3.58). 
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In this work, the effect of pad porosity is reflected on the results of the developed model 

due to its effect on porous elastic modulus ratio since the porous Ep and solid pad elastic 

modulus Es plays a role in different scales of contact as explained in Chapter 4. The 

influence of pad porosity on the variation of material removal rate is investigated by 

varying porous elastic modulus ratio in the range 1 < Es / Ep < 4 in Chapters 6 and 7. 

3.5 Wear Mechanisms 

Adhesive and abrasive wear are the two wear mechanisms considered to take place in 

CMP. The wear equations are introduced for adhesive and abrasive wear next. 

3.5.1 Adhesive wear 

When two surfaces are brought together, there is a tendency of surfaces to adhere due to 

the attractive forces between the surface atoms of the contacting materials. As the 

surfaces are separated and brought together repetitively due to relative motion in normal 

 

 
 

b) IC-1000 pad (high-magnification) 

 

 

 
 

a) IC-1000 pad (low-magnification) 

 

Fig. 3.14: Porous structure of a typical (IC1000) CMP pad. 

100µm 10µm 
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or tangential direction, this attractive force causes material to be removed from the 

original surface causing adhesive wear [29].  

Experimental studies indicate that in adhesive wear, the wear rate is proportional to 

applied load wf  and sliding distance rV  and inversely proportional to hardness wH  of the 

worn material. Based on this observation, a wear rate equation for the volume of material 

worn sp

adRR  by a single particle can be expressed following Archard’s law [29] as,  

sp ad w r
ad w

w

f V
RR k

H
=                                                (3.61) 

where ad

wk  is the adhesive wear constant which depends on different parameters,  e.g. 

contacting materials, surface conditions. Note that superscript “sp” representing the wear 

of a single abrasive particle is used as the equations given in this section will be utilized 

for calculating the wear of a single particle in Section 5.2.  A wide range of values, 10
-7

 < 

ad

wk  < 10
-1

 has been found experimentally for the adhesive wear constant [29]. The wear 

constant of 1х10
-5

 < ad

wk  < 1х10
-2

 is found to be more typical for most of the materials. 

3.5.2 Abrasive wear 

When a hard surface slides over a soft surface, grooves form on the soft surface if the 

load is sufficiently high. Abrasive wear occurs as the material is displaced form the 

grooves in the form of loose wear particles [29]. The removal (wear) rate sp

abRR  is 

proportional to the volume of material swept by the abrasive as sp sp

ab abRR A∝ , where the 

subscript “ab” indicates abrasion and the superscript “sp” indicates single particle. When 

one of the surfaces is a sphere and the other one is flat, the instantaneous abraded area 
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sp

abA  (Fig. 3.15) can be found by assuming that the indentation depth is small as compared 

to particle radius wδ  << rp [30], 

 sp

ab w wA a δ=                                                      (3.62) 

where wa  is the contact radius. This instantaneous abraded area sp

abA  is multiplied by 

relative velocity Vr  to find the total wear rate sp

abRR . Furthermore an abrasive wear 

constant ab

wk  has to be introduced as only a fraction of material displaced by the abrasive 

is actually worn away. Then the abrasive wear relationship becomes, 

sp ab sp

ab w r abRR k V A=                                              (3.63) 

If we assume that the load on the abrasive is sufficiently high to cause fully-plastic 

deformation in the softer material, the elastic deformation of materials can be neglected. 

In this case, contact radius wa  can be expressed in terms of indentation depth wδ  as, 

Fig. 3.15: Abrasive wear mechanism. 

Hw 
wδ   

a

Abrasive 
2rp 

wf  

rV  

wa

 

sp

abA  
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2w w pa rδ=                                                 (3.64) 

Using Eqns (3.62)-(3.64), the abrasive wear rate sp

abRR  can be found as a function of 

indentation depth wδ  as, 

3/ 2
2sp ab

ab w r p wRR k V r δ=                                         (3.65) 

The hardness of softer material is assumed to be the contact pressure acting at the 

interface considering the fully-plastic contact assumption. Since the particle is sliding 

over worn surface, the contact area is only half of the contact area if the particle is 

stationary. The force on particle wf  can be related to contact radius wa  and hardness Hw 

as, 

2

2

w
w w w w p

a
f H H r

π
πδ= =                                       (3.66) 

The abrasive wear rate sp

abRR  can be calculated using force on abrasive wf  given by Eqn 

(3.66) as, 

3/ 2

3/ 23

2sp ab w
ab w r

p w

f
RR k V

r Hπ
=                                           (3.67) 

Abrasive wear is an indentation based wear mechanism, therefore the wear rate for 

abrasive wear increases with contact force on abrasive as 
3/ 2sp

ab wRR f∝  while this relation 

for adhesive wear is sp

ad wRR f∝ . This difference, in the contact force dependence will be 

shown to be an important factor for the variation of material removal rate in Chapters 6 

and 7.  
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The wear constant is determined in experimental studies. The wear constant for two-body 

and three-body abrasive wear is found to be respectively in the range of 6х10
-3

 < ab

wk  < 

6х10
-2

 and 3х10
-4

 < ab

wk  < 3х10
-3

, respectively [29]. 
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CHAPTER 4 

 

MECHANICAL MODELING OF  

PAD-PARTICLE-WAFER CONTACT 

 

4.1 Overview 

In this chapter, different scales of contact encountered in CMP, as illustrated in Figs 4.1a-

d, are modeled starting from the smallest contact scale of a particle trapped between the 

pad and the wafer, and gradually expanding to the pad-wafer rough contact which is the 

broadest contact scale considered in this work.  

Particle level interactions are modeled in two steps, the single particle (SP) contact model 

and the multi-particle (MP) contact model as shown in Figs 4.1d and 4.1c, respectively. 

In the SP contact model depicted in Fig. 4.2, the contact of a single particle with one 

deformable surface (pad) and one rigid surface (wafer) is characterized using the finite 

element (FE) method. The rigid particle and the flat surface are incrementally pushed 

toward the deformable surface. At small penetration values, only the particle makes  
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contact with the deformable surface, and this is called the particle contact regime. In the 

particle contact regime, the particle contact force p

pf  is characterized as a function of the 

penetration depth pδ . As the penetration depth pδ  becomes as large as the diameter of 

particle 2rp, direct contact of the rigid and the deformable flat surfaces occurs and direct 

contact pressure m

dp  develops at the contact interface. A combination of particle and 

direct contacts carry the total contact force in this contact regime, named the mixed 

contact regime. In the mixed contact regime, important parameters, which are used to 

characterize the contact behavior, are the particle contact force m

pf , the influence radius 

ir  and the direct contact pressure m

dp . The influence radius ir  is defined in Fig. 4.2 and 

changes with penetration pδ . Particle contact force m

pf  gives the fraction of total force 

carried by a particle, while the influence radius ir  and the direct contact pressure m

dp  are 

used to calculate the force at direct contact interface. In order to generalize the model in 

the mixed contact regime, the results are defined as a function of an average compressive  

Fig. 4.1: Different scales of contact 

d) Single particle contact  

a) Multi-asperity contact  

pad 

wafer 

slurry 

b) Single asperity contact  

c) Multi-particle contact  
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strain εs due to direct contact of flat surfaces instead of penetration depth as used in the 

particle contact regime.  

Once the contact behavior of a single particle is characterized in the SP contact model, 

the overall effect of multiple particles on the contact of two flat surfaces (one rigid and 

one deformable) is modeled in the MP contact model (Fig. 4.1c). A statistical contact 

approach is used to integrate the effect of each particle over all of the active particles in 

contact. In the MP contact model, a particle moving freely between surfaces due to slurry 

flow gets engaged in contact and becomes active when the separation distance becomes 

smaller than the diameter of particle. Both the number of active particles mp

aη  and the 

particle contact pressure mp p

pp
−  increase in the particle contact regime of the MP contact 

model as two surfaces approach each other. The mixed contact regime in the MP contact 

model starts to operate as separation distance becomes zero, dsep = 0. Direct contact of 

surfaces does not develop at zero separation distance as particles retard the occurrence of 

Fig. 4.2: The single particle (SP) contact model at different particle penetration. 

dp  
Deformable 

medium 

Rigid surface  

Rigid 

particle 

ir  

p

pf  
m

pf  

z 2rp 

 b) 0 < δp
 
< 2 c) δd > 0, εs = δd / ts a) δp

 
< 0 

δp 

δd 
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direct contact. Similar to the SP contact model, an average compressive strain εp due to 

direct contact of surfaces is used to define the results of mixed contact regime. At a 

critical average compressive strain m

p pε ε= , direct contact of surfaces occurs. Overall 

contribution of direct contacts to force equilibrium between surfaces is quantified by the 

direct contact pressure mp

dp  and the direct contact area 
mp

dA , which are computed using 

relations found in the SP contact model. Important outcomes of the MP contact model are 

the fraction of total pressure carried by particle contacts /mp mp

p cp p , the direct contact area 

mp

dA , and the number of active particles mp

aη  for a given separation distance dsep in the 

particle contact regime or an average compressive strain εp in the mixed contact regime.  

The results of the MP contact model are used in the single asperity (SA) contact model to 

characterize the contact of a single asperity with a flat surface in presence of interfacial 

particles (Fig. 4.1b). The SA contact model utilizes an approach similar to the contact of 

rough spheres studied by Greenwood and Tripp (GT) (Section 3.1.3). Here, the 

deformation of a pad asperity is influenced by pad-particle-wafer interactions. The MP 

contact model provides the necessary relations for the local contact. The displacement of 

a contact point at interface consists of local penetration of surfaces and bulk deformation. 

The MP contact model gives local deformation for a given contact pressure. In order to 

determine bulk deformation, the contact pressure distribution is transferred to a FE model 

and the model is solved for displacements at each contact point. The global equilibrium 

for local and bulk deformation at each contact point is iteratively established and the 

contact pressure distribution at single asperity contact is obtained. The contact pressure 

distribution is then substituted into the MP contact model to find the fraction of contact 



 114 

pressure due to particle contacts, the direct contact area and the number of active particles 

in single asperity contact.  

In the multi-asperity (MA) contact model (Fig. 4.1a), the contact of a deformable rough 

(pad) surface and a rigid smooth surface (wafer) is considered with rigid spherical 

interfacial particles (abrasives).  In this model, the behavior of the asperities is 

characterized by the SA contact model. In the MA contact model, a statistical multi-

asperity model is used to integrate the effect of each asperity to obtain overall rough 

contact behavior of the two surfaces. This model allows the prediction of the contribution 

of particle and direct contacts in the MA contact conditions. 

Modeling approach described in this chapter forms the foundation for calculating 

material removal rate due to pad-wafer rough contact. Material removal is assumed to be 

achieved by particle contacts only while direct contact does not result in material 

removal. The model results give the fraction of applied pressure transferred to particles in 

pad-particle-wafer contact, which is considered to be the main mechanical driver 

resulting in material removal. 

4.2 Non-Dimensionalization of Parameters  

In the single particle (SP) contact model, the parameters are non-dimensionalized with 

respect to particle radius rp and pad elastic modulus Es. Particle size is not constant in the 

multi-particle (MP) or the single asperity (SA) contact models, therefore standard 

deviation σp of particle size distribution is used instead of particle radius rp for non-

dimensionalization. Pad elastic modulus, Es is utilized for the non-dimensionalization of 
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pressure terms as Es dominates the contact at MP or SA contact scale. Porous pad elastic 

modulus Ep and standard deviation (SD) of pad roughness σs become the relevant scaling 

parameters when rough contact of surfaces is considered in the MA contact model. Non-

dimensionalization of length (L), pressure (P) and force (F) terms, and the inter-relation 

of non-dimensional parameters are summarized in Table 4.1. Note that the superscript 

“*” indicates non-dimensional variables in the SP contact model, “~” is used for the MP 

contact and the SA contact models, and “-” is utilized in the multi-asperity (MA) contact 

model.  

The values for the non-dimensional parameters studied in the models are selected to 

reflect the range of physical values commonly used in CMP. Table 4.2 and 4.3 lists the 

actual and non-dimensionalized values utilized in the models, respectively. The ranges of 

values listed in Table 4.3 are used to investigate the effect of each parameter while other 

parameters are kept constant at their base values. 

4.3 Single Particle (SP) Contact Model 

Contact mechanics of a rigid spherical particle, with radius rp, trapped between two flat 

surfaces (one rigid and one deformable), as shown in Fig. 4.2, is investigated. The  
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Table 4.1: Non-dimensionalization of parameters in the contact models. 
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separation distance between the surfaces is initially large and particle is not in contact 

with rigid surface (Fig. 4.2a). At small loads, the contact is supported only by particle 

contact (Fig. 4.2b). When the penetration of particle pδ  becomes sufficiently large pδ ≥2 

Parameter Base Range 

SD of particle radius (σp) 

Mean particle diameter (2µp = 8σp) 

6.25 nm 

50 nm 

3.125 – 12.5 nm 

25 – 100 nm 

Particle concentration (ηw) 2.5% 1.25% - 5% 

Particle to slurry density ratio (ρp/ρs) 3.7 (alumina) NA 

Asperity radius (Rs) 50 µm 25 – 100 µm 

Asperity density (ηs) 2x10
-4

 / µm
2 

1x10
-4

 – 4x10
-4

 / µm
2
 

Solid pad elastic modulus (Es) 10, 100 MPa  10 - 100 MPa 

Porous pad elastic modulus ratio (Es/Ep)  1 1 - 4 

Applied pressure (Po) 0.007 MPa, 0.07 MPa 

1 psi, 10 psi  

0.007 – 0.07 MPa 

1 - 10 psi 

 

Table 4.2: Physical values for parameters used in non-dimensionalization. 

MP and SA contact models MA contact model Parameter 

Base Range Base Range 

SD of particle size (σp) N/A
 

N/A 1.25x10
-3 

6.25x10
-4

 – 2.5x10
-3

 

Particle concentration (ηw) 2.5% 1.25% - 5% 2.5% 1.25% - 5% 

Asperity radius (Rs) 8000 4000 - 16000 10 5 - 20 

Asperity density (ηs) N/A
 

N/A 5x10
-3 

2.5x10
-3

 - 1x10
-2

 

Particle density ratio (ρp/ρs) 3.7  N/A 3.7  N/A 

Porous elastic modulus ratio (Es/Ep) N/A N/A 1 1-4 

 

Table 4.3: Non-dimensional parameters in the MP, SA and MA contact models. 
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rp, the flat surfaces come into direct contact. In this work, the condition where the contact 

is supported by a combination of particle and direct contacts is called the mixed contact 

(Fig. 4.2c). In this regime, an important parameter is the influence radius ir  of the 

particle, which is used to quantify the non-contact region around the particle. Also note 

that, due to the reasons that will become clear shortly, deformation in the particle contact 

regime is characterized with respect to the penetration of particle pδ , but deformation in 

the mixed contact regime is characterized with respect to the average compressive strain 

/
s d s

tε δ= , where 
d

δ  ( 2 )
p p

rδ= −  is the displacement of deformable medium due to 

direct contact. 

4.3.1 Finite element model 

This problem is investigated with an axisymmetric FE model, using Ansys 9.0 

(Canonsburg, PA). The outer radius 
o

r  of deformable domain is taken as 200rp, which is 

sufficiently large to ensure that the results do not depend on this parameter. The thickness  

 

 

 

 

 

 

Fig. 4.2: The single particle (SP) contact model at different particle penetration. 

dp  
Deformable 

medium 

Rigid surface  

Rigid 

particle 

ir  

p

pf  
m

pf  

z 2rp 

 b) 0 < δp
 
< 2 c) δd > 0, εs = δd / ts a) δp

 
< 0 

δp 

δd 



 118 

of deformable medium ts however affects particle and direct contacts as particle becomes 

completely embedded in deformable medium. The model is run using ts = 250rp, 500rp 

and 1000rp for a total average compressive strain of sε  = 0.45. It is confirmed that the 

results presented in this section are independent of the thickness of the deformable 

medium, ts if the results are defined as a function of the average compressive strain εs in 

the mixed contact regime. In the FE model, the nodes attached to particle and rigid 

surface are coupled and displaced incrementally toward deformable medium to a particle 

penetration depth of δp = 227rp, or average compressive strain of εs = 0.45 for a thickness 

of the deformable medium of ts = 500rp. The model consists of 71,000, 4-noded 

axisymmetric elements (PLANE182), by using the non-linear finite deformation 

definition (NLGEOM command). The mesh in the vicinity of particle is finer and is 

gradually coarsened away from particle as shown in Fig. 4.3. Two different frictionless 

contact pairs for the contact of particle and deformable medium, and rigid surface and 

deformable medium are defined with contact elements (CONTA172) for deformable 

medium (pad) and rigid target elements (TARGE169) for rigid particle (abrasive particle) 

and surface (wafer). The nodes attached to the bottom surface of the deformable medium 

are constrained in the direction of particle movement. 

Two parameter Mooney-Rivlin hyperelastic material model is used to simulate the 

material behavior of the pad. In this model, strain energy density function is expressed in 

terms of two material constants, a10 and a01 as explained in Section 3.3. Here 10a  and 01a  

are taken to be 0.5 MPa, which yields sE = 6 MPa [1]. The Poisson’s ratio of elastic  
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surface, sν  = 0.49, which is typical for nearly incompressible, rubber-like materials, is 

used in the model.                                      

4.3.2 Single particle contact relations 

The FE model described above is solved for each displacement increment, 
*

pδ   and 

particle contact force, 
*

pf  is calculated by summing the forces at contact nodes attached 

to deformable medium in contact with particle. The force acting on particle is indicated 

by
*p

pf  or 
*m

pf  depending on whether the contact represents the particle contact or the 

mixed contact situations, respectively.  

 

r 
z 

rigid surface deformable surface 

particle 

symmetry axis 

Fig. 4.3: Finite element mesh near the particle in the SP contact model. The mesh near 

the contact region is finer and adjusted to be coarser away from the contact zone. 
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Fig. 4.4 shows the variation of particle contact force in particle contact regime
*p

pf  (0 < 

*

pδ  < 2) and mixed contact regime 
*m

pf  (0 < εs
 
< 0.45). It is illustrated that Hertz contact 

is valid for small penetration depths 
*

pδ , however the SP contact model results start to 

deviate from Hertz contact as 
*

pδ  is increased due to the fact that assumptions of Hertz 

contact becomes invalid at large 
*

pδ . Hertz contact assumes linear elastic material 

behavior for deformable surface. Furthermore deformations are considered to be small 

and the radius of particle is assumed to be large as compared to contact radius. Both of 

these assumptions play a role for the discrepancy of results found by using the SP contact 

model and Hertz contact at large penetration depths 
*

pδ . In order to explore the role of 

each assumption and understand the sensitivity of results to hyperelastic material 

parameters characterizing material non-linearity, the SP contact model is run for linear  
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Fig. 4.4: The particle contact force, 
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pf  as a function of particle penetration, 
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particle contact regime and average compressive strain, εs in mixed contact regime. 
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elastic material behavior as well as hyperelastic material behavior with different sets of 

Mooney-Rivlin constants (a10 = 0.25, a01 = 0.75 and a10 = 0.75, a01 = 0.25). Fig. 4.5 

shows that Hertz contact can be used without loss of accuracy up to particle penetration 

of 
*

pδ
 
 = 0.75. However as penetration depth becomes larger, 

*

pδ   > 0.75, large 

displacements start to influence the results as indicated by the deviation between Hertz 

contact and the SP contact model with linear elastic material behavior. Hertz contact 

over-estimates particle contact force, 
*p

pf due to large displacements. A further increase 

in penetration depth, 
*

pδ  causes non-linear material behavior to affect contact force 
*p

pf . 

Hyperelastic material behavior results in a particle contact force, 
*p

pf  larger than that of 

linear elastic material behavior at the same penetration depth 
*

pδ  when 
*

pδ  > 1. It is 

observed that as first Mooney-Rivlin constant a10 becomes smaller, the deviation  
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Fig. 4.5: The comparison of particle contact force in the particle contact regime, 

*p

pf  for hyperelastic and linear elastic material behavior. 
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becomes greater, which is in agreement with the stress-strain behavior shown in Fig. 3.11 

for different a10 and a01 values, indicating a10 causes greater deviation in stress-strain 

behavior as compared to the stress-strain behavior of a linear elastic material. In fact, the 

SP contact model with linear elastic and hyperelastic material behavior with a10 = 0.75 

and a01 = 0.25 agree well in the entire range of particle penetration, 0 < 
*

pδ  < 2, and the 

effect of non-linear material behavior becomes negligible. For hyperelastic material 

constants used in this study (a10 = 0.50 and a01 = 0.50), the error of particle contact force 

predicted by Hertz contact (
* 3/ 2*4

3

h

p pf δ= ) increases up to ~20% as particle penetration 

*

pδ  approaches 2. 

The effect of non-linear material behavior is also evaluated by considering the strain 

induced in deformable medium at different particle penetration depths 
*

pδ  (Fig. 4.6). The 

maximum von Mises strain is eqε  = 0.56 at penetration depth, 
*

pδ  = 1 (Fig. 4.6a). Non-

linear material behavior is not expected to have an effect at this penetration depth since 

the stress-strain behavior for a hyperelastic material can be represented well by linear 

elastic material behavior at this strain level (Fig. 3.11). The maximum von Mises strain 

increases up to eqε  = 0.96 when penetration depth becomes larger, 
*

pδ  = 2. At this strain 

level, hyperelastic material model gives stresses higher than linear elastic material, and as 

a result, contact force, 
*p

pf calculated by the SP contact model is greater as seen in Fig. 

4.5.  
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The von Mises strain distribution eqε  is also plotted for different average compressive 

strain, εs in mixed contact regime, 
*

pδ  > 2. The maximum von Mises strain is eqε  = 1.17 

and eqε  = 1.35 for average compressive strain, εs  = 0.15 and εs = 0.3, respectively (Fig. 

4.6c and 4.6d). The non-linear material behavior is considered to be influential at these 

penetration depths as strains are sufficiently high to result in significant deviation in the 

stress-strain relation from linear elastic material behavior.  

Fig. 4.6: The non-dimensional von Mises strain distribution eqε   at different 

penetration depths using Mooney-Rivlin material behavior (a10 = 0.5 and a01 = 0.5). 

a) 
*

pδ  = 1 b) 
*

pδ  = 2 

c) εs = 0.15 d) εs = 0.30 
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A curve fit for particle contact force 
*p

pf  can be described by using a correction term for 

Hertz contact as follows, 

( )
* 3/ 2 2.89* * *4

0.10
3

p

p p p pf δ δ δ= −     for 
*0 2pδ< <                    (4.1) 

In mixed contact regime (
*

pδ  > 2), the penetration is measured with respect to 

displacement of deformable surface, 
d

δ (= 2
p p

rδ − ), as depicted in Fig. 4.2c, which is 

non-dimensionalized as /s d stε δ= ,  with respect to thickness of deformable medium, ts. 

This gives a measure of average compressive strain in deformable medium.  In this 

contact regime, the rate of increase of contact force on particle, 
*m

pf is smaller as shown 

in Fig. 4.4 due to the influence of direct contact. The contact force acting on particle in 

mixed contact regime, 
*m

pf  is expressed by using the following curve-fit relation,     

( )

( )

( ) ( )

0.57

* 0.90

2

5.4 3.12, for 0 0.05  

( ) 11.1 0.05 4.10, for 0.05 0.2

40.94 0.2 13.14 0.2 6.11, for 0.2 0.45

s s

m

p s s s

s s s

f

ε ε

ε ε ε

ε ε ε

 + < <


= − + < <


− + − + < <

  (4.2) 

The force carried by wafer-to-pad direct contact is determined by using influence radius, 

*

i
r  and maximum direct contact pressure, 

*m

dp . Direct contact pressure, 
*

dp  varies along 

the contact interface as shown in Fig. 4.7a, for different average compression strain εs 

values. Direct contact pressure, 
*

dp  is zero at the outer edge of the particle contact region 

and increases gradually to its maximum, 
*m

dp . The influence radius, 
*'

ir  
is corrected to 
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take this transition region into account. The influence radius 
*

ir  is found by integrating 

*

dp  over direct contact interface to find the total direct contact force, which is then used 

to calculate the correction term to give the same contact force with pressure, 
*m

dp  as, 

*'

* *

*

1 o

i

r

i d
m

d r

r p dr
p

= ∫                                                 (4.3) 

 

 

 

 

 

 

 

 

 

 Fig. 4.7: a) The variation of the direct contact pressure, 
*

dp  along the contact interface for 

different penetration depths *

pδ , obtained by FEA. b)  influence radius 
*

ir  and c) maximum 

direct contact pressure, 
m*

dp  as a function of average compressive strain εs. 
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The influence radius, 
*

ir  thus found varies with average compressive strain εs as shown in 

Fig. 4.7b and it can be curve-fit to the following relation, 

( ) ( )
0.45*

1.52i s sr ε ε
−

=    for 0 0.45sε< <                              (4.4) 

The maximum contact pressure, 
*m

dp  increases linearly with penetration into the 

deformable pad for small pad compression,
s

ε  values, and it becomes eventually non-

linear at large
s

ε  as shown in Fig. 4.7c. The variation of maximum contact pressure, 
*m

dp  

can be described by the following curve-fit equations, 

( ) ( )

( )

*

1.16

0.76 , for 0 0.015

0.85 0.015 0.011, for 0.015 0.2

1.8 0.2 0.17, for 0.2 0.45

s s

m

d s s s

s s

p

ε ε

ε ε ε

ε ε

 < <


= − + < <


− + < <

            (4.5) 

4.4 Multi-Particle (MP) Contact Model 

The contact of a rigid-flat surface with a deformable-flat surface is considered when there 

are rigid spherical particles with different sizes entrapped in the interface. Such a 

condition is depicted in Fig. 4.8. Mean particle radius µp, standard deviation of the 

particle radii 
p

σ , and probability density function (PDF) of particle radii ( )p prΦ� � are 

assumed to be known. In this interface, the light external forces are transmitted between 

two surfaces by particle contacts; and, direct contact of surfaces occurs as the external 

force is increased. Therefore, the mean contact pressure, mp

cp� , is defined as follows,    



 127 

       if > 0 

if < 0 

mp p

p sepmp

c mp m mp

p d sep

p d
p

p p d

−

−


= 

+

��

�
�� �

                                         (4.6) 

where sepd�  is the separation of the two surfaces as defined in Fig. 4.8, mp p

pp
−

� is the mean 

contact pressure for the particle contact regime (Fig. 4.8b), and mp m

pp
−

�  and mp

dp�  are the 

mean contact pressure acting on particles and the direct wafer-to-pad contact pressure in 

the mixed contact regime (Fig. 4.8c), respectively. As in the SP contact model, the 

contact interactions are characterized with respect to approach of two surfaces sepd�  in 

particle contact regime, and with respect to average compressive strain /
p sep s

d tε =  in 

direct contact regime, where ts is the thickness of deformable medium. The particle 

contact regime is computed in the range 0 < sepd�  < 12.  The mixed contact regime, which 

is encountered when sepd� < 0, is evaluated in the range -0.45 < 
p

ε  < 0. Note that average 

compressive strain 
p

ε  is negative in the MP contact model due to the definition of 

separation distance sepd�  as shown in Fig. 4.8.  

 

 

 

 

 

a) Initial separation, 
ini

d�  c) Mixed contact regime, 
sepd�  < 0  b) Particle contact regime, 0< 

sepd�  < 
ini

d�  

z sepd�   

sep ini
d d=� �

Elastic medium 

Rigid surface  

sep
d�

Fig. 4.8: The multi-particle (MP) contact model. 
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4.4.1 Number of active particles 

Only a fraction of particles in the slurry are trapped between the surfaces and become 

active in contact at a given separation distance, sepd�  (Fig. 4.8a). In the particle contact 

regime, as separation distance sepd�  decreases, more particles get trapped between the 

surfaces and become active (participate) in contact (Fig. 4.8a). Particles with diameter 

( 2 pr� ) larger than separation distance, sepd�  are considered to be captured in the contact 

interface, whereas smaller particles can move freely between the surfaces [2]. The 

number of particles per unit area mp

aη� which are active in contact can be found from 

volumetric particle concentration vη�  and the available volume u sepV A d= �  between 

surfaces, using mp

a vVη η=� �  where 1uA =  for unit area.  However, one needs to consider 

that the separation distance sepd�  at which a particle becomes active depends on the size of 

the particle, sepd�  = 2 pr� . Therefore number of active particles, mp

aη�  at a separation 

distance, sepd�  can be obtained by the summation of mp

aη� becoming active at larger sepd� . 

Using the PDF, ( )p prΦ� �  of particle radii, this summation gives, 

2

( ) 2 ( )

sep

mp

a sep v p p p p

d

d r r drη η

∞

= Φ∫
�

� �� � � � �                                       (4.7) 

In the mixed contact regime, where pad and wafer also engage in contact, the number of 

active particles mp m

aη
−

� , is considered to be constant and is calculated by setting 0sepd =�  in 

Eqn (4.7).  



 129 

Particle concentration by weight-ratio wη  (also called as solids loading in CMP) is the 

common measure used for slurries for quantifying amount of particles in slurry and can 

be converted to volumetric particle concentration, vη�  for spherical particles by using the 

following relation, 

( )3

0

4

3

s w
v

p

p p p pr r dr

ρ η
η

ρ
π

∞
=

Φ∫
�

�� � �

                                          (4.8) 

where ρp and ρs are the mass densities of the particles and slurry, respectively. As a result 

of non-dimensionalization of variables in Eqn (4.7) and (4.8), areal mp

aη , and volumetric 

v
η  particle densities can be non-dimensionalized, respectively as 

2mp mp

a a pη η σ=�  and 

3

v v pη η σ=� . 

4.4.2 Particle contact regime 

In the case of contact of two rough surfaces, Greenwood and Williamson (GW) model 

(Section 3.1.2) shows that number of asperities that are in contact sn  and nominal 

pressure op   between two rough surfaces separated by a distance dsep can be found as 

follows [3], 

( )

sep

s s s s s

d

n z dzη

∞

= Φ∫    and   ( ) ( )

sep

s s

o s c o s s s

d

p f z dzη δ

∞

= Φ∫ ,                    (4.9) 
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where s

o s sepz dδ = −  is penetration of each asperity, ( )s s

c of δ  is a function describing load-

displacement behavior of a single asperity, z is asperity height, ( )s szΦ is probability 

density function (PDF) of asperity summit heights, and sη  is number of asperities per 

unit area. In this work, the contact between particles and two surfaces is modeled by 

replacing asperities of rough surface with interfacial particles. This requires 

interchanging asperity height with particle radius, 2s pz r= , as shown in Fig. 4.9. Then, 

the non-dimensional penetration depth of each particle, as defined in the SP contact 

model, becomes * (2 ) /p p sep pr d rδ = − . By using number of the active particles, 

( )mp

a sepdη �� from Eqn (4.7), the load-displacement function of a single particle in particle 

contact regime 
*p

pf  from Eqn. (4.1), and the PDF of particle radii pΦ� , the mean particle 

contact pressure, mp p

pp
−

� , due to the particles caught in the interface of two flat surfaces 

can be found as follows, 

2

2 ( ) ( )    for 0

sep

mp p p

p v p p p p p p sep

d

p r f r dr dη δ

∞

−
= Φ >∫

�

� �� ��� � � �                            (4.10) 

 

 

 

 

Fig. 4.9: Asperity-particle analogy in the MP contact model. 

z 

sepd�   



 131 

4.4.3 Mixed contact regime 

The mean contact pressure 
mp m

pp
−

�  due to particle contacts in the mixed contact regime 

( 0sepd <� ) is found in a way similar to Eqn. (4.10), by using Eqn. (4.2) for
m

pf� , and by 

taking lower limit of the integral as 0, as number of active particles, 
mp m

aη
−

�  is constant in 

this regime. Note that force acting on particles 
m

pf�  in the SP contact model is expressed 

in terms of average compressive strain εs of deformable medium, which becomes 

/
p sep s

d tε =  in mixed contact regime of the MP contact model. The mean contact 

pressure 
mp m

pp
−

�  due to particle contacts in the mixed contact regime is then found as 

follows, 

                                  
0

2 ( ) ( )    for 0
mp m m

p v p p p p p p sepp r f r dr dη ε

∞

−
= − Φ <∫ � ���� � � �                     (4.11) 

Note that a “−” sign is introduced in Eqn. (4.11) and following ones, for using εp, as 

compressive strain is defined negative in the MP contact model, but positive in the SP 

contact model.   

The computation of direct contact pressure 
mp

dp�  requires knowledge on direct contact 

area 
mp

dA  = 1 - Ai, where Ai is total influence area shown in Fig. 4.2c for a single particle. 

The total influence area of particles as a fraction of total area, iA  can be found by the 

summation of the influence areas of individual particles 
2

irπ �  (Fig. 4.10) as follows,  
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2

0

2 ( ) ( )mp

i v p i p p p pA r r r drη π ε

∞

= − Φ∫ �� � � � �                                     (4.12) 

where ir�  is given by Eqn. (4.4). The direct contact area ratio 
mp

dA  increases as two 

contacting surfaces are pushed further into each other in mixed contact regime sepd�  < 0 

(Fig. 4.8c). The direct contact area consists of small areas on the (originally) flat surface 

which engage in contact at different levels of compression
p

ε . For a given amount of 

compression 
p

ε , each particle creates a different contact area, which should be added for 

all particles to give ( )mp

d pA ε  = 1 − ( )mp

i pA ε , using Eqn. (4.12). Therefore, direct contact 

pressure, mp

dp�  is not uniform and depends on local compression of each direct contact 

area. As the compression of pad, 
p

ε  is increased, the sections coming into initial contact 

start to experience low pressure, whereas the sections that have already been in direct 

contact accumulate more pressure. This cumulative effect is expressed by using the 

following relation for direct contact pressure mp

dp� ,  

( )
p

m
p

mp
mp m r rd
d d p p pr

p

dA
p p d

d

ε

ε

ε ε ε
ε

= −∫� �                                       (4.13) 

influence contact area 

particle 
direct contact area 

Fig. 4.10: Influence mp

iA  and direct mp

dA  contact areas 
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Fig. 4.11 shows a typical (calculated) variation of mp

dA  with 
p

ε , where it can be seen that 

direct contact starts at a threshold strain m

pε , where ( ) 0mp m

d pA ε = . 

4.4.4 Influence factor 

The number of active particles mp

aη�  is shown, in Eqn. (4.7), to depend on particle size 
p

r�  

and separation distance sepd� . In fact, another factor which influences this density is the 

distribution of particles in horizontal plane. The effect of horizontal inter-particle spacing 

s
d�  on density of active particles mp

aη�  is analyzed next. Fig. 4.12a shows an idealized 

configuration of seven identical particles, assuming that particles are evenly spaced at the 

corners of a hexagon. There are a total of 3 particles in the hexagon, which has a non-

dimensional area of 23 3 / 2
h s

A d= �� . In this case, particle density, mp

aη�  can be related to  

 

 

 

 

 

 

 

Fig. 4.11: The variation of direct contact area ratio mp

dA  and influence factor if with 
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mean spacing between particles, sd� as, 

2

3 2

3

mp

a

h s
A d

η = =�
� �

      or      
2

3
s mp

a

d
η

=�

�

                          (4.14) 

For a more generic particle configuration, sd�  can be generalized as, 

1
s mp

p a

d
C η

=�

�
                                                  (4.15) 

where Cp is a constant, which will depend on the relative distances between a group of 

particles. Mean influence radius of the particles, m

ir�  is calculated by, 

0

2 ( ) ( )m v
i p i p p p pmp m

a

r r r r dr
η

ε
η

∞

−
= − Φ∫
�

��� � � � �
�

                                  (4.16) 

 

 

 

 

 

 

Fig. 4.12: a) Top view of a particle and its six neighbors. b)-d) different levels of 

influence factor, if. 
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Influence factor, if  characterizes overlap of influence areas between particles and defined 

by the following equation, 

m

i
f

s

r
i

d
=
�

�
                                                       (4.17) 

Note that in order for the MP contact model described in this work to be accurate, mean 

influence radius m

ir�  should be greater than / 2
s

d�  ( 0.5fi < ) as schematically 

demonstrated in Figs. 4.12b-d. Particles start to interact when 0.5fi = , which 

corresponds to the separation distance at which direct contact area ratio mp

dA  starts to 

grow as shown in Fig. 4.11. As influence factor, fi  becomes larger, the interaction 

between particles becomes more significant and the error of the model increases.  

4.4.5 Multi-particle contact model relations 

Effect of particle concentration 

The effect of particle concentration, ηw on the contact conditions in the multi-particle 

(MP) contact model is investigated next. The relation between concentrations based on 

weight wη  and volume vη�  of particles is given in Eqn (4.8). For a slurry with alumina 

particles, particle and slurry density are related by / 3.7p sρ ρ = . The effects of different 

particle concentration wη  are investigated in the range 1.25% < wη  < 5%, and for mean 

particle radius of 4pµ =� . PDF for particle size pΦ�  is assumed to be Gaussian and is 

given as follows, 
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( )
( )

2

2
1

2

p pr

p pr e

µ

π

−
−

Φ =

� �

� �                                          (4.18) 

Fig. 4.13a shows the variation of mean contact pressure mp

cp�  for different separation 

distances sepd� . In the range, where 0 < sepd� < 12, applied load is transferred through 

particles, and Eqns. (4.6) and (4.10) apply. In this range, the mean contact pressure mp

cp�  

increases rapidly as separation distance sepd�  approaches 0. This figure also demonstrates 

that for a given separation distance sepd� , the mean contact pressure mp

cp�  increases with 

higher particle concentration wη . For example, when sepd�  = 0, mp

cp�  is found to be 0.005, 

0.01 and 0.02 for wη  = 1.25, 2.5 and 5%, respectively.  

 

 

 

 

 

 

 

Fig. 4.13: a) The contact pressure, mp

cp�  in particle ( mp p
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� ) and mixed ( mp p mp
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contact regimes for different particle concentrations, wη  = 1.25%, 2.5% and 5%, and 

b) particle contact pressure ratio /mp m mp
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Mixed contact regime is investigated in the range of average compressive strain, -0.45 < 

pε < 0, in Fig. 4.13a, where mean contact pressure mp

cp�  is computed by using Eqns (4.6), 

(4.11) and (4.13). In this regime, number of active particles mp m

aη
−

�  remains constant, 

however penetration of each particle increases, and direct contact starts to occur with 

increasing compression pε . Combination of these effects causes mean contact pressure, 

mp

cp�  to increase. At large compression pε , mean contact pressure mp

cp�  depends 

predominantly on direct wafer-to-pad contact. On the other hand, when separation 

distance is near zero, a transition region exists where only particle contacts support the 

surfaces even though sepd�  < 0. The fraction of mean particle contact pressure to total 

contact pressure, /mp m mp

p cp p
−  as a function of compression pε  is shown in Fig. 4.13b. 

This figure shows that in the mixed contact regime, as compression pε  increases, the 

fraction of force carried by particle contacts decreases. This figure also shows that direct 

contact does not occur until a critical value, m

pε  is reached. Transition region is, 

therefore, defined as m

pε  < pε  < 0. In transition region, the mean contact pressure, mp

cp�  is 

nearly constant, as contact is entirely enabled by particles. Beyond transition region, the 

mean contact pressure mp

cp�  (Fig. 4.13a) increases almost linearly with the pad 

compression, pε , much like in Eqn. (4.5). The critical compression values m

pε  are 

approximately -0.007, -0.015, and -0.033 for particle concentrations, wη  = 1.25, 2.5 and 

5%, respectively. At high particle concentrations wη , the fact that there are more particles 

in the interface, retards the formation of direct contacts and allows particle contacts to 

support the load for deeper penetrations.  
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Fig. 4.14 shows direct contact area ratio mp

dA  (= 1 − Ai) computed from Eqn. (4.12), and 

influence factor 
f

i  computed by using Eqn. (4.17). It is seen that direct contact area ratio 

mp

dA  is zero in transition region. As pad is compressed further ( 0.45
p

ε → − ) mixed 

contact is established; direct contact area ratio mp

dA  increases rapidly with 

compression
p

ε , gradually leveling off. Note that it appears that direct contact area 

ratio mp

dA  will level off to a value less than one, as part of the contact area is composed of 

spherical particles with influence contact area, mp

iA . This figure also shows that for 

particle concentrations chosen here, influence factor 
f

i < 0.5 in the mixed contact regime 

indicating that influence areas of the particles are well separated. 

The variation of number of active particles, mp

aη�  is plotted as a function of separation 

distance, sepd�  in the particle contact regime (Fig. 4.15). More particles get captured in  

 

 

 

 

 

 
Fig. 4.14: The direct contact area ratio, mp

dA  and influence factor, fi  in mixed contact 

regime for different particle concentrations, wη  = 1.25%, 2.5% and 5% 
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contact as separation distance increases as expected. The mean contact pressure, mp

cp�  

starts to increase as largest particle becomes active, which occurs at a separation distance 

equal to largest particle diameter, ( )2 3sep pd µ≈ +� � . As separation distance, sepd�  

approaches 0, number of active particles, mp

aη�  levels off. In fact, number of active 

particles, mp

aη�  remains constant in the mixed contact regime.  

Effect of particle size 

The results of the MP contact model do not depend on particle size σp
*
. The number of 

active particles is inversely proportional to particle size as, mp

aη  ∝  1/σp
2
   while the single 

particle contact force varies as, pf  ∝   σp
2
. The number of active particles, mp

aη  decreases  

 

 

 

 

 

 

                                                 

*
 Note that the mean particle size µp is related to the standard deviation σp with the relationship, µp / σp = 4. 
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as particles become larger (σp increases) but the contact force on each particle, pf  

increases at the same rate. As a result, these two effects offset each other and the particle 

contact pressure, mp

pp�  remains constant. A similar argument can be made for the direct 

contact area ratio mp

dA  due to the fact that influence contact area of each particle, 2

irπ �  

increases as 2 2

i prπ σ∝� , which offsets the effect of decreasing number of active particles, 

mp

aη  as with larger particle size, σp. The only parameter that depends on particle size is 

the separation distance, dsep. As particles becomes larger, particle starts to get engaged in 

contact and contact pressure, mp

cp�  develops at a greater separation distance, dsep.  

4.5 Single Asperity (SA) Contact Model 

The single asperity (SA) contact model, where the contact of a spherical asperity with a 

flat deformable surface in the presence of rigid spherical particles entrapped in the 

asperity-flat-surface interface as shown in Fig. 4.1b, is analyzed. While the asperity 

considered in the SA contact model is made of a hyperelastic solid, it actually endures 

small deformations which are in the linear range of hyperelastic material behavior, as 

shown in Fig. 3.11. Therefore, no generality is lost when bulk deformation behavior of 

the system is represented by modeling asperity as a rigid sphere, and flat surface as a 

deformable medium [4]. 

4.5.1 Solution approach  

A schematic description of the SA contact interface, shown in Fig. 4.16, assumes that a 

spherical asperity tip can be approximated as a parabola near the contact region. 
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Therefore, the local separation u�  along radial direction ρ�  can be approximated as 

2 / 2 so Ru u ρ= + ��� � , where ou�  is separation distance at the center of contact and sR�  is bulk 

radius of asperity. Considering the elastic deformation of deformable medium 
b

w� , the 

relation for the local separation is expressed as [4], 

2

2
bo

s

u u w
R

ρ
= + +

�
� � �

�
                                           (4.19) 

The diameter of a pad asperity is three orders of magnitude larger than the mean particle 

diameter, and the number of particles entrapped under deformed asperity is shown to be 

more than 100 as demonstrated later in Section 4.5.3. This situation is very similar to the 

elastic contact of rough spheres analyzed by Greenwood and Tripp [4] (Section 3.1.3). In 

this work, the effect of particles trapped in the interface is represented by introducing a 

“contact-layer” (Fig. 4.16) whose deformation behavior has been introduced in the multi-

particle (MP) contact model, in Section 4.4. This layer is responsible for transferring the 

forces between the two surfaces considering the rough contact behavior at local contact.  
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The circular contact interface is divided into annular contact segments as shown in Fig. 

4.16. Each contact segment is bound by the inner radius, 
i

ρ�  and the outer radius 1i
ρ

+
� .  

The contact segments interact with each other through bulk deformation of deformable 

medium 
ibw� . An axisymmetric FE model of deformable medium is constructed to obtain 

bulk deformation 
ibw�  induced by local contact pressure, 

i
p�  acting in each contact 

segment.  Bulk deformation 
ibw�  is determined by averaging the vertical displacement of 

nodes located at radial locations 
i

ρ�  and 1i
ρ

+
�  in the FE model. Bulk deformation, 

ibw�  is 

used to calculate local separation, iu�  which is then substituted into the MP contact model 

(Eqns. (4.10) – (4.13)) to obtain local contact pressure
i

p� . The equilibrium local contact 

pressure, 
i

p� is iteratively found by repeating these steps until contact force, s

cf
�  

converges.  

Local contact pressure 
i

p�  is found by using the MP contact model (Eqn. (4.6)) for a 

given local separation 
i

u� . Note that particle contact pressure s

pp�  depends on local 

separation u�  (= sepd� ), whereas mixed contact pressure s s

p dp p+� �  is a function of average 

compressive strain 
p

ε , and thus depends on layer thickness 
s

t� . Therefore, a thickness 

value is required for the “contact-layer”, particularly where 
i

u�  < 0. The contact layer 

thickness is chosen by searching for the value of 
s

t�  that minimizes the error between 

computed results and the exact solution for spherical contact (Hertz contact) by 

neglecting the effect of particles (
w

η = 0) in mixed contact regime. Fig. 4.17 shows the 

deviation of computed maximum contact pressure h

op�  with respect to Hertz contact  
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model 3 2 1/3(3 /(2 ))h s

o c sp f Rπ= � ��  for different values of layer thickness 
s

t� . As expected, 

thinner layers give better predictions to Hertz contact, as in that case the compressive 

strain 
p

ε  becomes large for a given separation u� . However, computation times increase 

for thinner layers. It is in fact seen that, in mixed contact region, the “contact-layer” acts 

as a penalty parameter, used commonly in imposing contact conditions in FE analysis, 

but preserves particle contact behavior in particle contact region of the SA contact 

interface. Based on the accuracy of the solution and computation time, layer thickness 
s

t�  

= 20 is used in this study. 

The deformable medium is discretized with 4,700, 4-noded axisymmetric elements 

(PLANE182).  The mesh of deformable medium is finer near contact zone; in particular, 

element size is adjusted to be smaller near the outside edge of contact region as shown in 

Fig. 4.18, in order to compute contact radius a�  accurately. Only bottom nodes of  
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deformable medium are constrained in the direction of bulk deformation, and all other 

boundaries are left free. Thickness and outer radius of deformable medium are taken as 

7a�  and 8.5a� , respectively. These values are found by trial and error to be sufficiently 

large so that results are not influenced by remote boundary effects even for the largest 

applied loads. 

The parameters of this model, which are non-dimensionalized as shown in Table 4.1, are 

mean particle size, pµ , particle concentration, wη  and bulk radius of the asperity, sR� . 

Direct contact pressure, s

dp� , particle contact pressure, s

pp� , contact force, s

cf
� ,  particle 

contact force, s

pf� ,  direct contact area, s

dA  and contact radius, a�  are calculated for a 

given separation distance at the center of contact, ou� . The numerical algorithm (shown in 

Fig. 4.19) consisting of two main iteration steps employed to implement the outlined 

solution algorithm is explained as follows. 

 

a) 

 

b) 

Fig. 4.18: Finite element mesh of the SA contact model near a) contact zone, b) contact radius, a� . 

a�  
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4.5.2 Solution algorithm 

In the first iteration step controlled by the inner loop, the rigid part of separation distance, 

r

iu�  is fixed and the variable part, v

iu�  is updated using bulk deformation from the FE 

solution as, 

r v

i i iu u u= +� � �                                                     (4.20) 

where r

iu�  and v

iu�  for k
th

 iterative step of the inner loop are given as, 

( ) ( )( )
0

2

0 01
2 i

k
r i

i o f b b

s

u u r w w
R

ρ
= + + − −

�
� � � �

�
                                  (4.21) 

( ) ( )
i

k
v k k

i f b ou r w w= −� � �                                              (4.22) 

The updated separation distance iu�  is substituted into the MP contact model to find local 

contact pressure ( )s

c
i

p�  acting in each contact segment (Eqns (4.10)-(4.13)). Local contact 

pressure ( )s

c
i

p� is then applied on contact elements of FE model, which is solved to obtain 

bulk deformation 
ibw� . Separation distance iu�  is calculated from updated bulk 

deformation 
ibw�  using Eqn (4.20)-(4.22). Local contact pressure 

i
p� on contact elements 

is integrated to find contact force 
s

cf
� . The inner loop ends as the variation of contact 

force 
s

cf
�  between successive iterations, is smaller than the convergence tolerance for 

inner loop.  
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If solution does not converge as the number of iterations for inner loop, k exceeds the 

maximum number of iterations, kmax (k  > kmax), separation distance, iu�  is re-calculated 

with a smaller relaxation factor, rf  in Eqns (4.21) and (4.22) so that the rigid part of 

separation distance 
r

iu�  becomes larger to enhance convergence behavior. Once 

convergence is obtained for inner loop 
r

iu�  is updated for the next iteration (j+1) of outer 

loop by using 
r

iu�  from the converged solution of (j-1)
th

 and j
th

 step as, 

( ) ( ) ( ) ( )
1 1

1
r r r

i f i f i
j j j

u r u r u
+ −

= − +� � �                                      (4.23) 

Outer loop controls convergence behavior of contact force 
s

cf
�  obtained from inner loop. 

If successive values of contact force 
s

cf
�  from converged solution of inner loop varies 

within convergence tolerance, bulk deformation is assumed to be in equilibrium with 

contact pressure for a given separation distance at center of contact ou� . Once solution is 

obtained for direct contact pressure 
s

dp� , particle contact pressure 
s

pp� , contact radius a�  

using the converged bulk deformation bw� , the separation distance at center of contact ou�  

is decreased with an increment incu� .                                            

The initial guess for the bulk deformation 
ibw�  of the current step is taken from the 

converged solution of previous step. If convergence criteria cannot be satisfied in outer 

loop before the number of iterations for outer loop j becomes large (j  > jmax), the 

increment incu�  is decreased and outer loop is restarted with a new separation distance at 

the center of contact ou�  in the main loop. In the 1
st
 step, contact force 

s

cf
�  is small enough 



 148 

to ensure convergence even when the initial guess for bulk deformation 
ibw�  is taken to be 

0. 

Convergence rate is high for small contact force (small penetration depth) even when the 

initial guess for bulk deformation is taken to be 
ibw�  = 0. However as penetration depth is 

increased, convergence behavior rapidly changes. Convergence for large penetration 

depths is achieved by improving the initial guess for the bulk deformation 
ibw� . The initial 

guess for bulk deformation 
ibw� of each iteration is obtained from the previous iteration. 

This approach improves convergence behavior; however, convergence problems can still 

be encountered when penetration depth is further increased. In order to enhance 

convergence behavior, the rigid part of separation distance is not assumed to be spherical 

but a new shape is interpolated considering the bulk deformation 
ibw�  from the previous 

iteration. A relaxation factor rf, which is defined as the fraction of bulk deformation 
ibw�  

that is used for the variable part of separation distance is utilized. Relaxation factor rf is 

reduced at large penetration depths to achieve convergence, with the cost of increased 

computation times.  

4.5.3 Effect of interfacial particles on single asperity contact 

The non-dimensional values of parameters studied here (Table 4.3) are chosen to reflect 

the physical ranges listed in Table 4.2. In the SA contact model, the separation distance at 

the center of contact ou�  is decreased with increments of incu�  = 0.02. The initial value of 

relaxation factor rf  is 0.8 and gradually decreased to rf = 0.025 as penetration is increased 
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(or separation distance is decreased) in order to achieve convergence, as controlled by 

numerical algorithm in Section 4.5.2. 

Strain distribution in the SA contact model 

One of the assumptions employed in the SA contact model is that bulk deformation bw�  of 

asperity is small such that resultant strains are in the range where material behavior is 

linear. This assumption is verified in Fig. 4.20 showing the von Mises strain εeq 

distribution in deformable medium at different contact force 
s

cf
� . The maximum strain of 

εeq ≈  0.08 is found for high contact force, 
s

cf
�  = 10

6
.  This value for maximum strain is 

well-below the critical strain value (εeq ≈  0.5) at which material behavior becomes non-

linear as shown in Fig. 3.11 

Number of active particles in the SA interface 

In the MP contact model, it was shown that the contribution of particle contacts to the 

overall force balance depends on number of active particles in contact with each asperity 

s

a
n . The SA contact model implicitly assumes that large number of particles is present at 

each asperity contact interface, so that the statistical definition of particle size distribution 

and the averaging of particle effects used in the model are justified. Therefore, it is 

important to evaluate number of active particles 
s

a
n  in single asperity contact interface.  

This variable is computed by summing the number of particles trapped in each contact 

segment in the SA contact model by using the relation, 
2 2

1( )
N

s

a i i ai
i

n π ρ ρ η
+

= −∑ � � � , where 

non-dimensionalized concentration of active particles 
ai

η�  for each contact segment is  
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computed by using Eqn. (4.7) with lower limit of the integral as separation distance 
i

u�  

value used in Eqn. (4.19). Note that particle contact force 
s

pp�  and direct contact area 
s

dA�  

are computed similarly, by using Eqns (4.6) and (4.12), respectively. Fig. 4.21 shows that 

number of active particles 
s

a
n  in single asperity contact interface

 
increases with particle 

concentration wη  and asperity radius, sR�  as expected. It should be noted that number of 
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Fig. 4.20: Von Mises strain εeq distribution in the SA contact model for different contact force 
s

cf
� . 
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active particles 
s

a
n  remains greater than 

s

a
n  > 30 for all particle concentration wη  and 

asperity radius sR�  studied when contact force, 
s

cf
�  > 10

3
 and 

s

a
n  > 100 when 

s

cf
�  > 10

4
.      

Effect of particles on contact interface 

The computed contact pressure 
s

cp�  distribution in the asperity contact interface is plotted 

in Fig. 4.22, for three different values of contact force, 
s

cf
�  = 10

3
, 10

4
 and 10

5
. In Fig. 

4.22a-b, it is seen that the presence of rigid particles in contact interface causes a 

significant deviation of contact pressure distribution from Hertz contact, when contact 

force is low
310s

cf =�  or 
410s

cf =� . Particle concentration wη  has an important effect on 

this distribution. Fig. 4.22a-b also shows that contact area is predicted to be larger than 

that of Hertz contact when particles are involved in contact. In fact, this effect causes a 

reduction in the maximum contact pressure at center of contact 
s

op� . The effect of particle  
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Fig. 4.21: The effect of a) particle concentration ηw and b) asperity radius sR�  on 

number of active particles 
s

an  in single asperity contact. 
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concentration wη  on the deviation from Hertz contact is different for low and 

intermediate contact force 
310s

cf =�  and 
410s

cf =�  due to different regimes of contact 

operating at each 
s

cf
� . Fig. 4.23a-b shows that the whole contact region is in the particle 

contact regime for low contact force, 
310s

cf =� , while the outside edge of contact is in the  

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.22: The effect of particle concentration ηw on contact pressure distribution 
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particle contact regime and direct contact starts to occur near the center of contact for 

intermediate contact force, 
410s

cf =� . At low contact force, 
310s

cf =� , the deviation of 

maximum contact pressure predicted by the SA contact model from Hertz contact is 

smallest for lowest particle concentration, wη  = 1.25% as seen in Fig. 4.22a (also shown 

in Fig. 4.24b). This counter-intuitive behavior can be explained by the fact that as the 

number of active particles increases in the particle contact regime, the contact interface 

becomes stiffer, i.e the rate of decrease in separation distance with contact pressure is 

smaller. In the absence of interfacial particles, the separation distance between contacting 

surfaces remains to be zero, implying infinite stiffness at the contact interface. The 

increased stiffness at higher particle concentration ηw in the particle contact regime 

therefore causes a smaller deviation for contact pressure distribution of the SA contact 

model from Hertz contact at low contact force 
310s

cf =�  as illustrated in Fig 4.22a. 
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In the mixed contact regime, the stiffness of contact interface is no longer determined by 

particle contacts only, but direct contact plays a role, which starts to appear in the contact 

zone at intermediate contact force, 
410s

cf =� . Fig. 4.23a shows that direct contact area 
s

dA  

decreases as particle concentration ηw becomes higher causing a greater deviation from 

Hertz contact. On the other hand, when contact force is high, 
s

cf
�  = 10

5
, the contact 

pressure distribution 
s

cp�  for different particle concentrations wη  and Hertz contact 

become almost identical. This result stems from the fact that local penetration in contact 

zone is so large that direct contacts dominate the contact interface and the relative effects 

of particle contacts, which are limited to the outside edge of contact zone, becomes small. 

These figures show that higher elastic modulus (Es ) and larger particle size (σp) cause 

larger deviations from Hertz contact, considering the deviation from Hertz contact is 

more significant at lower contact force (
2 2

(1 ) /
s s

c c s s pf f Eν σ= −� ).  

It is apparent from Fig. 4.22b-c that contact interface can be divided into three different 

regions, based on the effects of direct and particle contacts. In fact the presence of these 

regions can be explained better in Fig. 4.23, where fraction of particle contact pressure to 

contact pressure /s s

p cp p� �  and direct contact area 
s

dA  in the interface are plotted. This 

figure shows that, at the outside edge of contact region, where /s s

p cp p� �  = 1, particle 

contact is the responsible mechanism for contact pressure. On the other hand, direct 

contact is the dominant mechanism near the center of contact, where /s s

p cp p� �  < 1, as 

particles become embedded in the elastic surface, causing an increase in direct contact 

area. There is a transition region between direct contact and particle contact dominant 
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regions in which the effects of particle and direct contact are comparable. Direct contact 

area is initially
s

dA  = 0 at the outside edge of contact zone, and all the load is carried by 

particle contacts. Toward the center of contact, deformation of asperity increases, which 

in turn causes a larger area to come into direct contact. Of course the presence of particles 

delay the occurrence of direct contact, and as expected for higher particle concentration 

wη , direct contact covers a smaller area.  

Effect of contact force 

The results explained above show that contact force 
s

cf
�  acting on asperity could have a 

significant influence on the behavior of contact interface. It is therefore important to 

investigate the effect of contact force 
s

cf
� . The contact radius a�  and the maximum contact 

pressure 
s

op�  are plotted as a function of contact force 
s

cf
�  in Figs 4.24a and 4.24b, 

respectively. In agreement with contact pressure distribution 
s

cp�  for different contact 

force 
s

cf
�  as shown in Fig. 4.22, the effect of particles is to increase contact area while 

reducing maximum contact pressure 
s

op� . The maximum contact pressure, 
s

op�  predicted 

by the SA contact model for different particle concentrations, ηw and Hertz contact 

become the same at high contact force, 
s

cf
�  (Fig. 4.24b), whereas the deviation for contact 

radius, a�  does not decrease to zero but remains at a certain level at high 
s

cf
�  (Fig. 4.24a). 

This result can be explained by the definition of contact radius, a�  in the SA contact 

model, which causes a�  to be arbitrary based on the selection of maximum particle size 

max

pr� . The contact radius a�  in the SA contact model is defined as the distance from the  
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center of contact to the point where the largest particle is trapped between surfaces. 

According to Gaussian distribution for particle size, the probability of a particle with an 

infinite size is non-zero, which would result in infinite contact radius, a → ∞� . However 

particle size is bound in this study by considering mean, µp (= 4 σp) and standard 

deviation σp of particle radius, as 
max

pr�  = 3pµ +  since only ~0.14% of particles are larger 

than 
max

pr�  based on the Gaussian distribution. Fig. 4.25 shows the variation of fraction of 

contact force carried by particles /s s

p cf f , and direct contact area 
s

dA , as a function of 

contact force 
s

cf
�  for three different particle concentrations wη . This figure shows that for 

low contact force
s

cf
� , the entire load is carried by particles ( /s s

p cf f  = 1). When direct 

contact starts to become significant at higher loads, this ratio gradually becomes /s s

p cf f  

< 1. As expected, direct contact starts to become more significant for lower values of  
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contact pressure 
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particle concentrations wη . Following a similar trend, direct contact area s

dA  increases 

with higher contact force 
s

cf
� .  

Effect of penetration depth 

According to Hertz contact model, single asperity contact force is expected to vary with 

penetration at the center of contact as 
3/ 2s s

c of δ∝� � . The presence of particles in contact 

interface is expected to modify this relation. In this work, negative values of the 

penetration are assumed to cause contact of an idealized asperity as shown in Fig. 4.16.  

However, particles trapped in the interface cause contact even when penetration at center 

of contact, 
s

oδ�  > 0. The effect of penetration 
s

oδ�  is plotted in Fig. 4.26. As expected, the 

model predicts that particles trapped between surfaces become engaged in contact, 

causing contact force, 
s

cf
�  to become 

s

cf
�  > 0 when there is a clearance between surfaces, 

s

oδ�  > 0, while Hertz contact model, clearly, predicts 
s

cf
�  = 0. In this range, contact force  

Fig. 4.25: The variation of particle contact force ratio, /s s

p cf f  and direct contact 

area, 
s

dA  with contact force, 
s

cf
�  at different particle concentrations, ηw. 
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s

cf
�  increases with particle concentration wη  for the same amount of penetration, as more 

particles are present when wη  is high. Fig. 4.26 also shows what happens when 

penetration becomes 
s

oδ�  < 0. The contact force 
s

cf
�  estimated by Hertz contact is smaller 

than the SA contact model for small penetration 
s

oδ� . However as penetration is increased 

further, the variation of contact force 
s

cf
�  with penetration 

s

oδ�  becomes similar to that of 

Hertz contact. This result is in agreement with contact pressure distribution 
s

cp�  that is 

shown to be similar at high contact force 
s

cf
�  in Fig. 4.22. It is also noted that effect of 

particle concentration ηw diminishes at large penetration depths 
s

oδ� .  

Effect of asperity radius  

The effect of asperity radius sR�  is presented in Figs 4.27 - 4.30. The computed contact 

pressure cp�  variations in the contact interface of asperity is plotted in Figs. 4.28a-c for 

Fig. 4.26: The variation of single asperity contact force 
s

cf
�  with penetration at the 

center of contact s

oδ�  for different particle concentrations wη . 
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contact force, 
s

cf
�  = 10

3
, 10

4
and 10

5
, respectively. These figures show that, for a given 

contact force 
s

cf
� , the predicted contact pressure distribution s

cp�  when particles are in the 

interface, deviates more with respect to Hertz contact, when asperity radius sR�  increases. 

The direct contact area 
s

dA  and particle contact force ratio 
s

pf /
s

cf  are plotted in Fig. 4.28  

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.27: The effect of asperity radius sR�  on contact pressure distribution, 
s

cp�  at 

different contact force, a) 
s

cf
�  = 10

3
, b) 

s

cf
�  = 10

4
 and c) 

s

cf
�  = 10

5
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as a function of contact force 
s

cf
�  for different asperity radii sR� . The contact force 

s

cf
�  

required to initiate direct contact becomes smaller, as asperity radius sR�  is decreased. 

Fig. 4.29 shows that a larger contact area (Fig. 4.29a), but lower contact pressure (Fig. 

4.29b) is predicted when asperity radius sR�  increases for a given contact force 
s

cf
� . In 

fact, this is also evidenced by Hertz contact relations for the contact radius 

1/3(3 / 2)s

c sa f R= � ��  and the maximum contact pressure 
23 1/3(3 /(2 ))s

o c sp f Rπ= � �� . As the 

contact pressure, s

cp�  is lower on a larger asperity radius sR� , particles will have a lower 

tendency to penetrate into deformable surface, and thus they will carry a larger proportion 

of applied load 
s

pf /
s

cf , which is shown in Fig. 4.30. The direct contact area 
s

dA  for the 

smallest asperity radius, sR�  = 4000 remains to be larger in the whole range of contact 

force 
s

cf
�  studied. 

4.6 Multi-Asperity (MA) Contact Model 

The behavior of a single asperity characterized by the SA contact model described in 

Section 4.5, is implemented in a multi-asperity model. Greenwood and Williamson (GW) 

multi-asperity model is used to integrate the effect of each asperity to obtain overall 

rough contact behavior of two surfaces. The SA contact model is used to replace the 

Hertzian behavior for each asperity in GW model. Interfacial particles captured at the 

interface alter rough contact of surfaces due to their influence on load-displacement 

function of a single asperity as plotted in Fig. 4.26. In addition to this effect, contact 

pressure distribution alters local contact characteristics such as direct contact area ratio, 

particle contact pressure ratio, number of active particles, etc; which become critical  
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Fig. 4.28: The effect of asperity radius sR�  on the variation of particle contact 

pressure ratio /s s

p cp p  and direct contact area ratio 
s

dA  in contact zone at different 

contact force, a) 
s

cf
�  = 10

4
 and b) 

s

cf
�  = 10

5
. 
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factors for material removal rate (MRR) calculations. The effect of single asperity contact 

behavior altered by interfacial particles on MRR in rough contact is studied in Chapter 5. 

In this section, the effect of different load-displacement function for each asperity 

influenced by interfacial particles is investigated in a multi-asperity contact model for the 

pad-wafer rough contact.  

The non-dimensionalization used in the MA contact model is shown in Table 4.3. Note 

that the porous elastic modulus Ep in the MA contact model is used instead of solid pad 

elastic modulus in the SP, MP and SA contact models. The dimensionless solid pad 

elastic modulus sE  is also called as porous elastic modulus ratio Es / Ep, which is used 

for the conversion of non-dimensional terms in the MP and SA contact models to the MA 

contact model (Table 4.1). 
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Fig. 4.30: The variation of particle contact force ratio /s s

p cf f  and direct contact 

area ratio 
s

dA  with contact force 
s

cf
�  at different asperity radius sR� . 
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4.6.1 Implementation of the SA contact model 

In the generalized form of GW multi-asperity model (Eqn (4.9)), the contact force of a 

single asperity 
s

cf  for a penetration at the center of contact 
s

oδ , is given by Hertz contact 

as, 
3/ 21/ 24

3

s s

c s s of E R δ= . This function for contact force ( )s s

c of δ  is replaced by the 

relations obtained in the SA contact model and plotted in Fig. 4.26 using a look-up table. 

Note that single asperity contact force
s

cf
�  ≤ 10

6
 is studied in the SA contact model and it 

is shown in Section 4.5 that the SA contact model and Hertz contact gives almost 

identical results for load-displacement behavior at high contact force, 
s

cf
�  ≥ 10

6
 as 

demonstrated in Fig. 4.26. Therefore it is plausible to use Hertz contact when the single 

asperity contact force is high, 
s

cf
�  ≥ 10

6
. Furthermore, the lower limit of the integral in 

Eqn (4.9) is modified to take the interfacial particles engaging in contact into 

consideration when the separation distance wpd  between surfaces is smaller than the 

maximum diameter of particles 2
max

pr , 0 < wpd  < 2
max

pr . Eqn (4.9) reduces to the 

following equation in non-dimensional form as, 

( )
max

2

( )

wp p

s s

o s c o s s s

d r

P f z dzη δ

∞

−

= Φ∫                                (4.24) 

where wpd  is equilibrium separation distance, sz  is asperity summit height and sη  is 

asperity density. Note that the penetration at the center of each asperity contact 
s

oδ  is 

defined as 
s

o s wpz dδ = −  if Hertz contact is used in Eqn (4.24). The penetration at the 
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center of contact is modified to be 
s

o wp sd zδ = −  when the SA contact model is utilized so 

that two conditions between an asperity and contacting surface can be considered. When 

there is clearance between an asperity and contacting surface, penetration at the center of 

contact is 
s

oδ  > 0 while
s

oδ  < 0 if an asperity is penetrating into contacting surface. As a 

result of this modification, asperities with a clearance smaller than maximum diameter of 

particles are considered to be engaged in contact as, 
s

o wp sd zδ = − , where sz  ≥ 

max2wp pd r−  and 
s

oδ  ≤ 
max2 pr . 

4.6.2 Effect of particles on multi-asperity contact 

The variation of the single asperity contact force 
s

cf  with the penetration 
s

oδ  at the center 

of contact determined in the SA contact model (Fig. 4.26) is substituted into Eqn (4.24) 

as ( )s s

c of δ  by means of look-up tables. The mean contact force 
m

sf  on the asperities 

engaged in rough contact is calculated using applied pressure oP  and number of asperities 

in contact 
a

sη  as /
m a

s o sf P η= . The effect of interfacial particles on the mean asperity 

contact force 
m

sf  is investigated for different non-dimensionalized values of porous 

elastic modulus ratio Es / Ep, standard deviation (SD) of particle size pσ , particle 

concentration ηw, asperity radius sR , asperity density sη  in the ranges given in Table 4.3 

determined based on the physical values given in Table 4.1. It is determined that the SA 

contact model and Hertz contact give very similar results for the mean asperity contact 

force 
m

sf  in the ranges of parameters studied when applied pressure oP  is varied as 10
-7

 < 

oP  < 10
-2

. The most significant effect of particles on the mean asperity contact force 
m

sf   
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is observed for large particles, e.g. the SD of particle size, pσ  = 2.5х10
-3

. Fig. 4.31 

illustrates the effect of particles captured by the SA contact model on the mean asperity 

contact force 
m

sf . Hertz contact predicts mean asperity contact force 
m

sf  to be slightly 

greater than the SA contact model since more asperities get engaged in contact when 

particles are present at the interface. For the range of typical values for applied pressure 

0.007 MPa < Po < 0.07 MPa and pad elastic modulus 10 MPa < Es < 100 MPa used in 

CMP, dimensionless applied pressure oP  can be calculated to be 7х10
-5

 < oP  < 7х10
-3

. 

Particles do not seem to play an important role even in the case of a large particle when 

applied pressure oP  used in CMP is considered.   

This result can be explained by considering the effect of interfacial particles on single 

asperity contact behavior. Fig. 4.26 shows that influence of particles on single asperity 

contact behavior becomes negligible when penetration of an asperity is large, 
s

oδ�  < -10 

(or 
s

oδ  < -10 pσ ). Considering the asperity summits of a rough surface varying in height 

making contact with a flat surface as illustrated in Fig. 4.32, it can be seen that some  

Fig. 4.31: The effect of particle size pσ  on mean asperity contact force 
m

sf . 
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asperities will undergo large deformation while the deformation of some asperities will 

be small. In Fig. 4.32, three different asperities with heights 1sz , 2sz  and 3sz  are shown. 

An asperity with height, 1sz  makes contact with rigid surface due to the large particles 

trapped between the asperity and rigid surface. The penetration for such an asperity is 0 < 

s

oδ  ≤ 
max2 pr . The penetration of an asperity with height 2sz  is negative, but the 

penetration is small, -10 pσ  ≤ 
s

oδ  ≤ 0. The effect of interfacial particles on load-

displacement function for these two asperities is considered to be important and the SA 

contact model can be used to capture this behavior. The penetration of an asperity with 

height, 3sz  is large, 
s

oδ  < -10 pσ  such that effect of interfacial particles is negligible. 

Hertz contact gives accurate results for this asperity. The influence of interfacial particles 

on rough contact behavior therefore depends on the contribution of the asperities with 

heights 1sz  and 2sz  in Fig. 4.32, subjected to small penetrations. This contribution is 

quantified by the fraction 
sa

sr  of applied pressure carried by asperities with 
s

oδ  ≥ -10 pσ . 

The applied pressure ratio 
sa

sr  can be found as, 

Fig. 4.32: Asperities with different amounts of penetration, 
s

oδ . 

wpd  

1sz  

2sz  
3sz  

rigid surface (wafer) 
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( )

( )

max

max

10

2

2

( )

( )

wp p

wp p

wp p

d

s s

c o s s s

d rsa

s

s s

c o s s s

d r

f z dz

r

f z dz

σ

δ

δ

+

−

∞

−

Φ

=

Φ

∫

∫
                                    (4.25) 

In Figs 4.33 and 4.35, the applied pressure ratio 
sa

sr  carried by asperities with small 

penetration, 
s

oδ  ≥ -10 pσ  (Eqn (4.25)) is plotted as a function of applied pressure, oP  

obtained by Eqn (4.24). The porous elastic modulus ratio Es / Ep has an effect on the 

applied pressure ratio 
sa

sr  as shown in Fig. 4.33 as higher Es / Ep causes 
sa

sr  to become 

larger. The applied pressure ratio 
sa

sr  also depends on applied pressure oP , particle-

related parameters such as particle size pσ  and particle concentration ηw (Fig. 4.34) and 

pad topography related parameters such as asperity radius sR  and density sη  (Fig. 4.35). 

It is seen that the asperities influenced by interfacial particles carry a small fraction 
sa

sr  of 

applied pressure; in fact less than 0.1% of applied pressure, 
sa

sr  < 0.001 is on the 

asperities with small penetration, 
s

oδ  ≥ -10 pρ .  

The most influential parameter on applied pressure ratio, 
sa

sr  is particle size pσ  as shown 

in Fig. 4.34a, where larger particles increase the effect of particles on asperity contact 

which was also illustrated in Fig. 4.31. This can be explained by the relative value of the 

equilibrium separation distance, wpd  with respect to the maximum particle diameter 

(14 pσ ) and the penetration at which the effect of particles become negligible ( 10 pσ− ). 

The equilibrium separation distance wpd  is calculated using base parameters (Table 4.3)  
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Fig. 4.33: The effect of porous elastic modulus ratio Es/ Ep on applied pressure ratio, 

sa

sr  of asperities influenced by the SA contact model. 
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in Eqn. (4.24) and plotted in Fig. 4.36, which indicates that the equilibrium separation 

distance is in the range 0.2 < wpd  < 2.1 for typical dimensionless applied pressure in 

CMP, 7х10
-5

 < oP  < 7х10
-3

. It is important to note that no significant difference is 

observed when Eqn (4.9) with Hertz contact assumption for single asperity behavior is 

used instead of Eqn (4.24) with the SA contact model implying that the effect of particles 

on multi-asperity contact is not significant. If we assume that the tallest asperity is 

located at 3sz = , penetration of asperities varies as, 0 < 
s

oδ  < 3 for low applied pressure 

and hard pad, oP  = 7х10
-5

  and 0 < 
s

oδ  < 0.5 for high applied pressure and soft pad, oP  = 

7х10
-3

. For a typical particle size σp and SD of pad roughness σs, dimensionless particle 

size is found as pσ  = 1.25х10
-3

, which means that both maximum particle diameter 

(14 pσ ) and penetration at which the effect of particles become negligible ( 10 pσ− ) are 

several orders of magnitude smaller than maximum penetration of asperities seen for 

typical applied pressure in CMP. Although larger particle size pσ  increases the influence  
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Fig. 4.35: The effect of a) asperity radius sR  and b) asperity density sη  on applied 

pressure ratio 
sa

sr  of asperities influenced by the SA contact model. 
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of interfacial particles, effect of interfacial particles remains small when typical CMP 

parameters are used for particle size pσ  and concentration ηw, asperity radius, sR  and 

density sη , and porous elastic modulus ratio Es / Ep. Higher particle concentration ηw also 

increases the influence of interfacial particles on rough contact as depicted in Fig. 4.34b. 

As porous elastic modulus ratio Es / Ep increases, the effect of particles becomes more 

significant. Larger asperity radius sR  and asperity density sη  cause the equilibrium 

separation distance wpd  to become smaller for a given applied pressure oP  which results 

in slightly greater applied pressure ratio 
sa

sr  carried by asperities with 
s

oδ  ≥ -10 pσ  (Fig. 

4.34).  

4.7 Summary 

In this chapter, the contact of a rough pad and a wafer is investigated by modeling 

particle level interactions in the SP and MP contact models. These interactions are then 
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implemented first for a single asperity in the SA contact model and finally for multiple 

asperities engaged in contact due to pad-wafer rough contact in the MA contact model.  

The MP contact model gives important characteristics of local contact. The results of the 

MP contact model show that direct contacts starts to dominate local contact as particles 

become embedded in the pad. The condition for occurrence of direct contact is a strong 

function of particle concentration and pad elastic modulus. The participation of particle 

and direct contacts for a given local contact pressure as determined by the MP contact 

model can either be used in the SA contact model, which considers the influence of 

interfacial particles on contact pressure distribution at pad asperity-wafer contact 

interface or Hertz contact if the effect of interfacial particles can be neglected.   

The SA contact model shows that the external load on a single asperity is transferred to 

rigid surface by particles and by direct contact of the deformable pad to the rigid wafer. 

The degree to which particles become embedded into the deformable material affects the 

interfacial contact conditions. One of the effects of the particles, on the overall contact 

behavior is to distribute the contact over a larger area. Consequently, the maximum 

contact pressure at the center of contact decreases with respect to the prediction of Hertz 

theory. Interfacial particles play an important role in the single asperity contact, when 

force on the asperity is small, pad is hard and/or particle concentration is high. It is also 

shown that the particles will have a lower tendency to penetrate into the elastic solid, 

when they are caught in the interface of a relatively large asperity. For a given total 

contact force, this means that an increased proportion of total contact force will be carried 

by the particles if asperity radius is increased. As direct contact area develops between 
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surfaces due to increased external force on a single asperity, contact pressure distribution 

approaches Hertzian contact pressure distribution and effect of interfacial particles can be 

neglected.  

The equilibrium separation distance between pad and wafer is calculated by the MA 

contact model. When typical CMP parameters are used, it is found that the effect of 

particles on load-displacement behavior of a single asperity captured by the SA contact 

model can be neglected. This is due to the fact that only a small fraction of applied 

pressure is carried by asperities with sufficiently small contact force for interfacial 

particles to be influential.  

The results of the MP and SA contact models are used in Chapter 5 to compute material 

removal rate. If the effect of interfacial particles is neglected, the contact pressure 

distribution at single asperity contact can be assumed to be Hertzian. In this case, local 

contact pressure determined by Hertz contact is substituted in the MP contact model to 

determine particle and direct contact pressure, and number of active particles, which are 

required for calculating material removal rate achieved by active particles captured in 

contact between pad and wafer.   
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CHAPTER 5 

 

MODELING OF MATERIAL REMOVAL RATE 

 

5.1 Overview 

This chapter focuses on the calculation of material removal rate (MRR) in CMP. The 

contact models developed in Chapter 4 are implemented by using adhesive and abrasive 

wear formulations. A general form of the wear equation for MRR (wear rate) due to 

applied pressure, Po can be written as [1], 

o r
w

w

PV
RR k

H
=                                                 (5.1) 

where Vr is relative sliding velocity of surfaces and Hw is hardness of softer material, RR 

is the removal rate with units of L/T, and kw is the unitless wear constant. Both adhesive 

and abrasive wear equations are in the same form except that wear constant kw is different 

for each wear type. Wear constant kw in Eqn (5.1) is usually determined empirically, and 

depends on the following parameters; 
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• Parameters related to particles (particle size σp and concentration ηw),  

• Surface topography (pad roughness σs, skew Ss, asperity radius Rs and density ηs),  

• Elasticity of pad (elastic modulus Es and porosity of pad Es / Ep) 

• Material properties of wafer and particle that influence surface forces (effective 

Hamaker constant Awsp and zeta potential of wafer and particle Ψ1,2).  

In addition, the wear rate RR does not vary linearly with applied pressure Po as suggested 

by Eqn (5.1) but the RR-Po relationship depends on the parameters listed above. 

Moreover, the relation between the wear rate, RR and hardness Hw is not linear, as the 

wafer hardness varies in the thickness direction of the wafer due to the chemical reactions 

taking place between the wafer and the slurry. A passivated surface layer with a thickness 

tpw and hardness, Hpw different than the hardness of bulk material Hbw exists. Finally, 

experimental and modeling studies show that in CMP, the effect of relative velocity Vr on 

wear rate RR cannot be simply described as shown in Eqn (5.1) when hydrodynamic 

lubrication effects due to slurry flow between pad and wafer are considered. However 

hydrodynamic lubrication effects are not within the scope of this work, therefore wear 

rate RR is assumed to have linear dependence on relative velocity Vr as suggested by the 

general form of wear equation (Eqn (5.1)). In this work, Eqn (5.1) is investigated in the 

following form, 

( )1,2

( )
, , , , , , , / , ,

( , , )

o r
w p w s s s s s s p wsp

pw bw pw

f P V
RR k S R E E E A

g H H t
σ η σ η= Ψ          (5.2) 
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where f and g are two functions that relate the effect of applied pressure and wafer 

hardness to wear rate. The effects of all the variables in Eqn (5.1) are investigated for 

different contact conditions introduced in Chapter 4. 

In this work, only particle contacts are assumed to result in material removal due to both 

adhesive and abrasive wear, whereas pad-wafer direct contact does not cause material 

removal since pad is significantly soft as compared to wafer. Equilibrium contact force at 

wafer-particle interface provides the necessary mechanical action for material removal, 

while chemicals in slurry influence material removal by altering wafer hardness. In this 

chapter, equations are developed for calculating forces (or removal force function (RFF)), 

which are the mechanical driver for material removal. In Section 5.2, contact force 

applied by pad on a single particle is found by utilizing single particle (SP) contact model 

developed in Section 4.2. Surface forces including van der Waals and electrical double 

layer forces between wafer and a single particle are calculated and wafer-particle contact 

force is obtained by the equilibrium of pad-particle contact and surface forces.  

Once the contact force between wafer and a single particle is computed, the RFF due to 

adhesive and abrasive wear achieved by a single particle is determined. The wafer-

particle contact is assumed to be perfectly-plastic, which enables the calculation of 

indentation depth of each particle in wafer from wafer-particle contact force and wafer 

hardness. The RFF due to adhesive wear is proportional to contact area between wafer 

and particle while abrasive wear varies as a function of area abraded by a particle due to 

sliding on wafer (Section 3.5). This fundamental difference between the two wear 

mechanisms cause wear constant function kw in Eqn (5.2) to be different.  
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The RFF for each particle is then integrated in the multi-particle (MP) model to find the 

RFF achieved by all active particles trapped between two flat surfaces (Section 5.3). The 

RFF due to the contact of two flat surfaces is substituted into the single asperity (SA) 

model for calculating the RFF of a single asperity (Section 5.4). The contact pressure 

distribution in single asperity contact given by the SA contact model considering the 

influence of interfacial particles as well as Hertz contact neglecting the effect of 

interfacial particles is used for the calculation of the RFF achieved by a single pad 

asperity. The RFF for each asperity contact is finally used in the multi-asperity (MA) 

model in order to compute the RFF of all asperities in pad-wafer rough contact (Section 

5.5).        

In Section 5.5, the calculation of the effective hardness by using the bi-layer hardness 

model is explained. Once the effective hardness is determined, the MRR is computed 

from the RFF and the effective hardness. 

5.2 Removal Force Function (RFF) in SP Contact Model 

A model for the RFF of a single particle trapped between one deformable pad and one 

rigid wafer as shown in Fig 5.1 is explained next. The effects of the surface forces acting 

between the wafer and the particle are considered in this model. The contact force at 

wafer-particle interface wf  is responsible for material removal due to wear of wafer. Fig. 

5.1 shows the free-body force diagram of particle in contact with wafer. The wafer-

particle contact force wf  consists of the force transmitted through pad-particle contact,  
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pf , and surface forces sf , between wafer and particle including the van der Waals vdwf  

and the electrical double layer forces dlf  as, 

w p s p vdw dlf f f f f f= + = + +                                          (5.3) 

The contact force on the particle applied by the pad, pf  is defined in the SP contact 

model as a function of penetration depth of particle into the pad δp, ( )p pf δ  in Section 

4.3. The surface forces between the wafer and the particle on the other hand are constant 

for a given particle size, rp. Considering the dependence of pad-particle contact force on 

the pad elastic modulus and particle size as pf ∝ Esrp
2
 and the surface forces as sf ∝ rp, 

the relative effect of surface forces, sf / pf  = 1 / Esrp, is found to increase with softer pad 

and smaller particles.  

5.2.1 Surface forces 

The equilibrium separation distance do between a wafer and a particle is a significant 

factor in the magnitude of the van der Waals vdwf  and electrical double layer dlf  forces 

(Eqns (3.29) and (3.40)-(3.43)). For two contacting surfaces which are atomically 

wf  

dlf  
vdwf

 

pf  

Fig. 5.1: Free-body diagram for forces on a particle in contact with pad and wafer in 

the presence of surface forces (van der Waals, vdwf  and double layer, dlf  forces). 
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smooth, separation distance is do = 4 Ǻ. The separation distance do increases effectively if 

contacting surfaces become rougher [2]. As illustrated in Fig. 5.2, van der Waals vdwf  and 

double layer, dlf  forces decrease with larger separation distance do. It is seen that van der 

Waals forces vdwf  are always positive (attractive) but the magnitude of vdwf  becomes 

smaller as effective Hamaker constant Awsp decreases. Fig. 5.2b and 5.2c shows the 

variation of double layer forces dlf  predicted by the compression approximation (CA) 

and HHF constant charge assumption (HHF-CC) explained in Section 3.2.2, respectively 

using molar concentration M = 0.01 mole/liter. Note that the parameters listed in Table 

3.1 are used to calculate the double layer forces dlf . A significant difference between 

these two approaches to calculate double layer force dlf  is observed as the magnitude of 

dlf  is found to be much greater if HHF-CC assumption is used. The comparison of 

different assumptions for the calculation of double layer forces dlf  is further discussed in 

Section 3.2.2. The magnitude of double layer forces dlf  is a strong function of zeta 

potential of interacting surfaces 1,2Ψ  (wafer and particle) as shown in Fig. 5.2b and 5.2c. 

Both approaches indicate that double layer forces remain negative dlf  < 0 (repulsive) 

even when the surface charges of wafer and particle are opposite. A small attractive force 

is determined by HHF-CC assumption when the surfaces are oppositely charged with 

large zeta potential 1,2Ψ  = 50mV, -50mV. In this case, CA assumption gives double layer 

force to be dlf  = 0.  
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The effect of molar concentration M of the electrolyte on the magnitude of double layer 

forces dlf  is investigated in Fig. 5.3, where double layer forces dlf  are calculated using 

CA and HHF-CC assumptions while M is varied as 0.001 mole/liter < M < 0.1 mole/liter. 

It is seen that CA assumption predicts the magnitude of double layer forces dlf  to 
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Fig. 5.2: The effect of separation distance do on a) van der Waals force vdwf  and b) c) 

double layer force dlf , with HHF-CC and CA assumptions, respectively. 
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increase with larger molar concentration M, whereas dlf  decreases with M when HHF-

CC assumption is used.  

The van der Waals forces, vdwf  are always attractive and act in the same direction as pad-

particle force pf . Double layer forces dlf  on the other hand may be attractive or 

repulsive based on surface charges. However at small separation distance do, which is the 

case for two contacting surfaces, double layer forces dlf  are repulsive even for opposite 

charged surfaces as demonstrated in Figs 5.2b and 5.2c due to osmotic pressure 

component of the double layer force [3]. Therefore the effect of double layer forces dlf  is 

to decrease overall wafer-particle contact force wf . This is expected to have a negative 

effect on the MRR. 

5.2.2 Definition of removal force function (RFF) 

Two different wear mechanisms, adhesive and abrasive wear, explained in Section 3.5, 

are considered in this study in order to predict MRR due to a single particle in the wafer- 
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pad interface. Eqns (3.60) and (3.66) given for material removal rate due to adhesive, 

sp

adRR  and abrasive wear, sp

abRR , respectively, are re-arranged as follows, 

ad ad
sp spw w
ad w r ad r

w w

k k
RR f V R V

H H

   
= =   

   
                                     (5.4) 

3/ 2

3/ 2 3/ 23

2 ab ab
sp spw w w
ab r ab r

p w w

f k k
RR V R V

r H Hπ

    
= =         

                        (5.5) 

Recall that Vr is relative velocity, wf  is wafer-particle contact force, rp is particle radius, 

Hw is wafer hardness, ad

wk  and ab

wk  are wear coefficients for adhesive and abrasive wear, 

respectively. The MRR is investigated in our models by calculating the RFF for adhesive 

sp

adR  and abrasive sp

abR  wear, which are defined as, 

sp

ad wR f=                                                         (5.6) 

3/ 2

3

2sp w
ab

p

f
R

rπ
=                                                     (5.7) 

Note that a fundamental difference between the RFF due to adhesive and abrasive wear is 

the dependence on wafer-particle contact force, wf . The RFF due to adhesive wear 

increases linearly with contact force sp

adR ∝ wf , whereas the RFF due to adhesive wear 

varies as sp

abR  ∝  
3/ 2

wf . This difference is later shown to have a critical effect on the 

outcomes of adhesive and abrasive wear of the wafer.   
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5.2.3 Bi-layer hardness model 

 In CMP, material removal is achieved by a combination of mechanical and chemical 

effects. Chemicals in the slurry react with wafer surface forming a passivated layer and 

thus altering hardness Hw of the wafer. As shown in Eqns (5.4) and (5.5), change in 

hardness has direct consequences on MRR. However, note that MRR due to abrasive 

wear, sp

abRR  has a stronger dependence on wafer hardness, sp

abRR  α 1/ 3/ 2

wH   than MRR due 

to adhesive wear, sp

adRR  α 1/Hw. The “effective” hardness of wafer, Hw is used in Eqn 

(5.4) and (5.5) instead of passivated, Hpw or bulk wafer, Hbw hardness as hardness varies 

as a function of distance from wafer surface. The chemical reaction rate of wafer and 

chemicals in slurry, and the duration of the reaction determine hardness as a function of 

depth from surface. A diffusion driven mechanism has been proposed for reaction of 

wafer with slurry chemicals, where the chemicals responsible for passivation of wafer by 

forming oxides, also called oxidizers, are transported to wafer surface by slurry flow and 

diffuse into wafer thus creating a hardness gradient near the wafer surface [4]. Calota et 

al. [5] have shown experimentally for niobium wafers that various NbxOy species are 

established within the top 7 nm of the surface. A bi-layer hardness model is adopted in 

this work in order to simply the hardness variation. The bi-layer hardness model [6] is 

described by three parameters, passivated wafer hardness Hpw,  thickness tpw of passivated 

layer, and bulk wafer hardness Hbw as follows, This model assumes that the wafer 

hardness, Hw is constant within the passivated layer, and wafer material at a depth, z 

larger than passivated layer thickness tpw, z > tpw behaves as bulk wafer material as 

follows, 
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( )
pw pw

w

bw pw

H z t
H z

H z t

<
= 

>
                                           (5.8) 

Note that a sudden transition from Hpw to Hbw is assumed at z = tpw. In reality, the 

hardness of wafer is expected to vary more smoothly from surface into wafer [4,5]. The 

thickness of the passivated layer, tpw relative to the indentation depth of particle, wδ  into 

the wafer is an important factor and it will affect the MRR. If the particle indentation wδ  

is smaller than the thickness of passivated layer tpw, ( wδ  < tpw) (Fig. 5.4a), we assume that 

the contact pressure at wafer-particle interface is equal to hardness of passivated layer, 

Hpw. Then the wafer-particle contact force, wf  can be expressed by using the contact 

radius aw as, 

2

2

w
w pw

a
f H

π
=        for       wδ  < tpw                            (5.9) 

Note that the particle is considered to be sliding over the wafer, therefore only half of the 

contact area is engaged in contact. Fig. 5.4b shows the case where the contact force at  

 

 

 

 

 
Fig. 5.4: Wafer-particle contact for two different conditions where a) indentation depth of 

particle is smaller than the thickness of passivated layer δw < tpw and b) indentation depth of 

particle is larger than the thickness of passivated layer δw > tpw. 
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wafer-particle interface, wf  is sufficiently large for a  particle to indent through 

passivated layer and make contact with bulk wafer, i.e indentation depth of the particle 

wδ   is larger than the thickness of passivated layer tpw, ( wδ  > tpw). The contact pressure 

acting at the wafer-particle interface is not uniform due to different hardness of 

passivated layer Hpw and bulk wafer Hbw. In this case, we assume that wafer-particle 

contact is sustained by the contributions from the contact pressure acting at particle-

passivated layer and particle-bulk wafer interfaces as follows, 

( )2 2 2

2 2

w bw bw
w pw bw

a a a
f H H

π π−
= +       for       wδ  > tpw             (5.10) 

where aw and abw are the contact radii at particle-passivated layer and particle-bulk wafer 

interfaces, respectively. By assuming that the indentation depths ( wδ  and bwδ ) are small 

compared to particle radius rp , the contact radii (apw and abw) can be shown to be related 

to the indentation depth as follows, 

2

2

w
w

p

a

r
δ =        and     

2

2

bw
bw

p

a

r
δ =                                (5.11) 

Using Eqns (5.9)-(5.11), the wafer-particle contact force, wf  can be expressed in terms 

of the indentation depth, wδ  as, 

                          w p w pwf r Hπ δ=         for       wδ  < tpw                             (5.12) 

( )w p w bw pw p bw bwf r H r Hπ δ δ π δ= − +       for     wδ  > tpw                (5.13) 
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Indentation depth, wδ  is the summation of thickness of passivated layer, tpw and 

indentation depth in bulk wafer, wδ  = tpw+ bwδ . Therefore Eqn (5.13) reduces to; 

( )w p pw pw w pw bwf r t H t Hπ δ = + −          for        wδ  > tpw            (5.14) 

Bulk wafer hardness, Hbw dominates wafer-particle contact if indentation depth wδ  is 

much larger than thickness of the passivated layer, wδ  >> tpw. In this condition, the effect 

of the passivated layer can be neglected and Eqn (5.14) can be simplified, by setting tpw = 

0, as follows, 

w p w bwf r Hπ δ=         for        wδ  >> tpw                         (5.15) 

Eqns (5.12) and (5.14) can be summarized as follows: 

( )w p w w wf r Hπ δ δ=                                            (5.16a) 

where the effective wafer hardness Hw is defined as, 

for

( )
1 for

pw w pw

w w pw pw

pw bw w pw

w w

H t

H t t
H H t

δ

δ
δ

δ δ

 ≤


=  
+ − > 
 

                  (5.16b) 

Note that effective hardness is dominated by bulk wafer hardness, Hw � Hbw as 

indentation depth becomes very large wδ  � ∞. Eqn (5.16) is used in the model to 

characterize the effect of the slurry chemicals on the MRR. The implementation of Eqn 

(5.16) in the model will be explained later in this chapter (Section 5.6).                              
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5.3 Removal Force Function (RFF) in MP Contact Model 

The RFF in the multi-particle (MP) contact model, R
mp

, is calculated by integrating the 

RFF due to each particle, R
sp

 over all particles active in contact in a form similar to Eqns 

(4.10) and (4.11), used to determine particle contact pressure mp

pp  in the MP contact 

model using the contact force on each particle pf . The RFF in the MP contact model, 

R
mp

 for particle contact dsep > 0 and mixed contact dsep < 0 regimes can be calculated 

using, 

                              2

0

2 ( ) if 0

2 ( ) if 0

sep

sp

v p p p p sep

d
mp

sp

v p p p p sep

r R r dr d

R

r R r dr d

η

η

∞

∞


Φ >


= 


Φ <


∫

∫

                           (5.17) 

Note that R
mp

 given in Eqn (5.17) is a function of the separation distance dsep. However, 

from a practical point of view, it makes more sense to report the RFF as a function of the 

contact pressure mp

cp  acting between the two surfaces. In order to obtain the RFF as a 

function of contact pressure mp

cp , the separation distance dsep is used as an intermediate 

parameter and the RFF is matched against contact pressure mp

cp  by means of look-up 

tables created for relating both mp

cp  and the RFF to dsep using Eqns (4.10), (4.11) and 

(5.17). In fact, a similar approach is used to estimate other parameters such as particle 

contact pressure ratio mp

pp  / mp

cp  and direct contact area ratio mp

dA  as a function of 

contact pressure mp

cp .  
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If we neglect the effect of surface forces in Eqn (5.3) sf = 0, the wafer-particle contact 

force becomes equal to pad-particle contact force, wf = pf . Furthermore, using the non-

dimensional parameters of the MP contact model (Table 4.1) in Eqns (5.6), (5.7) and 

(5.17), one can find that the RFF due to adhesive and abrasive wear in single particle 

( sp

adR  and sp

abR ) and multi-particle contact models ( mp

adR  and mp

abR ) can be expressed in non-

dimensional form as, 

�
2

sp
sp

ad
ad

s p

R
R

E σ
=         and         �

3/ 2 2

sp
sp

ab
ab

s p

R
R

E σ
=                            (5.18) 

�
sp

mp
ad

ad

s

R
R

E
=         and           �

3/ 2

mp
mp

ab
ab

s

R
R

E
=                             (5.19) 

where Es is pad elastic modulus and pσ  is the standard deviation of particle size 

distribution. The RFF due to adhesive �
mp

adR  and abrasive wear �
mp

abR  in the MP contact 

model is plotted in non-dimensional form in Fig. 5.5. It is seen that the RFF due to 

adhesive wear �
mp

adR  for different particle concentrations ηw are the same at low contact 

pressure, mp

cp�  where particle contact regime operates with direct contact area ratio, mp

dA  

= 0 (Fig. 5.6a) and particle contact pressure ratio, mp

pp / mp

cp  = 1 (Fig. 5.6b). Fig. 5.5a also 

shows that the RFF in the MP contact model �
mp

adR  is linearly proportional to particle 

contact pressure mp

pp� , ( �
mp

mp
ad pR p∝ � ). This can be explained by recalling that the RFF of a 

single particle for adhesive wear is related to single particle contact force as sp

ad wR f∝ �� .  
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A different behavior is observed for the RFF due to abrasive wear �
mp

abR , in Fig. 5.5b. In 

particle contact regime, the RFF due to abrasive wear �
mp

abR  decreases with higher particle 

concentration ηw. This can be explained by considering the relation between the RFF of a 

single particle for abrasive wear sp

abR�  and single particle contact force wf
�  as 3/ 2sp

ab wR f∝ �� . 

As particle concentration ηw becomes higher, thus increasing the number of active 

particles mp

aη� , the mean contact force on each particle found by m

wf
�  = mp

pp�  / mp

aη�  

decreases since particle contact pressure mp

pp�  is constant in particle contact regime. This 

reduction in mean particle contact force m

wf
�  causes the RFF due to abrasive wear mp

abR�  to 

become smaller with higher particle concentration ηw. Fig. 5.5b also shows that the 

relationship between the RFF due to abrasive wear sp

abR�  and the contact pressure mp

cp  is 

no longer linear in particle contact regime as opposed to the case of adhesive wear. 
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Fig. 5.5: RFF due to adhesive, �
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adR  and abrasive wear, �
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abR  in multi-particle model for 

different particle concentrations ηw. 



 190 

Fig. 5.6 shows that at a critical contact pressure mp

cp , the transition from particle to mixed 

contact regime occurs. With higher particle concentration ηw, the occurrence of direct 

contact is retarded and the critical contact pressure for direct contact becomes higher. 

Once contact pressure, mp

cp  is above its critical value, i.e. mixed contact regime starts to 

operate, the rate of increase of the RFF due to adhesive and abrasive wear, mpR  becomes 

smaller due to the fact that a fraction of contact pressure is utilized by direct contact, 

mp

pp / mp

cp  < 1 and available contact pressure mp

pp  for the RFF is lower. 

5.4 Removal Force Function (RFF) in SA Contact Model 

In this section, the RFF due to the particles trapped between a pad asperity and a flat 

wafer R
s
 is modeled. The contact pressure distribution s

cp  in the pad asperity-wafer 

interface is substituted into the MP contact model for obtaining the RFF for adhesive s

adR   
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and abrasive wear s

adR  due to the contact of a single asperity. Different assumptions for 

contact pressure distribution s

cp  between the asperity and the wafer are employed. First, 

the interfacial particles are assumed to influence single asperity contact pressure s

cp  

captured by the SA contact model, s

cp  = sa

cp . In this case, the RFF is calculated by using 

the contact pressure distribution given by the SA contact model sa

cp  in Section 5.4.1. 

Next, the effect of the interfacial particles on single asperity contact behavior is 

neglected. And in this case, Hertz contact relations are utilized for calculating the RFF of 

a single asperity, using Hertz contact pressure distribution in Section 5.4.2 ( s

cp  = H

cp ), 

and mean Hertz contact pressure in Section 5.4.3 ( s

cp  = Hm

cp ). 

5.4.1 Contact pressure by SA contact model 

The contact pressure distribution sa

cp  obtained by the SA contact model is used to 

determine the RFF by a single asperity s saR − . This is considered to be most realistic 

situation for simulating actual contact condition at each pad asperity contact where the 

existence of interfacial particles may alter the contact pressure distribution sa

cp . 

The contact zone at pad asperity-wafer interface is assumed to consist of small annular 

contact segments with inner radius ai, where the contact pressure in each contact segment 

is determined by the contact pressure distribution given by the SA contact model sa

cp . 

The RFF in each contact segment is found by finding the RFF in the MP contact model 

R
mp

 corresponding to the contact pressure mp

cp  = sa

cp . The RFF for a single asperity, 
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s saR −  is then determined by integrating the RFF for each contact segment forming the 

entire contact interface as, 

( )
0

2 ( )

saa

s sa mp sa

cR aR p a daπ
−

= ∫                                   (5.20) 

where a
sa

 is the single asperity contact radius obtained from look-up tables produced by 

the SA contact model (Figs 4.25a and 4.30a).  

5.4.2 Hertzian contact pressure 

Each pad asperity contact can also be assumed to behave as Hertzian contact if the 

influence of particles on contact pressure distribution is neglected. This assumption leads 

to the simplification of the model to calculate the RFF of a single asperity, s HR − as 

contact pressure distribution, H

cp  and contact radius, a
H
 in Eqn (5.20) can be described 

by closed-form equations; 

( )
0

2 ( )

Ha

s H mp H

cR aR p a daπ
−

= ∫                                        (5.21) 

where Hertz contact gives H

cp  and H
a  as, 

1/ 2
2

2

3
( ) 1

2

s a
H a c
c HH

f r
p r

aaπ

  
= −  

   
 and 

1/3

3

4

s
H c s

s

f R
a

E

 
=  
 

                  (5.22) 
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5.4.3 Mean Hertzian contact pressure  

This is a further simplification of the Hertz contact assumption, where mean contact 

pressure Hm

cp  predicted by Hertz contact is used to calculate the RFF for a single asperity 

s HmR − . In this case, the contact zone is not divided into contact segments, but the mean 

contact pressure Hm

cp  given by Hertz contact is assumed to be acting throughout the 

entire contact zone. The mean contact pressure Hm

cp  can be directly substituted into the 

MP contact model to find the RFF for a unit area of contact ( )mp Hm

cR p , which can then 

be multiplied by the contact area 
2H

aπ  to obtain the RFF of a single asperity s HmR −  as, 

( )
2s Hm H mp Hm

cR a R pπ
−

=                                         (5.23) 

where mean contact pressure Hm

cp  is given by Hertz contact as a function of contact force 

s

cf  as, 

2

s
Hm c
c

H

f
p

aπ
=                                                    (5.24) 

In addition to the RFF, the approach explained in Sections 5.4.1 – 5.4.3, are used to 

compute the other important variables of a single asperity contact. These include the 

direct contact area, s

dA  ( sa

dA , H

dA , Hm

dA ), the particle contact force, s

pf  ( sa

pf , H

pf , Hm

pf ) 

and the number of active particles, s

an  ( sa

an , H

an , Hm

an ). Similar equations to Eqns (5.20), 

(5.21) and (5.23) are used, where the RFF function mpR  for the MP contact model is 
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replaced by the functions for direct contact area mp

dA , particle contact pressure mp

pp  and 

number of active particles mp

an .  

5.4.4 Removal force function (RFF) due to single asperity contact 

The non-dimensional RFF due to adhesive s sa

adR
−�  ( 2/s

ad s pR E σ= ) and abrasive wear s sa

abR
−�  

(
3/ 2 2

s

ab

s p

R

E σ
= ) in single asperity contact are calculated as a function of dimensionless 

asperity contact force, s

cf
�  (= ( )2/s

c s pf E σ ) in the range 10
3
 < 

s

cf
�  < 10

6
 using the SA 

contact model as explained in Section 5.4.1. Fig. 5.7a shows that the RFF for adhesive 

wear 
s sa

adR
−�  does not depend on particle concentration ηw in particle contact regime, which 

prevails at low contact force, 
s

cf
� . As the contact force 

s

cf
�  is increased, the direct contact 

starts to occur for low particle concentration ηw causing the rate of increase in the RFF for 

adhesive wear 
s sa

adR
−�  with 

s

cf
�  to become smaller. This trend is explained by considering 

the fraction of the applied load carried by particle contacts /s s

p cf f , which decreases with 

higher asperity contact force 
s

cf
�  (Fig. 4.25), thus having a detrimental effect on the RFF 

for adhesive wear 
s sa

adR
−� . A further increase in the contact force 

s

cf
�  results in a similar 

effect for higher particle concentrations ηw. At high asperity contact force 
s

cf
� , the RFF 

due to adhesive wear 
s sa

adR
−�  increases with higher particle concentration ηw. 

A different trend is observed for the RFF due to abrasive wear 
s sa

abR
−�  in single asperity 

contact (Fig. 5.7b). The RFF for abrasive wear 
s sa

abR
−� decreases with higher particle  
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concentration ηw in particle contact regime at low contact force 
s

cf
� . This trend was also 

determined the RFF due to abrasive wear 
mp

abR  in the MP contact model (Fig. 5.5b). As 

the contact regime shifts to mixed contact at high asperity contact force 
s

cf
� , the RFF due 

to abrasive wear 
s sa

abR
−�  increases with higher particle concentration ηw.  

In Fig. 5.8, the RFF due to a single asperity contact s saR −�  is plotted for different asperity 

radius sR� . It is seen that the RFF due to adhesive wear 
s sa

adR
−�  does not vary with asperity 

radius sR�  at low contact force 
s

cf
�  as particle contact regime operates at low 

s

cf
�  (Fig. 

5.8a). In this regime, the RFF due to abrasive wear 
s sa

abR
−�  decreases with larger asperity 

radius sR�  (Fig. 5.8b). At high contact force 
s

cf
� , the RFF due to both adhesive and 

abrasive wear (
s sa

adR
−�  and 

s sa

abR
−� ) increase as asperity radius sR�  becomes larger. This result  
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can be explained by considering the particle contact force ratio /s s

p cf f  illustrated in Fig. 

4.30 for different asperity radius sR� . The contact is spread over a larger area in the case 

of large asperity radius sR� , which decreases the tendency of particle to be embedded in 

the pad. As a result, particle contact force ratio /s s

p cf f  increases with larger asperity 

radius sR� , thus increasing the RFF for a single asperity s saR −� .   

5.4.5 Error of different contact pressure distributions on RFF of single asperity 

In this section, different assumptions for single asperity contact pressure, 
s

cp  as explained 

in Sections 5.4.1 – 5.4.3 is used to model the RFF due to single asperity contact. The 

error introduced in the calculation of the RFF of a single asperity by using the Hertzian 

contact pressure R
s
 ( s HR − or s HmR − ) instead of contact pressure given by the SA contact 
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model s saR −  is quantified by the ratio 
s

e  = ( ) /s sa s s saR R R− −
− . The error is determined 

for the Hertzian contact pressure distribution 
s H

e
−

 by setting s s HR R −
=  and the mean 

Hertzian contact pressure 
s Hm

e
−

 by setting s s HmR R −
= .  

Effect of particle concentration (RFF due to adhesive wear)  

Fig. 5.9 shows the error (
H

e  and 
Hm

e ) of the RFF based on Hertzian contact pressure 

( s HR −  and s HmR − ) for different particle concentration, 1.25% < ηw < 5% using asperity 

radius sR�  (= Rs / σp) = 8000. Fig. 5.9a shows that Hertzian contact assumption under-

predicts the RFF due to adhesive wear, 
s

adR . The error increases with contact force, 
s

cf
�  at 

small 
s

cf
� , reaches a maximum and finally decreases as 

s

cf
�  is further increased. This 

behavior is attributed to two separate events occurring at small and large contact force, 

s

cf
� . At small 

s

cf
� , all of the load on the asperity is carried by the particles, and as a result, 

contact pressure distribution does not affect the particle contact force, fp
s
 and the RFF due  

 

 

 

 

 

Fig. 5.9: The error of RFF of a single asperity for a) adhesive wear 
s

ade  and b) abrasive wear 
s

abe  

introduced by contact pressure distribution based on Hertz contact (
s

cp  = 
H

cp  or 
s

cp  = 
Hm

cp ). 
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to adhesive wear, 
s

adR  as a result. This is demonstrated in Fig. 5.10 indicating direct 

contact area 
s

dA�   (= 
s

dA  / σp
2
) as 

s

dA�  = 0 and particle contact force ratio 
s

pf  / 
s

cf  as 
s

pf  / 

s

cf  = 1 at small contact force, 
s

cf
�  especially for high particle concentration, i.e. ηw = 5%. 

As contact force, 
s

cf
�  increases, the error of Hertz contact model increases because the  
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direct contact between pad and wafer are predicted to start at different 
s

cf
�  values by the 

SA contact model and Hertz contact. The interfacial particles in the SA contact model 

retard the direct contact by distributing the contact pressure over a larger area. Since 

direct contact prevails at small contact force 
s

cf
�  for both of the Hertz contact 

assumptions, particle contacts is responsible for sustaining a smaller fraction of 
s

cf
� , 

thereby decreasing the RFF due to adhesive wear, 
s

adR  for Hertz contact assumptions 

relative to the SA contact model.  

At high contact force
s

cf
� , the error of Hertz contact for calculating the RFF decreases 

since the effect of particles on contact pressure distribution captured by the SA contact 

model becomes small as all the particles become embedded in deformable surface of an 

asperity. Therefore the error of Hertz contact for calculating the RFF due to adhesive 

wear, 
s

adR  becomes less than 10%, 
s

e  < 0.1 for all particle concentrations, 1.25% < ηw < 

5% studied when the contact force is greater than 
s

cf
�   > 1x10

5
. 

Another interesting result demonstrated in Fig. 5.9a is that the error of Hertz contact for 

calculating the RFF due to adhesive wear. 
s

adR  is greatest for lowest particle 

concentration, ηw = 1.25% studied. This is in contrast with the findings of the SA contact 

model, where higher particle concentration, ηw induces a greater deviation for contact 

pressure from Hertz contact. This result can be explained by the occurrence of direct 

contact at different critical contact force, 
s

cf
�  predicted by the SA contact model and 

Hertz contact causing a significant error for the RFF due to adhesive wear 
s

adR . In the 
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range of contact force where contact pressure distribution is significantly different for the 

SA contact model and Hertz contact, 
s

cf
�  < 10

4
, particle contact regime is active for high 

particle concentration ηw, while direct contact already takes place for low ηw at different 

s

cf
�  for the SA contact model and Hertz contact. Despite the fact that difference in contact 

pressure distribution between the SA contact model and Hertz contact is greater for 

higher particle concentration ηw, effect of direct contact is responsible for the increased 

error at low ηw. 

Effect of particle concentration (RFF due to abrasive wear) 

Fig. 5.9b shows a different trend for the RFF due to abrasive wear 
s

abR . It is seen that 

Hertz contact assumption for contact pressure may over- or under-predict the RFF due to 

abrasive wear depending on contact force 
s

cf
� . The fundamental difference between 

material removal due to adhesive and abrasive wear is their dependence on number of 

active particles 
s

an  in particle contact regime. The RFF due to adhesive wear 
s

adR  does not 

vary with number of active particles 
s

an , whereas the RFF due to abrasive wear 
s

abR  

decreases with larger 
s

an . At small contact force 
s

cf
� , the SA contact model predicts a 

smaller RFF for abrasive wear 
s

abR  for high particle concentrations, ηw, as particle contact 

regime is active and number of active particles, 
s

an  is greater for the SA contact model 

(Fig. 5.11). A smaller RFF due to abrasive wear 
s

abR  is predicted by the Hertz contact 

model at low ηw, because the mixed contact regime is active. At large 
s

cf
� , the RFF  
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predictions become similar for different models, i.e. the error is less than 10%, 
s

e  < 0.1 

for 
s

cf
�  > 10

5
. 

Effect of asperity radius  

The effect of asperity radius, sR�  (= Rs / σp
2
) on the error of Hertz contact (

s

ade  and 
s

abe ) 

for calculating the RFF due to adhesive and abrasive wear is presented in Figs. 5.12 and 

5.13, respectively. The effect of asperity radius sR�  on the error of Hertz contact se  can 

be explained in a similar manner as the effect of particle concentration ηw. Although 

larger asperity radius sR�  increases the influence of particles on contact pressure 

distribution 
s

cp , the maximum error 
s

ade  found in the RFF due to adhesive wear 
s

adR  for  

large asperity radius sR�  = 16000 is greater than small asperity radius sR�  = 4000. For an 

asperity with small radius e.g. sR�  = 4000, direct contact occurs at a smaller critical 

contact force 
s

cf
� , which is different for the SA contact model and Hertz contact. As the  
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Fig. 5.11: The number of active particles 
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an  for different particle concentrations ηw. 
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Fig. 5.12: The error of RFF due to adhesive wear 
s

ade  of a single asperity introduced by 

contact pressure distribution based on Hertz contact (
s

cp  = 
H

cp  or 
s

cp  = 
Hm

cp ) for asperity 

radius a) sR�  = 4000 and b) sR�  = 16000. 
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Fig. 5.13: The error of RFF due to abrasive wear 
s

abe  of a single asperity introduced by 

contact pressure distribution based on Hertz contact (
s

cp  = 
H

cp  or 
s

cp  = 
Hm

cp ) for 

asperity radius a) sR�  = 4000 and b) sR�  = 16000. 
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contact force 
s

cf
�  is increased, the error of Hertz contact 

s

ade  becomes more significant 

since the direct contact starts to develop at different rates for the SA contact model and 

Hertz contact (Fig. 5.14). A further increase in contact force 
s

cf
�  causes the effect of 

particles to diminish decreasing the error of Hertz contact 
s

ade  at high 
s

cf
� . 

The maximum error of Hertz contact for the RFF due to abrasive wear 
s

abe  increases with 

asperity radius sR�  as shown in Fig. 5.13b. This is attributed to the influence of asperity 

radius on contact pressure distribution 
s

cp , where a greater deviation from Hertz contact 

is seen for a large asperity e.g. sR�  = 16000 when the effect of interfacial particles is 

considered. As a result of the difference in contact pressure distribution 
s

cp , number of  

 

 

 

 

 

 

 

 

Fig. 5.14: The direct contact area 
s

dA�  and particle contact force ratio /s s

p cf f  for different 

asperity radius sR� . 
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active particles 
s

an  calculated using the SA contact model is higher than that of Hertz 

contact as shown in Fig. 5.15. Due to this effect, a larger RFF due to abrasive wear 
s

abR  is 

predicted by Hertz contact and the error of Hertz contact increases with larger asperity 

radius sR� .  

5.5 Removal Force Function (RFF) in MA Contact Model 

The RFF calculated for a single asperity, R
s
 in Section 5.4 is used in a multi-asperity 

(MA) contact model to calculate the RFF of pad-wafer rough contact. For a given 

asperity density ηs, asperity radius Rs, asperity summit height distribution sΦ  and 

separation distance dwp, the total RFF achieved by all asperities in contact can be 

determined as follows, 

( )
wp

s

s s s s

d

R R z dzη

∞

= Φ∫                                          (5.29) 

Fig. 5.15: The number of active particles 
s

an  for different asperity radius sR� . 
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The RFF achieved by a single asperity R
s
 is obtained by using contact pressure 

distribution given by the SA contact model, R
s
 = s saR −  and mean Hertzian contact 

pressure acting at each asperity contact R
s
 = s HmR −  as explained in Section 5.4. Using 

s saR −  (Eqn (5.20)) and s HmR −  (Eqn (5.23)) to substitute for R
s
 in Eqn (5.29), one can find; 

( ) ( )
0

2 ( )

sa

wp

a

sa mp sa

s c s s s

d

R aR p a da z dzη π

∞

= Φ∫ ∫                        (5.30a) 

( ) ( )
2

wp

H mp Hm

s c s s s

d

R a R p z dzη π

∞

= Φ∫                             (5.30b) 

Hertz contact gives contact radius 
H

a  and mean contact pressure 
Hm

cp  as, 

( )
1/ 2 1/ 2H

s wp sa z d R= −                                               (5.31) 

( )
1/ 21/ 24

3

Hm

c p s s wpp E R z d
π

−
= −                                          (5.32) 

where Ep is the porous pad elastic modulus in Eqn (5.32). Substituting Eqn (5.31) and 

(5.32) into Eqn (5.30b), the RFF in pad-wafer contact R can be expressed as, 

( ) ( ) ( )
1/ 21/ 24

3
wp

mp

s s s wp p s s wp s s s

d

R R z d R E R z d z dzη π
π

∞

− 
= − − Φ 

 
∫        (5.33) 

Note that the results presented in Chapter 7 are based on the calculations indicated by 

Eqn (5.33), except in Section 7.2, where the effect of contact pressure altered by 

interfacial particles is studied by calculating the RFF using Eqn (5.30a). 
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The applied pressure Po, is the controlled parameter in CMP instead of equilibrium 

separation distance dwp, which can be obtained from dwp as, 

( )( )
3/ 21/ 24

3
wp

o s p s s s s wp s

d

P E R z z d dzη

∞

= Φ −∫                          (5.34) 

The direct contact area dA , particle contact pressure pP  and number of active particles 

an  can be calculated using an equation similar to Eqn (5.33) except that R
mp

 is replaced 

by respective functions for 
mp

dA  and 
mp

aη . The effect of various parameters on the RFF in 

pad-wafer rough contact calculated as explained in this section is investigated in Chapter 

7. 

5.6 Implementation of Chemical Effects 

In the model, the hardness of wafer, Hw is influenced by the chemical reactions at the 

wafer surface. A passivated surface layer on the wafer is considered by using a bi-layer 

hardness model introduced in Section 5.2.3. The thickness tpw and hardness Hpw of 

passivated layer is used to characterize the influence of chemical reactions. Due to the 

presence of passivated layer, the effective wafer hardness Hw becomes a function of the 

indentation depth of particle wδ  if indentation depth is greater than the passivated layer 

thickness, wδ > pwt  as given in Eqn (5.16b). 

The indentation depth wδ  can be found as a function of mean contact force wf  by using 

Eqn (5.16a) as, 
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( )

w
w

p w w

f

r H
δ

π δ
=                                            (5.35) 

where effective hardness wH  is given by Eqn (5.16b). In this work, the mean particle 

contact force 
m

wf  and mean particle radius µp are used in order to calculate the effective 

wafer hardness. The mean particle contact force 
m

wf  can be found by using the particle 

contact pressure and number of active particles as, /m

w p af P n= . Eqns (5.16b) and (5.35) 

are then solved iteratively to find the indentation depth wδ  and the effective hardness wH  

as a result.  

5.7 Summary and Conclusions 

In this chapter, the wear equations introduced in Section 3.5 for adhesive and abrasive 

wear are used in order to predict MRR by considering the contact force applied by the 

pad on particle calculated using the models developed in Chapter 4. In the most general 

form of wear equation, only relative velocity, applied pressure and hardness appear 

explicitly while the effects of other parameters on wear rate are implicitly included in the 

wear coefficient term. Although the wear coefficient may be determined experimentally, 

it is difficult to understand the effect of each parameter on MRR since the effects of 

different parameters are lumped into one coefficient. MRR models developed in this 

chapter enable different CMP parameters to appear explicitly in equations, which could 

enhance the understanding of the effect of different CMP parameters.  

The removal force function (RFF) introduced in this chapter is used as a measure for the 

effect of mechanical forces on adhesive and abrasive wear. The wear equations are 
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implemented at different contact scales including single particle (SP) (Section 5.2), multi-

particle (MP) (Section 5.3), single asperity (SA) (Section 5.4) and multi-asperity (MA) 

contact models (Section 5.5).  

In the SP contact model, both adhesive and abrasive wear are considered to be the active 

wear mechanisms. It is shown that the RFF due to adhesive wear achieved by a single 

particle is linearly proportional to the contact force on particle whereas the RFF due to 

abrasive wear increases with the contact force at a higher order. This fundamental 

difference of these wear mechanisms in terms of dependence on contact force will be re-

visited in Chapter 7 when discussing the results for the RFF in pad-wafer rough contact.  

The surface forces influence the force equilibrium at wafer-particle contact (Section 5.2). 

The attractive van der Waals forces cause particle contact force to increase, whereas 

double layer forces are repulsive and lower the particle contact force. Even when the 

particle and wafer are oppositely charged, double layer forces remain repulsive due to the 

small separation distance between particle and wafer since particle and wafer are in 

contact. Therefore van der Waals forces have a positive effect on the RFF while double 

layer forces decrease the RFF. When wafer and particles are atomically smooth, the 

separation distance is small and the magnitude of surface forces is large. Even in the case 

of two contacting surfaces, the separation distance may be effectively increased due to 

the roughness of wafer and particles. It is shown that the magnitude of surface forces 

decays rapidly with larger separation distance and as a result, their influence on the RFF 

decreases.  
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The RFF of particles trapped between two flat surfaces is studied in the MP contact 

model (Section 5.3). It is shown that the RFF increases with contact pressure at different 

rates based on the occurrence of direct contact. In particle contact regime, the RFF due to 

adhesive wear increases linearly with contact pressure and particle concentration does not 

have an influence on the RFF. The RFF due to abrasive wear on the other hand decreases 

with higher particle concentration in particle contact regime, since applied pressure is 

distributed among more particles reducing the mean contact force on each particle. Once 

direct contact is initiated in mixed contact regime, the RFF increases at a smaller rate 

with applied pressure as some fraction of applied pressure due to direct contacts does not 

participate in wear. In this regime, the RFF for both wear mechanisms becomes larger 

with higher particle concentration since non-contact regions around particles prevent 

direct contact more effectively if number of active particles is greater.  

In Section 5.4, the behavior of the RFF in the MP contact model is used in the SA contact 

model developed in Section 4.5. The contact pressure distribution obtained in the SA 

contact model is introduced in the MP contact model for computing total RFF achieved 

by the particles trapped between a single pad asperity and wafer. In addition to the 

contact pressure predicted by the SA contact model, the contact pressure distribution 

given by Hertz contact is utilized for calculating the RFF. At low contact force, the error 

of Hertz contact is high for calculating the RFF for adhesive and abrasive wear and the 

error is a strong function of particle concentration, particle size and asperity radius. 

However the RFF of a single asperity can be calculated based on the contact pressure 

distribution in the SA contact model and Hertz contact agrees well at high asperity 

contact force and the effect of the particles on contact pressure distribution can be 
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neglected. In fact, mean Hertzian contact pressure can be assumed to be acting in the 

entire contact interface instead of contact pressure radially distributed based on Hertz 

contact without loss of accuracy at high contact force. This results in easier computation 

of the RFF of each pad asperity participating in multi-asperity contact.  

The RFF calculated for each asperity is then integrated in a multi-asperity model to 

compute the total RFF achieved due to pad-wafer rough contact (Section 5.5). The RFF 

of each asperity calculated based on contact pressure distribution given by the SA contact 

model and Hertz contact is utilized. 

The effective wafer hardness is iteratively calculated by utilizing the mean particle 

contact force and mean particle radius (Section 5.6). The MRR is then determined by 

using the RFF due to the particles tapped between pad and wafer and the effective 

hardness. This model is run for the ranges of different parameters relevant in CMP in 

order to investigate the effect of each parameter on the RFF. The results are studied in 

detail in Chapter 7. 
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CHAPTER 6 

 

OPTIMIZATION OF CMP PARAMETERS FOR 

MAXIMUM MATERIAL REMOVAL EFFICIENCY 

 

6.1 Overview 

The calculation of the removal force function (RFF) formulated in this work requires the 

numerical computation of various integrals and the usage of look-up tables for 

interpolating values in order to exchange the relations developed across different models. 

In this chapter, alternatives for the RFF calculations are sought by making several 

simplifying assumptions.  

The particle size is assumed to be constant while particle size varies according to a 

probability density function in Chapter 5. The height of pad asperity summits is assumed 

to follow exponential distribution, which is a valid approximation for the upper part of 

the Gaussian distribution used in Chapter 5 to describe the random pad roughness, as 

presented in Section 3.1.2. Moreover the contact pressure is considered to be uniform 
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across all asperities in contact and is taken to be equal to mean real contact pressure. As a 

result of this assumption, the effects of different asperities engaged in contact at different 

separation distances between the pad and the wafer are neglected.  

Following these assumptions, an equation for optimizing CMP parameters to maximize 

the material removal efficiency is introduced. A closed-form solution is obtained for the 

RFF, due to adhesive and abrasive wear, at this optimal condition. The effects of surface 

forces, including the van der Waals and the double layer forces on the RFF are evaluated 

by considering the magnitude of surface forces relative to pad-particle contact force. 

6.2 Multi-Particle Contact Model 

In this section, equations developed for multi-particle (MP) contact model (Section 4.4) 

are simplified by assuming the particle size to be constant.  

6.2.1 MP contact model for constant particle size  

First, the single particle relations obtained in single particle (SP) contact model (Section 

4.3) are re-visited. Non-dimensionalization of parameters is performed with respect to 

particle radius rp and pad elastic modulus Es as given in Table 4.1. The particle contact 

force in the particle 
*p

pf  and the mixed 
*m

pf  contact regimes is defined as a function of 

penetration depth *

pδ  and average compressive strain sε , respectively; 

( )
* 3/ 2 2.89* * *4

0.10
3

p

p p p pf δ δ δ= −     for 
*0 2pδ< < .                      (6.1) 
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( )

( )

( ) ( )

0.57

* 0.90

2

5.4 3.12, for 0 0.05  

( ) 11.1 0.05 4.10, for 0.05 0.2

40.94 0.2 13.14 0.2 6.11, for 0.2 0.45

s s

m

p s s s

s s s

f

ε ε

ε ε ε

ε ε ε

 + < <


= − + < <


− + − + < <

  (6.2) 

The influence radius 
*

ir  and the maximum direct contact pressure 
*m

dp  are also defined as 

a function of average compressive strain sε  as, 

( ) ( )
0.45*

1.52i s sr ε ε
−

=    for 0 0.45sε< <                                 (6.3) 

( ) ( )

( )

*

1.16

0.76 , for 0 0.015

0.85 0.015 0.011, for 0.015 0.2

1.8 0.2 0.17, for 0.2 0.45

s s

m

d s s s

s s

p

ε ε

ε ε ε

ε ε

 < <


= − + < <


− + < <

            (6.4) 

In Section 4.3, particle size is assumed to vary according to a probability density function 

(PDF) pΦ  in the MP contact model. The equations developed in the MP contact model 

(Section 4.3) can be simplified if particle size is assumed to be constant. The particle 

concentration by weight-ratio wη  can be converted to the volumetric particle 

concentration vη  (number of particles per unit slurry volume) using density of slurry ρs 

and particle material ρp as, 

* 3

4

s
v w

p

ρ
η η

π ρ
=                                                 (6.5) 

where dimensionless volumetric particle concentration is found as * 3

v v prη η= . 

As the surfaces approach each other, all particles in the slurry become active at the same 

separation distance, when *

sepd  is equal to particle diameter, * 2sepd = , (i.e. 2sep pd r= ). 
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The number of active particles, 
*mp

aη  (= mp

aη
2

pr ) can be found by using this separation 

distance * 2sepd =  as, 

*
*

* *

0 2

2 2

sepmp

a

v sep

d

d
η

η

 >
= 

≤
                                             (6.6) 

The particle contact pressure in particle contact 
*mp p

pp
−  and mixed contact 

*mp m

pp
−  

regimes can be found by using the number of active particles 
*mp

aη  and contact force on 

each particle *

pf  as, 

* ** *2 ( )mp p p

p v p pp fη δ
−

=                                         (6.7) 

* **2 ( )mp m m

p v p pp fη ε
−

= −                                       (6.8) 

The influence contact area mp

iA  can be found by the summation of influence contact area 

of each particle, 
2*

irπ  over all active particles as 
* 2*mp

a irη π . Using Eqn (6.6) for the 

number of active particles 
*mp

aη , one can find the influence contact area mp

iA  as, 

( )
2

* *2 ( )mp

i v i pA rη π ε= −                                         (6.9)                                   

The direct contact area, mp

dA  ( 1
mp

iA= − ) is calculated using the influence contact area 

mp

iA  as, 

( )
2

* *1 2 ( )mp

d v i pA rη π ε= − −                                     (6.10) 
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Substituting the volumetric particle concentration 
*

vη  (Eqn (6.5)) and influence radius 
*

ir  

(Eqn (6.3)) into Eqn (6.10), the direct contact area 
mp

dA  can be expressed as a function of 

average compressive strain pε , 

9 /10
1 3.47

( )

mp s w

d

p p

A
ρ η

ρ ε
= −

−
                                 (6.11) 

Direct contact of surfaces occurs when the direct contact area becomes 
mp

dA  ≥ 0.  The 

critical average compressive strain 
m

pε  at which direct contact starts to occur can be 

found by setting the direct contact area, 
mp

dA  = 0 (Eqn (6.11)) as, 

10 /9

3.98m s w
p

p

ρ η
ε

ρ

 
= −   

 
                                      (6.12) 

The particle contact pressure at this critical condition, ( )
* *mp c mp m m

p p pp p ε
− −

= −  can be 

calculated using pε  = m

pε−  in Eqn (6.8), 

10/9

* **
2 (3.98 )

mp c m s w
p v p

p

p f
ρ η

η
ρ

−
 

=   
 

                         (6.13) 

Direct contact pressure 
*mp

dp  can be calculated by considering the variation in direct 

contact area mp

dA ,  

* *
( )

p

m
p

mp
mp m r rd
d d p p pr

p

dA
p p d

d

ε

ε

ε ε ε
ε

= −∫                               (6.14) 
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Substituting direct contact area mp

dA  given in Eqn (6.11) into Eqn (6.14) and taking the 

derivative 
mp

d

r

p

dA

dε
 in Eqn (6.14), one can obtain direct contact pressure 

*mp

dp  as, 

*

*

1.90

( ( ))
3.12

( )

p

m
p

m r

d p pmp rs
d w pr

p p

p
p d

ε

ε

ε ερ
η ε

ρ ε

− −
=

−
∫                          (6.15) 

The total contact pressure 
*mp

cp  in particle contact and mixed contact regimes can be 

determined using the particle contact pressure 
*mp

pp  (Eqns (6.7) and (6.8)) and direct 

contact pressure 
*mp

dp  (Eqn (6.15) as, 

* *

*

* * *

       if > 0 

if < 0 

mp p

p sepmp

c
mp m mp

p d sep

p d
p

p p d

−

−


= 

+

                                 (6.16) 

The mean spacing between particles *

sd  can be calculated by assuming that the particles 

are evenly spaced on the corners of a hexagon as, 

*

*

2

3
s

mp

a

d
η

=                                                   (6.17) 

The number of active particles 
*mp

aη  given by Eqn (6.6) can be introduced in Eqn (6.17) 

to find mean spacing *

sd  as, 

* 1.55
p

s

s w

d
ρ

ρ η
=                                               (6.18) 
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The influence factor, if  can be calculated using Eqn (6.3) for influence radius *

ir  and Eqn  

(6.18) for mean spacing *

sd  in the following equation,. 

*

*

i
f

s

r
i

d
=                                                        (6.19) 

6.2.2 The results of the MP contact model relations for constant particle size 

Fig. 6.1 shows the variation of the contact pressure as a function of separation distance 

dsep, in particle contact regime and average compressive strain εp in the mixed contact 

regime, for different particle concentrations ηw. Comparing the contact pressure in the 

mixed contact regime mp

cp�  for constant (Fig. 6.1a) and variable particle size (Fig. 4.13a), 

it seen that constant and variable particle size assumptions give the same mp

cp� in mixed  
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Fig. 6.1: The variation of contact pressure 
*mp

cp  in a) particle and mixed contact regimes 

for constant particle size and b) particle contact regime for both variable pΦ�  and constant 

4pr =�  particle size.  

4pr =�  pΦ�  



 219 

contact regime as a function of average compressive strain εp. This is explained by 

considering the fact that the contact pressure mp

cp�  in mixed contact regime is not 

influenced by particle size as discussed in Section 4.4.  

On the other hand, in the particle contact regime, a difference is observed between the 

constant and variable particles size assumptions as shown in Fig. 6.1b. Note that in this 

figure, the separation distance sepd�  is /sep pd σ  and the mean particle size is taken to be 

4p pµ σ= , where pσ  is the standard deviation of particle size distribution. In order to 

compare the contact pressure for constant and variable particle size assumptions, particle 

radius pr�  in the case of constant particle size is taken to be equal to the mean particle 

radius pµ�  in the variable particle size assumption 4p pr µ= =� � . The number of active 

particle mp

aη�  increases gradually with smaller separation distance sepd�  for the case of 

variable particle size, whereas all the particles get engaged in contact at the same 

separation distance 2sep pd r=� �  for the case of constant particle size. The contact pressure 

becomes non-zero mp

cp�  > 0 due to the presence of large particles for variable particle size 

as compared to constant particle size where the contact pressure starts to increase when 

2sep pd r=� � . The contact pressure for both assumptions reaches the same value as 

separation distance becomes 0sepd =�  and remains the same in the mixed contact regime 

0sepd <� . 
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In addition to the contact pressure in mixed contact regime mp

cp�  (Fig. 6.1a), particle 

contact pressure ratio and direct contact area for constant particle size (as shown in Fig. 

6.2) remain the same as in the case of variable particle size. 

6.3 Removal Force Function (RFF) in MP Contact Model 

The equations for the removal force function (RFF) of a single particle for adhesive sp

adR  

and abrasive sp

abR  wear are re-visited in this section. These are: 

sp

ad wR f=                                                        (6.20) 

3/ 2

3

2sp w
ab

p

f
R

rπ
=                                                   (6.21) 
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Fig. 6.2: The variation of a) particle contact pressure ratio /mp mp

p cp p  and b) direct 

contact area ratio mp

dA  and influence factor fi  with average compressive strain pε  in 

mixed contact regime for constant particle size.  
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where wf  is the wafer-particle contact force. The wafer-contact force consists of the 

particle contact force applied by pad pf  and surface forces sf  (van der Waals vdwf  and 

double layer dlf  force) as, 

w p s p vdw dlf f f f f f= + = + +                                  (6.22) 

Recall that MRR due to adhesive sp

adRR  and abrasive sp

abRR  wear can be found from the 

RFF ( sp

adR  and sp

abR ) by using: 

ad
sp sp w
ad ad r

w

k
RR R V

H

 
=  

 
                                          (6.23a) 

3/ 2

ab
sp sp w
ab ab r

w

k
RR R V

H

 
=  

 
                                       (6.23b) 

where wH  is effective wafer hardness, rV  is relative velocity, ad

wk  and ab

wk  are wear 

coefficients for adhesive and abrasive wear, respectively. 

The RFF in multi-particle (MP) model, R
mp

 for particles with constant radius rp can be 

found by using number of active particles mp

aη  and RFF achieved by each particle, R
sp

 as, 

mp mp sp

aR Rη=                                                (6.24) 

where the number of active particles mp

aη (=
* 2/mp

a prη )  for constant particle radius rp is 

given by Eqn (6.6) and the RFF for each particle, R
sp

 can be calculated using Eqn (6.23). 
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6.4 Removal Force Function (RFF) in MA Contact Model 

The RFF of the particles in pad-wafer rough contact (MA contact) is calculated by 

substituting the mean contact pressure m

cp  due to pad-wafer rough contact in the MP 

contact model to obtain the RFF for a unit real contact area. The real contact area ratio Ar 

is then used to determine the RFF due to pad-wafer rough contact for a unit apparent 

contact area. 

6.4.1 Exponential distribution of the pad asperity summit heights 

Greenwood and Williamson multi-asperity model [1] leads to a closed-form solution for 

the mean contact pressure m

cp  acting in the rough contact of two surfaces, if the 

distribution of the asperity summit heights can be approximated by an exponential 

probability density function (PDF) [1]. The exponential PDF is shown to be a good 

approximation for randomly rough surfaces described by the Gaussian distribution when 

equilibrium separation distance between surfaces is large, such that only the asperities 

included in the upper part of Gaussian PDF get engaged in contact as demonstrated in 

Section 3.1.2. 

The exponential distribution in the following form is commonly used in contact 

mechanics in order to approximate the Gaussian distribution as [1], 

( ) ( )exps s s s sz zλ λΦ = −                                        (6.25) 

where the parameter, λs is expressed in terms of the standard deviation, σs in Gaussian 

distribution, as, λs = 2 / σs.  A closed-form expression for the mean contact pressure m

cp  
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in rough contact of two surfaces is obtained using exponential distribution, Φs in 

Greenwood and Williamson multi-asperity model [2] as,  

0.39m s
c p

s

p E
R

σ
≈                                        (6.26) 

where Rs is the asperity radius and Ep is the porous pad elastic modulus. 

6.4.2 Uniform contact pressure 

The mean contact pressure due to pad-wafer rough contact is different for each pad 

asperity since each asperity summit is at a different height and gets engaged in contact at 

different equilibrium separation distance. Here, we assume that the mean contact pressure 

is the same for all pad asperities and can be found by using mean contact pressure m

cp  

given by Eqn (6.26). The RFF for a unit contact area between the pad and the wafer can 

be found by substituting mean contact pressure m

cp  into the RFF function for the MP 

contact model, ( )mp m

cR p  (Eqn 6.24). The RFF due to pad-wafer rough contact R can be 

found by using the real contact area Ar as, 

( )mp m

r cR A R p=                                              (6.27) 

where Ar can be expressed as a function of applied pressure, Po as, 

o
r m

c

P
A

p
=                                                     (6.28) 
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Substituting Eqn (6.24) for mpR  in Eqn (6.27), the RFF in rough contact can be expressed 

as, 

mp sp

r aR A Rη=                                               (6.29) 

Note that the RFF in the MP contact model mpR  used to calculate the overall RFF in Eqn 

(6.27) is expressed as a function of separation distance dsep in particle contact and average 

compressive strain εp in mixed contact regime. Whereas the function for the RFF in the 

MP contact model mpR  in Eqn (6.27) requires contact pressure mp

cp  to be the independent 

variable. Consequently, look-up tables obtained from Eqn (6.16) for relating contact 

pressure mp

cp  to separation distance dsep and average compressive strain εp is utilized. In 

addition, the RFF in the MP contact model mpR  is related to the separation distance dsep, 

and average compressive strain εp as given by Eqn (6.24). The RFF in the MP contact 

model mpR   is determined for a given contact pressure m

cp  by using the separation 

distance dsep and average compressive strain εp as intermediate variables.  

The RFF due to pad-wafer contact R can be obtained by substituting real contact area Ar 

(Eqn (6.28)) and mean contact pressure, m

cp  (Eqn (6.26)) into Eqn (6.27) as, 

(0.39 )

0.39

mpo s
p

ss
p

s

P
R R E

R
E

R

σ

σ
=                           (6.30) 

Note that Eqn (6.30) indicates a linear relationship between the RFF in pad-wafer rough 

contact R and applied pressure Po. This behavior is in agreement with Preston equation. 
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6.5 Optimization for Maximum Material Removal Efficiency 

6.5.1 Definition of material removal efficiency 

In this work, material removal is assumed to take place due to the contact of the wafer 

with abrasive particles. It is assumed that the pad-wafer direct contact does not result in 

material removal, as the pad is typically softer compared to the wafer. If the contact 

pressure at the tip of asperities is sufficiently high to cause the particles to be embedded 

in the pad, allowing direct contact to occur, the relative pressure on the particles becomes 

smaller, resulting in a negative effect on the material removal rate (MRR). Material 

removal efficiency is defined as the fraction of applied pressure carried by particle 

contacts causing material removal. Material removal efficiency in the MP contact model 

is maximum for the particle contact regime, as particle contact pressure ratio is, mp

pp  / 

mp

cp  = 1. An optimum condition can be found by maximizing the RFF (or MRR) and 

keeping the particle contact pressure ratio at mp

pp  / mp

cp  = 1. This condition occurs when 

the mean contact pressure acting at the tip of asperities is equal to the critical contact 

pressure causing the transition from particle to mixed contact regime in the MP contact 

model.  

6.5.2 Optimization equation 

The surface forces do not play a role in optimization of CMP parameters for maximum 

material removal efficiency although the RFF for the optimized CMP conditions is 

influenced by the surface forces. In order to find the optimized CMP parameters, effect of 
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surface forces are neglected for now, which leads to wf  = pf . Note that the effect of 

surface forces will be considered when calculating the RFF later in this chapter. 

Optimum condition for maximum material removal efficiency requires mean contact 

pressure, m

cp  in the pad-wafer contact (Eqn (6.26)) to be equal to the critical contact 

pressure mp c

pp
−  in multi-particle contact for transition from particle contact to mixed 

contact regime given by Eqn (6.13), m

cp  = ( )
*mp c mp c

p s pp E p− −
= . Using Eqns (6.26) and 

(6.13), one can find the following relationship for the optimum condition as, 

10/9

*
0.39 2 ( 3.98 )ms s w

p v s p

s p

E E f
R

σ ρ η
η

ρ

 
= −   

 
                      (6.31) 

Replacing volumetric particle concentration vη  with weight-ratio wη  (Eqn (6.5)) and 

rearranging the terms in Eqn (6.31), the following relationship is obtained, 

10 /9

* 1
0.82 ( 3.98 )

p pms s
w p

s s p s w

E
f

R E

ρ ρσ
η

ρ ρ η

−

 
= −  

 
                 (6.32) 

The CMP parameters related to pad porosity Es / Ep, pad surface topography σs / Rs, 

particle density ρp / ρs and particle concentration ηw (= opt

wη ) can now be optimized by 

using Eqn (6.32). Note that the optimum parameters do not depend on the applied 

pressure Po, as the mean contact pressure m

cp  (Eqn (6.26)) remains constant with respect 

to Po in rough contact of surfaces when exponential distribution is used for the 

distribution of the asperity summit heights [1]. 
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6.5.3 Calculation of RFF at optimum conditions 

All of the applied pressure Po is carried by the particles when CMP parameters are 

optimized based on Eqn (6.32). Moreover, the load on each particle is the same following 

the assumptions of uniform contact pressure and constant particle size. As a result of 

these assumptions, the mean contact pressure mp

cp  can be calculated by the number of 

active particles mp

aη  per unit area and the critical force on each particle c

pf  as,  

mp mp c

c a pp fη=                                              (6.33) 

where the critical force on each particle sp c

pf
−  can be found by using, 

( )c m m

p p pf f ε= −                                           (6.34) 

Using Eqn (6.33) for the mean contact pressure mp

cp  in Eqn (6.28), the applied pressure 

Po can be expressed as, 

mp c

o r a pP A fη=                                                (6.35) 

Substituting the RFF of a single particle spR  given by Eqns (6.20) and (6.21) in Eqn 

(6.29), the RFF in the pad-wafer rough contact for adhesive Rad and abrasive Rab wear 

can be found as, 

mp c

ad r a wR A fη=                                                  (6.38) 
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3/ 2

3

2 c
mp w

ab r a

p

f
R A

r
η

π
=                                         (6.39) 

where wafer-particle contact force c

wf  at the optimum condition can be found using pad-

particle c

pf  and surface forces sf  as, 

c c

w p sf f f= +                                                 (6.40) 

The surface forces sf  consist of van der Waals forces vdwf  given by Eqn (3.29) and 

double layer forces dlf  calculated using Eqns (3.41) for HHF constant charge (HHF-CC) 

and (3.42) and compression approximation (CA) assumptions. 

In the absence of surface forces c

wf = c

pf , the RFF due to adhesive sp

adR  (Eqn (6.38)) and 

abrasive sp

abR  (Eqn (6.39)) wear reduces to, 

mp c

ad r a pR A fη=                                                  (6.41) 

3/ 2

3

2
c

pmp

ab r a

p

f
R A

r
η

π
=                                         (6.42) 

If applied pressure Po in the form expressed in Eqn (6.35) is used in Eqns (6.41) and 

(6.42) and the contact force c

pf  on each particle is converted to its non-dimensional form 

(
*2c c

p s p pf E r f= ), the RFF due to adhesive Rad and abrasive Rab wear at the optimum 

condition can be found as, 
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ad oR P=                                                      (6.40) 

*

3

2c

ab o s pR P E f
π

=                                           (6.41) 

6.6 Results and Discussion 

6.6.1 Optimum particle concentration 

The optimum particle concentration opt

wη  is plotted as a function of standard deviation 

(SD) of pad roughness to asperity radius ratio σs / Rs for different pad porosity Es / Ep 

values in Fig. 6.3. For a typical SD of pad roughness (σs = 5 µm) and asperity radius (Rs = 

50 µm) [3], the ratio is σs / Rs = 0.1. Note that the density ratio ρp / ρs = 3.7 for alumina 

particles and ρp / ρs = 2.5 for silica particles reported in parts -a and -b of this figure. The 

effect of pad topography is investigated by varying the SD of pad roughness to asperity 

radius ratio in the range 0.01 < σs / Rs < 1 for different porous elastic modulus ratio 1 < 

Es/Ep < 4.  

The optimum particle concentration opt

wη  is higher for alumina particles as compared to 

silica particles since density of alumina (ρp / ρs = 3.7) is greater than silica particles (ρp/ρs 

= 2.5) giving a higher particle concentration by weight-ratio ηw for the same volumetric 

particle concentration ηv as seen in Fig. 6.3. Fig. 6.3 shows that the optimum particle 

concentration opt

wη  increases with the parameter σs / Rs. The effect of this parameter can 

be explained by the variation of mean contact pressure m

cp  at the tip of asperities with 

this ratio σs / Rs as indicated by Eqn (6.26).  The mean contact pressure m

cp  increases  
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with larger values of σs / Rs, which causes the particles to penetrate into the deformable 

pad surface and a larger number of particles (higher particle concentration ηw) is required 

to prevent direct contact.  

The impact of porous elastic modulus ratio Es / Ep is determined by the balance between 

mean contact pressure m

cp  due to pad-wafer rough contact controlled by porous pad 

elastic modulus Ep (Eqn 6.26) and the critical contact pressure 
*mp c

pp
−  for the occurrence 

of direct contact in the MP contact model (Eqn 6.13), which is determined by pad elastic 

modulus Es. Higher pad elastic modulus Es decreases the ability of particle to penetrate 

into deformable pad surface and the critical contact pressure to induce direct contact 

between pad and wafer becomes larger. An increase in porous pad elastic modulus Ep 

causes higher mean contact pressure m

cp  at the tip of the asperities in pad-wafer rough 

contact, thus offsetting the effect of larger pad elastic modulus Es. As a result, the 
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Fig. 6.3: The optimum particle concentration opt

wη  of a) alumina and b) silica particles as a 

function of pad topography σs / Rs for different porous elastic modulus ratio Es / Ep. 
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optimum particle concentration opt

wη  is not a function of pad elastic modulus Es or porous 

pad elastic modulus Ep but porous elastic modulus ratio Es / Ep influences opt

wη .The 

optimum particle concentration opt

wη  with larger porous elastic modulus ratio Es / Ep due 

to the fact that the critical contact pressure for inducing direct contact becomes high 

relative to the mean contact pressure m

cp  acting at the local contact interface. 

6.6.2 RFF at optimum conditions  

Eqn (6.40) and Eqn (6.41) indicate that the RFF due to both adhesive Rad and abrasive Rab 

wear is linearly proportional to applied pressure, Po, much like Preston’s equation when 

CMP parameters are optimized to prevent direct contact using Eqn (6.32). In fact, applied 

pressure, Po is the only parameter affecting the RFF due to adhesive wear Rad at optimum 

conditions. This is due to the fact that the RFF of a single particle is simply proportional 

to contact force (Eqn (6.20)) for adhesive wear, sp

ad wR f∝ .  

In addition to the effect of applied pressure Po, the RFF due to abrasive wear increases 

with pad elastic modulus 1/ 2

ab sR E∝  and contact force on each particle 
1/ 2*c

ab pR f∝  since 

abrasive wear is a function of indentation depth of particles. As the pad elastic modulus 

Es increases, the force on each particle wf  becomes larger and the RFF due to abrasive 

wear for a single particle increases with 3/ 2sp

ab wR f∝ . The contact force 
*c

pf  at optimum 

condition given by Eqn (6.34) is a function of particle density ratio ρp / ρs and particle 

concentration opt

wη . Fig. 6.4 shows the variation of the RFF due to abrasive wear opt

abR  

normalized by pad elastic modulus Es and applied pressure Po, ( )1/ 2/opt

ab o sR P E  as a 
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function of optimum particle concentration opt

wη  for alumina (ρp/ρs = 3.7) and silica (ρp/ρs 

= 2.5) particles. Note that particle concentration opt

wη  is not the independent variable in 

this section but determined by the optimization of parameters in Eqn (6.32). It appears 

that the RFF due to abrasive wear opt

abR  increases with higher particle concentration 
opt

wη  

or smaller particle density ratio ρp/ρs. Smaller particle density ratio ρp/ρs causes the 

number of active particles aη  to increase for a given particle concentration 
opt

wη  (weight 

ratio). As the number of active particles aη  increases with higher particle concentration 

opt

wη  or smaller particle density ratio ρp / ρs, the direct contact of surfaces can only occur 

if the particles are subjected to large average compressive strain m

pε  (Eqn (4.24)), thus 

causing the critical particle contact force 
*c

pf  at the onset of direct contact to become 

larger. 
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Fig. 6.4: The variation of normalized RFF due to abrasive wear ( )1/ 2/opt

ab o sR P E  as a 

function of the optimum particle concentration opt

wη  for alumina and silica particles. 
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Eqns (6.40) and (6.41) give the RFF when the particle concentration is at its optimum 

value, wη  = opt

wη , which is the minimum wη  required to shift the contact regime from 

mixed to particle contact regime. If the particle concentration is increased above its 

optimum value wη  > opt

wη , the contact regime remains to be the particle contact regime, 

where particle contact pressure ratio is /p oP P  = 1. In this case, the mean particle contact 

force decreases with higher particle concentration pf  < c

pf  for wη  > opt

wη  as 1/p wf η∝ . 

This causes the RFF due to abrasive wear abR  to decrease with higher particle 

concentration 1/ 21/ab wR η∝  due to the fact that abR  is related to the mean particle contact 

force as 1/ 2

ab pR f∝  (Eqn (6.41)). The RFF due to adhesive wear adR , on the other hand, 

does not vary with particle concentration wη  as adR  is only a function of applied pressure 

oP  as indicated by Eqn (6.40).  

This saturation effect for MRR at high particle concentration was also observed in 

experiments conducted by Guo and Subramanian [4] for CMP of copper films and 

Bielmann et al. [5] for CMP of W films with alumina slurry. MRR normalized with 

respect to the maximum MRR found in experiments is plotted in Fig. 6.5 as a function of 

particle concentration ηw. The optimum (saturation) particle concentration was 

determined to be opt

wη  ≈  5% in experiments by Guo and Subramanian [4], and relative 

velocity did not have a significant influence on opt

wη  (Fig. 6.5a). Bielmann et al. [5] 

showed that saturation particle concentration varied in the range 5% < opt

wη  < 10% for 

mean particle radius 145 nm < pµ  < 300 nm (Fig. 6.5b). In these experiments, porous  
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pads were used. If we assume a porous elastic modulus ratio of Es / Ep = 4 and using the 

base parameters for SD of pad roughness, σs = 5 µm and asperity radius, Rs = 50 µm, σs / 

Rs = 0.1, the optimum particle concentration is determined to be opt

wη  =  6% in Fig. 6.3a. 

This result for optimum particle concentration is in good agreement with the results of 

experiments conducted by Guo and Subramanian [4] and Bielmann et al. [5] showing the 

saturation of MRR at a critical (optimum) particle concentration.  

6.6.3 Effect of surface forces 

The surface forces sf  influence the wafer-particle contact force c

wf  as given by Eqn 

(6.40). The effect of surface forces sf  at optimized CMP conditions is evaluated by 

comparing the magnitude of sf  with respect to pad-particle contact force c

pf , which is 

quantified by the ratio of surface sf  to pad-particle force pf  for a unit particle radius rp 
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Fig. 6.5: Experimental observations for saturation of MRR at high particle concentration 

ηw. The RFF due to adhesive wear is predicted to remain constant when particle 

concentration ηw becomes larger than the optimum value. 
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and pad elastic modulus Es. This ratio ( )/s p s pf f E r  is demonstrated for van der Waals 

force sf  = vdwf  in Fig. 6.6a, and double layer forces sf  = dlf  using compression 

approximation (CA) in Fig. 6.6b and constant charge (HHF-CC) assumptions in Fig. 

6.6c. Van der Waals force vdwf  shown in Fig. 6.6a is positive vdwf  > 0 indicating that van 

der Waals interaction between wafer and particle is attractive causing the wafer-particle 

contact force wf  to increase. Note that van der Waals force vdwf  remains constant with 

respect to molar concentration M as vdwf  is not a function of M. The double layer force 

dlf  predicted by CA assumption is negative dlf  < 0 (repulsive) for all zeta potentials 

1,2Ψ  studied. The magnitude of double layer force dlf  is at maximum when surface 

charge of surfaces are the same and zeta potential 1,2Ψ  is high. As zeta potential 1,2Ψ  

becomes smaller or the charges of surface are opposite, the magnitude of double layer 

force dlf  decreases. In fact, CA assumption indicates the double layer force to be dlf  = 0 

when zeta potential of surfaces is the same and opposite in sign, 1 2Ψ = −Ψ . The double 

layer force dlf  calculated using HHF-CC assumption gives much higher magnitude for 

dlf . According to HHF-CC assumption, the double layer force dlf  may become positive 

dlf  > 0 (attractive) when the zeta potential of surfaces 1,2Ψ  is high and surface charges 

are opposite, although the magnitude of attractive double layer force dlf  is small.  

A different behavior is observed for the variation of double layer forces dlf  with respect 

to molar concentration M based on CA and HHF-CC assumptions. The magnitude of 

double layer forces dlf  is shown to increase with molar concentration M when CA  
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assumption is used while a decrease in magnitude of dlf  is observed in the case of the 

HHF-CC assumption.  

Note that surface forces sf  given by Eqn (3.29) (van der Waals force) and Eqns (3.41)-

(3.42) (double layer forces) do not depend on the CMP parameters investigated here such 
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Fig. 6.6: The comparison of surface forces sf  and pad-particle force pf  as a function 

of molar concentration M for alumina particle with particle concentration ηw = 5%. 
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as particle concentration ηw, pad elastic modulus Es, porous elastic modulus ratio Es / Ep, 

particle density ratio ρp / ρs etc. The only parameter having an effect on both pad-particle 

contact force pf  and surface forces sf  is particle radius rp, where pad-particle contact 

force increases with particle radius as 2

p pf r∝  while surface forces vary as s pf r∝ . 

Therefore the relative magnitude of surface forces becomes larger with smaller particle 

radius as indicated by the relation / 1/s p pf f r∝ . In addition to the effect of particle 

radius rp, the pad-particle contact force pf  increases linearly with the pad elastic 

modulus Es while surface forces sf  are not influenced by Es. Therefore the ratio of 

surface and pad-particle contact force /s pf f  increases with smaller particle radius rp 

and pad elastic modulus Es. Based on the results shown in Fig. 6.6, it is concluded that 

surface forces sf  may play an important role for the RFF of a single particle R for a soft 

pad and small particle radius. For a soft pad (Es ≈  10 MPa) and small particle radius (rp 

≈ 0.005 µm), the product of Es and rp becomes Esrp ≈  0.05. Note that in this case, the 

ratio of van der Waals and pad-particle contact force is /s pf f  = 0.26 for Awsp = 5x10
-20

 J 

and /s pf f  = 0.01 for Awsp = 0.2x10
-20

 J. This ratio varies in the range -0.08 < /s pf f  < 

0 for CA assumption and -0.27 < /s pf f  < 0.05 for HHF-CC assumption when molar 

concentration is varied as 0.001 < M < 0.1 and zeta potentials of 1,2Ψ  = 50mV, -50mV 

and 1,2Ψ  = 50mV, 50mV are used. In the case of hard pad (Es ≈  100 MPa) or large 

particle size (rp ≈ 0.050 µm), the product Esrp ≈  5, which means that the magnitude of 

surface forces is small compared to pad-particle force, pf  >> sf  and therefore the effect 

of surface forces can be neglected.  
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6.7 Summary 

In this section, the equations developed for the RFF in pad-wafer rough contact are 

simplified by considering the following assumptions; a) particle size is taken to be 

constant, b) randomly rough pad surface is approximated by using exponential 

distribution for the asperity summit heights and c) contact pressure acting at pad asperity-

wafer contact interface is equal to mean contact pressure for every pad asperity. Although 

these assumptions lead to simplification for the computation of the RFF, the calculations 

still call for using look-up tables and carrying out numerical integrations.  

A special case is studied, where material removal efficiency, defined as the fraction of 

applied pressure on the particle contributing to material removal, is maximized. In this 

case, the mean contact pressure in rough contact is equal to the contact pressure in multi-

particle contact model at the onset of the occurrence of direct contact. An optimization 

equation is obtained for this condition in order to find the optimum CMP parameters to 

maximize material removal efficiency. The results for the optimum CMP parameters 

indicate that the optimum particle concentration ηw decreases with larger porous elastic 

modulus ratio Es / Ep or SD of pad roughness to asperity radius ratio σs / Rs. The ability of 

calculating optimum particle concentration is useful for minimizing the utilization of 

consumables (abrasive particles) while maintaining the RFF to be constant, which can be 

achieved by controlling the porosity and pad topography.  

The RFF due to pad-wafer contact at this optimum condition can be calculated by closed-

form equations as described in Section 6.6.2. It is seen that the RFF due to both adhesive 

and abrasive wear is linearly proportional to applied pressure in agreement with Preston’s 
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equation. The RFF due to abrasive wear increases with pad elastic modulus as 1/ 2

ab sR E∝  

while the RFF due to adhesive wear remains constant with respect to Es. 

The relative effect of surface forces becomes important for a soft and small particle size. 

The magnitude of van der Waals force increases with larger effective Hamaker constant, 

while double layer force is a function of zeta potentials of pad and wafer, and molar 

concentration of ions. The effect of van der Waals force is to enhance the RFF since van 

der Waals interaction is attractive whereas double layer forces are repulsive causing the 

RFF to decrease. 
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CHAPTER 7 

 

RESULTS AND DISCUSSION 

 

7.1 Overview 

In this chapter, the effects of various CMP processing parameters on material removal 

rate (MRR) are investigated, by using the mechanical models presented in Chapters 4 and 

5. In general, the removal force function (RFF) is the main output of the models and 

depends on whether the wear mechanism is mainly adhesive (Rad) or abrasive (Rab). The 

influence of each parameter is studied by varying the parameter in the range given in 

Table 7.1, while the remaining parameters are kept constant at their base values.  

In addition to predicting the RFF, the mean contact pressure, real contact area, direct 

contact area ratio, particle contact pressure ratio and mean particle contact force are also 

calculated in order to probe the details of the predicted behavior of the RFF. Finally, 

experimental observations related to the effect of the parameters investigated here are 

discussed for validating the modeling results.  
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The effect of interfacial particles on single asperity contact captured by single asperity 

(SA) contact model is investigated in Section 7.2 by calculating the RFF due to the 

contact of a wafer with a rough pad. Section 7.3 focuses on the influence of pad elastic 

modulus considering the effects of the pad elastic modulus of the solid pad material as 

well as pad porosity. The effects of particle concentration are addressed in Section 7.4. 

The parameters related to pad topography such as pad roughness, skewness of asperity 

summit height distribution, asperity radius and asperity density are the other important 

factors studied in Section 7.5. The surface forces acting between wafer and particle such 

as van der Waals and electrical double layer forces are included in the model to 

demonstrate their effect in Section 7.6. Note that the effects of surface forces are 

neglected in other sections. The effect of particle size is studied in Section 7.7, 

considering the influence of surface forces and passivated layer formed due to slurry 

chemicals. The thickness and hardness of passivated layer are varied for evaluating the 

Parameter Base Range 

Standard deviation of particle radius (σp) 

Mean particle radius (µp = 4σp) 

6.25 nm 

25 nm 

3.125 – 12.5 nm 

12.5 – 50 nm 

Particle concentration (ηw) 2.5% 0% - 10% 

Particle to slurry density ratio (ρp/ρs) 3.7 (alumina) NA 

Pad asperity radius (Rs) 50 µm 25 – 100 µm 

Pad asperity density (ηs) 2х10
-4

 / µm
2 

1х10
-4

 – 4х10
-4

 / µm
2
 

Solid pad elastic modulus (Es) 10 (soft), 100 (hard) MPa  10 - 100 MPa 

Porous pad elastic modulus ratio (Es/Ep)  1, 4  1 - 4 

Applied pressure (Po) 0.007 (low), 0.07 (high) MPa 

1, 10 psi  

0 – 0.07 MPa 

0 - 10 psi 

 

Table 7.1: Physical values of parameters. 
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effect of slurry chemicals on MRR. The role of each wear mechanism (adhesive and 

abrasive wear) is the subject of discussion in Section 7.8, where wear constants are 

calculated using the models and experiments to compare with experimentally measured 

values. The optimization of CMP parameters for maximum material removal efficiency is 

demonstrated in Section 7.9. 

7.2 Effect of Particles on RFF in Pad-Wafer Rough Contact 

The effect of interfacial particles on single asperity contact is described by the single 

asperity (SA) contact model developed in Section 4.5. The results of this model, in 

Section 4.5.3, indicate that interfacial particles alter the contact pressure distribution due 

to the contact of a single asperity.  

The RFF for a single asperity calculated by contact pressure altered by particles is shown 

to deviate from that based Hertz contact model, as discussed in Section 5.4.4. In this 

section, the RFF of a single asperity calculated in Section 5.4 is used in a multi-asperity 

model in order to evaluate the effect of interfacial particles on the RFF due to the contact 

of a wafer and a rough pad. This is achieved by comparing the RFF calculated using the 

SA and Hertz contact models for the single asperity contact behavior. This comparison is 

made by computing the relative error, 

sa

sa

R R
e

R

−
=                                                     (7.1) 

The error e is determined for different process parameters such as particle concentration, 

pad elastic modulus, particle size and pad topography. The RFF for the SA and Hertz 

contact models are indicated by R
sa

 and R, respectively. The adhesive and abrasive wear 

models are indicated by the subscripts “ad” and “ab”, respectively. 
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7.2.1 Effect of particle concentration 

Figs. 7.1a and 7.1b show the relative error, e of RFF calculated by using the Hertz contact 

(R) and the SA contact (R
sa

) models as a function of applied pressure and particle 

concentration. In this example, the elastic modulus of a hard pad is Es = 100 MPa and the 

porous elastic modulus ratio is Es / Ep = 4. The other parameters are the base parameters 

listed in Table 7.1. Fig. 7.1 shows that the error for RFF due to adhesive contact ead 

becomes larger with higher particle concentration ηw in the range of applied pressure 

studied, 10
-4

 MPa < Po < 10
-1

 MPa. The RFF due to abrasive wear Rab at low abrasive 

concentration ηw is predicted to be higher when the Hertz contact is used, Rab > sa

abR , 

whereas the opposite (Rab < sa

abR ) is true at high ηw. The error for both adhesive and 

abrasive wear (ead and eab) decreases as the applied pressure Po becomes higher. These 

results for the error in the RFF due to pad-wafer rough contact R are in agreement with  
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Fig. 7.1: The error of the RFF due to a) adhesive wear ead and b) abrasive wear eab introduced 

by contact pressure distribution based on Hertz contact for different particle concentration ηw. 
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the error in the RFF achieved by a singe asperity R
s
 explained in Section 5.4.4. It is seen 

that the error of Hertz contact for RFF due to adhesive wear ead varies between 1% - 8%, 

and 1% - 5% for low particle concentration ηw = 1.25% and high ηw, ηw = 5%, 

respectively in the range of applied pressure, 0.007 MPa < Po < 0.07 MPa typically used 

in CMP. The corresponding values for the error of Hertz contact due to abrasive wear are 

found in the range -2% - 5% and -1% - 3%. 

In addition to the effect on the RFF, spreading of the contact over a larger area due to the 

presence of interfacial particles, causes the particle contact pressure ratio Pp / Po (Fig. 

7.2a) and the number of active particles na (Fig. 7.2b) predicted by SA model to be larger 

than those predicted by Hertz contact. This is the main reason for the error in adhesive 

wear to be positive ead > 0, i.e. the RFF predicted using SA contact model is greater than 

that of Hertz contact, sa

adR  > Rad. In the case of the RFF due to abrasive wear, the error 

may be positive and negative based on the particle concentration. Although larger particle 

contact pressure ratio Pp / Po promotes higher RFF, the RFF decreases with the larger 

number of active particles na for a given Pp / Po. As a result of these two competing 

effects, the error for abrasive wear eab becomes negative, eab < 0 at high particle 

concentration ηw = 5% while eab remain positive, eab > 0 at ηw = 1.25%. 

7.2.2 Effect of pad elastic modulus 

The effect of pad elastic modulus Es and porous elastic modulus ratio Es / Ep on the error 

e of Hertz contact using the base parameters in Table 7.1 is illustrated in Figs. 7.3 (Es / Ep 

= 4) and 7.4 (Es = 100 MPa), respectively. It is seen in Fig. 7.3 that the error e for both 

adhesive and abrasive wear decreases when pad elastic modulus Es decreases. This is due 

to the fact that particles become embedded in the pad, which reduces the effect of  
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Fig. 7.3: The error of the RFF due to a) adhesive wear ead and b) abrasive wear eab 
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particles on the single asperity contact behavior becomes less significant. This result is in 

agreement with the error e
s
 for RFF of a single asperity R

s
, which decreases with higher 

asperity contact force s

cf
�  (= 2/s

c s pf E σ ), given in Section 5.4. 

Fig. 7.4 shows that the error e of Hertz contact increases with higher porosity (larger Es / 

Ep). This result can be explained by the contact force s

cf  in the pad asperity-wafer 

interface, which becomes smaller, with decreasing porous pad elastic modulus Ep. This is 

due to the fact that the number of asperities in contact increases with lower porous pad 

elastic modulus Ep, thereby decreasing the contact force on each asperity s

cf . As 

explained earlier, the error e
s
 of Hertz contact for a single asperity is more significant 

when the asperity contact force s

cf  is low. 
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Fig. 7.4: The error of the RFF due to a) adhesive wear ead and b) abrasive wear eab introduced 

by contact pressure distribution based on Hertz contact for different porous elastic modulus 
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7.2.3 Effect of particle size 

The mean particle radius has a significant effect on the error of Hertz contact as shown in 

Fig. 7.5. Large particles cause the error for both adhesive and abrasive wear to increase. 

The error for adhesive wear is as high as 11.5% for particle radius µp = 50 nm and Po = 

0.007 MPa, while the error for abrasive wear is found to be 6.5% under the same 

conditions.  This can be explained by considering the dimensionless asperity contact 

force, s

cf
�  (= 2/s

c s pf E σ ), which decreases with particle radius µp (=4σp). Large particles 

alter the contact pressure distribution in single asperity contact (Section 4.5.3) and the 

RFF of single asperity as a result (Section 5.4.4). 

7.2.4 Effect of pad topography 

The parameters investigated so far in this section (particle concentration ηw, pad elastic 

modulus Es and particle size µp) alter the contact behavior of a single asperity, therefore  

 

 

 

 

 

 

 

 Fig. 7.5: The error of the RFF due to a) adhesive wear ead and b) abrasive wear eab introduced 

by contact pressure distribution based on Hertz contact for different mean particle radius µp. 

Applied pressure, P
o

(MPa)E
rr

o
r

o
f

R
F

F
fo

r
a

d
h

e
s
iv

e
w

e
a

r,
e

a
d
=

(R
a

ds
a

-
R

a
d
)

/
R

a
ds
a

10
-4

10
-3

10
-2

10
-1-0.20

-0.15

-0.10

-0.05

0.00

0.05

0.10

0.15

0.20

µ
p

= 12.5 nm

µ
p

= 25 nm

µ
p

= 50 nm

 
 a) Adhesive wear 

Applied pressure, P
o

(MPa)E
rr

o
r

o
f

R
F

F
fo

r
a

b
ra

s
iv

e
w

e
a

r,
e

a
b
=

(R
a

bs
a

-
R

a
b
)

/
R

a
bs
a

10
-4

10
-3

10
-2

10
-1-0.20

-0.15

-0.10

-0.05

0.00

0.05

0.10

0.15

0.20

µ
p

= 12.5 nm

µ
p

= 25 nm

µ
p

= 50 nm

 
 b) Abrasive wear 



 248 

the error of Hertz contact varies as a function of these parameters. The effect of 

parameters related to pad topography on the other hand, influence the rough contact 

behavior causing the contact force on each asperity to vary as a function of pad 

topography parameters such as asperity radius Rs, asperity density ηs and pad roughness 

σs. Note that the exception is the asperity radius Rs, as Rs has an effect on both single 

asperity contact and rough contact behavior.  

Fig. 7.6 shows that the error e of Hertz contact for RFF increases as asperity radius Rs 

becomes smaller. This result is consistent with the dependence of the error for the RFF of 

a single asperity on asperity radius Rs studied in Section 5.4.4, which shows that Rs 

causes the error for RFF of a single asperity to increase. Also note that the mean contact 

force on a single asperity in pad-wafer rough contact becomes lower when asperity radius 

Rs decreases, thus contributing to larger error in the case of small Rs. 
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Fig. 7.6: The error of the RFF due to a) adhesive wear ead and b) abrasive wear eab introduced 

by contact pressure distribution based on Hertz contact for different asperity radius Rs. 
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The effect of pad roughness σs on the error e is demonstrated in Fig. 7.7. As the pad 

roughness σs becomes smaller, the applied pressure is distributed over a larger number of 

asperities, thus the mean asperity contact force decreases. The error e of Hertz contact 

therefore increases with smaller pad roughness σs. A similar effect is also seen for the 

error e in Fig. 7.8 when asperity density ηs is varied. In this case, the error e of Hertz 

contact becomes larger when asperity density ηs increases since a larger number of 

asperities get engaged in contact decreasing the mean asperity contact force. 

7.3 Effect of Pad Elastic Modulus and Pad Porosity 

In this section, the effect of pad elastic modulus Es on the RFF is investigated by varying 

Es in the range, 10 MPa < Es < 100 MPa. The effects of pad porosity are modeled by 

using the elastic modulus ratio Es / Ep, as described in Section 3.4. This ratio is taken in 

the range 1 < Es / Ep < 4. 

7.3.1 Variation of RFF with applied pressure 

Results 

Figs. 7.9 and 7.10 show the variation of RFF due to adhesive Rad and abrasive Rab wear, 

respectively as a function of applied pressure, Po for porous elastic modulus ratio, 1 ≤ 

Es/Ep ≤ 4. In Figs. 7.9a and 7.10a, pad elastic modulus Es is taken to be 10 MPa 

representing a soft pad, while Es of 100 MPa (hard pad) is used in Figs 7.9b and 7.10b. 

Sub-linear variation of the RFF due to both adhesive and abrasive wear are observed for a 

soft pad (Es = 10 MPa) with high porosity (e.g. Es / Ep = 4). On the other hand, the RFF 

increases almost linearly with applied pressure Po for a hard pad (Es = 100 MPa) or a 

non-porous pad (Es / Ep = 1). 
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The non-linearity of the RFF with respect to applied pressure Po is quantified by applying 

a power law curve-fit in the form, 
n

oR cP= . Power law exponents for adhesive (nad) and 

abrasive (nab) wear are plotted in Fig. 7.11. A decreasing trend for the power law  
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Fig. 7.7: The error of the RFF due to a) adhesive wear ead and b) abrasive wear eab introduced 

by contact pressure distribution based on Hertz contact for different pad roughness σs. 
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Fig. 7.8: The error of the RFF due to a) adhesive wear ead and b) abrasive wear eab introduced 

by contact pressure distribution based on Hertz contact for different asperity density ηs. 
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exponent n for more porous pads is seen for a soft pad, Es = 10 MPa, while n does not 

vary with pad porosity (Es / Ep), significantly for a hard pad, Es = 100 MPa. The exponent 

for abrasive wear is slightly greater (closer to 1) than adhesive wear, nab > nad. The power 

law exponent varies in the range 0.89 < nad < 0.93 and 0.90 < nab < 0.95, respectively for 

adhesive and abrasive wear, respectively.  

Discussion 

These results can be explained by considering the real contact area ratio Ar and the mean 

contact pressure Pm at the tip of asperities in “rough” contact of a pad and a wafer. The 

real contact area ratio Ar is the main controlling parameter for number of active particles 

na. Real contact area ratio Ar and number of active particles na are plotted in Fig. 7.12a 

and 7.12b, respectively for a soft pad (Es = 10 MPa). It is seen that the sub-linear 

variation of real contact area ratio Ar and number of active particles na are similar to that 

of the RFF as shown in Figs 7.9a and 7.10a. This sub-linear increase in real contact area  
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Fig. 7.9: The variation of the RFF due to adhesive wear Rad with applied pressure Po for 

a soft and hard pad with different porous elastic modulus ratio Es / Ep. 
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ratio Ar, and number of active particles na is explained by using Fig. 7.13, which shows 

the equilibrium separation distance dwp between pad and wafer normalized by standard 

deviation (SD) of pad roughness σs for different pad elastic modulus Es and porosity 
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Fig. 7.10: The variation of the RFF due to abrasive wear Rab with applied pressure Po for 

a soft and hard pad with different porous elastic modulus ratio Es / Ep. 
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Fig. 7.11: Power law exponents nad and nab (
n

oR cP= ) for the variation of the RFF 

with applied pressure Po for different pad elastic modulus Es and porous elastic 
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(Es/Ep) levels. It is seen that only the tall asperities included in the upper part of Gaussian 

distribution of asperity summit heights are in contact for a hard pad Es = 100 MPa as 

separation distance remains above, dwp / σs > 0.7. It is well known that real contact area 

ratio Ar increases linearly with applied pressure Po in this case [1] (Section 3.1.2). For a 

soft pad Es = 10 MPa, some of the asperities in the lower part of Gaussian distribution 

start to engage in contact (dwp / σs > -0.9) causing a sub-linear behavior in the variation of 

real contact area ratio Ar. Furthermore, this behavior seen for a soft pad, Es = 10 MPa 

becomes stronger with larger porosity, since porous pad elastic modulus Ep controlling 

the rough contact behavior decreases with larger porous elastic modulus ratio Es / Ep. It is 

noted that a different probability density function for pad asperity summit heights may 

result in a different variation for both real contact area Ar and number of active particles 

na causing a similar effect on the RFF.  This is studied in Section 7.5. 
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Fig. 7.12: The effect of applied pressure Po on a) real contact area ratio Ar and b) number 

of active particles na for a soft pad , Es = 10 MPa with different porous elastic modulus 
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The mean contact pressure Pm, on the other hand, determines the local contact behavior 

affecting the distribution of contact pressure to particle and direct contacts. The mean 

contact pressure Pm varies slightly with respect to applied pressure Po as depicted in Fig. 

7.14. As a result, the variation of direct contact area Ad / Ar and particle contact pressure 

ratio Pp / Po with applied pressure Po remain to be small as shown in Fig. 7.15a and 

7.15b, respectively. Fig. 7.15b shows that direct contact is dominant, covering a large 

fraction of contact area for the range of applied pressure Po used in this study.  

7.3.2 Effect of pad elastic modulus on RFF 

Results 

Fig. 7.16 shows the effect of pad elastic modulus Es on the RFF due to adhesive Rad (Fig. 

7.16a) and abrasive Rab (Fig. 7.16b) wear for applied pressure, Po = 0.007 MPa (= 1 psi). 

Note that the behavior observed for applied pressure in the range, 0.007 MPa < Po < 0.07 

MPa  remains to be similar, therefore only the plots for Po = 0.007 MPa are included  
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Fig. 7.13: The equilibrium separation distance dwp / σs as a function of applied pressure 

Po for different pad elastic modulus Es and porous elastic modulus ratio Es / Ep. 
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here. It is seen in Fig. 7.16a that the RFF increases slightly with pad elastic modulus Es 

for adhesive wear. An order of magnitude increase in pad elastic modulus Es (Es = 10 

MPa to Es = 100 MPa) results in only ~18% higher RFF for adhesive wear. This increase 
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Fig. 7.14: The effect of applied pressure Po on mean contact pressure Pm for a soft pad, 

Es = 10 MPa with different porous elastic modulus ratio Es / Ep. 
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 a) Direct contact area ratio Ad / Ar 
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 b) Particle contact pressure ratio Pp / Po 

Fig. 7.15: The variation of a) direct contact area ratio Ad / Ar and b) particle contact 

pressure ratio Pp / Po for a soft pad , Es = 10 MPa with different porous elastic modulus 

ratio Es / Ep. 
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does not depend on porosity (Es / Ep). The RFF for abrasive wear is found to be more 

sensitive to pad elastic modulus Es as demonstrated in Fig. 7.16b. The RFF due to 

abrasive wear Rab for Es = 100 MPa is ~3.7-times Rab for Es = 10 MPa. The reason for 

this strong dependence of the RFF due to abrasive wear Rab on pad elastic modulus Es is 

discussed next. 

Discussion 

The ability of the pad to transfer the applied pressure on the particles influences the RFF 

significantly. As the direct contact area Ad becomes larger, the pad can only transfer a 

fraction of applied pressure on particles, thus having a negative effect on the material 

removal. Pad elastic modulus Es affects direct contact area Ad as particles are more easily 

embedded in the softer pads. This is presented in Fig. 7.17a, which shows that the direct 

contact area Ad decreases slightly with larger pad elastic modulus while causing particle 

contact pressure ratio Pp / Po to decrease (Fig. 7.17b). The slight increase in the RFF for  

 

 

 

 

 

 

 

 Fig. 7.16: The effect of pad elastic modulus Es on the RFF due to a) adhesive Rad and b) 

abrasive Rab wear for Po = 0.007 MPa (or Po = 1 psi). 
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adhesive wear Rad is attributed to this effect. In addition, the effect of pad elastic modulus 

Es on mean particle contact force m

wf  as shown in Fig. 7.18 is another factor to be 

considered in order to explain the significant increase in the RFF for abrasive wear Rab 

with larger Es. Mean particle contact force m

wf  increases with larger pad elastic modulus 

Fig. 7.17: The effect of pad elastic modulus Es on a) direct contact area ratio Ad / Ar and 

b) particle contact pressure ratio Pp / Po for Po = 0.007 MPa (or Po = 1 psi). 

Pad elastic modulus, E
s

(MPa)

D
ir

e
c
t

c
o

n
ta

c
t

a
re

a
ra

ti
o

,
A

d
/
A

r

0 20 40 60 80 100
0.0

0.2

0.4

0.6

0.8

1.0

E
s

/ E
p

= 1

E
s

/ E
p

= 2

E
s

/ E
p

= 3

E
s

/ E
p

= 4

 
 a) Direct contact area ratio Ad 

Pad elastic modulus, E
s

(MPa)

P
a

rt
ic

le
c
o

n
ta

c
t

p
re

s
s
u

re
ra

ti
o

,
P

p
/
P

o

0 20 40 60 80 100
0.0

0.2

0.4

0.6

0.8

1.0

E
s

/ E
p

= 1

E
s

/ E
p

= 2

E
s

/ E
p

= 3

E
s

/ E
p

= 4

 
 b) Particle contact pressure ratio Pp / Po 

Fig. 7.18: The effect of pad elastic modulus Es on mean particle contact force m

wf  

for Po = 0.007 MPa (or Po = 1 psi). 
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Es as a result of smaller real contact area ratio Ar and number of active particles na due to 

the increase in Es. This is a favorable condition for abrasive wear since the RFF for 

abrasive wear varies with mean particle contact force as 
3/ 2m

ab wR f∝ . 

7.3.3 Effect of porous elastic modulus ratio on RFF 

Results 

Pad porosity controls the porous elastic modulus ratio Es / Ep and has a significant effect 

on the RFF as shown in Fig. 7.19a for a soft (Es = 10 MPa) and Fig. 7.19b for a hard (Es 

= 100 MPa) pad. The applied pressure is taken to be Po = 0.007 MPa, although similar 

results are obtained at higher Po. Increasing porous elastic modulus ratio from Es / Ep = 1 

to Es / Ep = 4 causes the RFF due to adhesive Rad and abrasive Rab wear to increase to 

~2.6-times and ~2.3-times, respectively. Porous elastic modulus ratio Es / Ep seems to  

have a more significant influence on the RFF for adhesive wear Rad while pad elastic 

modulus Es does not result in such a significant influence on Rad as explained in Section  
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 a) Es = 10 MPa 

Fig. 7.19: The effect of porous elastic modulus ratio Es / Ep on the RFF for Es = 10 MPa 

and b) Es = 100 MPa (Po = 0.007 MPa (or Po = 1 psi)). 
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7.3.1. On the other hand, an opposite behavior is observed for the RFF due to abrasive 

wear Rab, where Rab is a strong function of pad elastic modulus Es, but not a strong 

function of Es / Ep. The role of pad elastic modulus Es and porous elastic modulus ratio Es 

/ Ep for the variation of the RFF due to adhesive Rad and abrasive wear Rab is explained 

next. 

Discussion 

The elastic modulus of solid pad material Es affects the penetration at the pad-particle 

interface. For stiffer pads (large Es), pad-wafer direct contact becomes more difficult, i.e. 

the direct contact area ratio Ad / Ar becomes smaller, as illustrated in Fig. 7.17a. The 

response of the overall (large scale) pad deformation is influenced by the pad porosity. 

Therefore the porous pad elastic modulus Ep is used to model the contact between a 

rough pad and a wafer. As the pad porosity increases (smaller Ep), asperity contact 

spreads over a larger area, i.e. the real contact area Ar increases, thus causing mean 

contact pressure Pm at the tip of asperities (local contact pressure) decrease. Note that 

lower mean contact pressure Pm also decreases the direct contact area Ad / Ar. 

Fig. 7.20a shows that the direct contact area ratio Ad / Ar decreases with increasing pad 

material stiffness Es. This is accompanied by increased particle contact pressure ratio Pp / 

Po as expected. The combined effect explains the increase of the RFF predicted in Fig. 

7.19. Fig. 7.20 also confirms the opposite effect of increasing pad porosity (smaller Ep). 

If solid Es and porous Ep pad elastic modulus increases or decreases at the same rate such 

that porous elastic modulus ratio Es / Ep is constant, the RFF due to adhesive wear does 

not change significantly since the effects of Es and Ep on Rad offset each other.  
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In addition to the effects of local contact characteristics explained above, the RFF due to 

abrasive wear Rab is also a strong function of the mean particle contact force, 

3/ 2m

ab wR f∝ . In the case abrasive wear, larger pad elastic modulus Es increases Rab even if 

porous elastic modulus ratio Es / Ep is constant due to larger mean particle contact force 

m

wf , as discussed in Section 7.3.2. The smaller increase seen in the RFF due to abrasive 

wear Rab as porous elastic modulus ratio Es / Ep becomes larger is also attributed to this 

effect, where larger Es / Ep decreases mean particle contact force m

wf  (Fig. 7.21). 

7.3.4 Comparison with experiments 

Preston equation [2], p o rRR k PV=  has been widely used for predicting MRR as a 

function of applied pressure Po and relative velocity Vr in CMP. The effects of other 

parameters such as particle concentration, particle size, pad elastic modulus, pad 

roughness etc. are implicitly included in Preston constant, kp. The experimental studies  
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Fig. 7.20: The effect of porous elastic modulus ratio Es / Ep on a) direct contact area ratio Ad 

and b) particle contact pressure ratio Pp / Po (Po = 0.007 MPa (or Po = 1 psi)). 
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for CMP however indicate both a linear (Prestonian) and a non-linear (non-Prestonian) 

variation of MRR as a function of applied pressure Po and relative velocity Vr. The 

degree of non-linearity and the parameters affecting the non-linear behavior observed in 

the experiments is discussed next. Modeling results explained in this section are re-

visited in order to explain the trends seen in the experiments. 

Preston equation was first developed based on experimental observations for the variation 

of MRR with respect to applied pressure and velocity in glass polishing. One of the 

fundamental differences between glass-polishing and CMP is that the pads used in CMP 

are relatively softer than the pads in glass polishing [3]. This fundamental difference is 

considered to be the main reason for non-Prestonian behavior, and demonstrated in the 

following experimental studies. Ouma [4] conducted CMP experiments on tetra-ethyl 

ortho-silicate (TEOS) films using silica slurry. Two different types of hard pads (IC1400 

and IC1000 from Rodel Inc.) were utilized in the experiments. A similar experiment was 

conducted by Stein et al. [5], where TEOS films were polished with silica slurry using 
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Fig. 7.21: The effect of porous elastic modulus ratio Es / Ep on mean particle 

contact force m

wf  (Po = 0.007 MPa (or Po = 1 psi)). 
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both a hard pad (IC1400) and a soft pad (POLITEX from Rodel Inc.). The MRR 

normalized with respect to the maximum MRR obtained from these experiments are 

plotted in Fig. 7.22. It is seen that MRR became a non-linear function of the product of 

pressure and velocity, PoVr, in the case of a soft pad [5]. The power law exponent for 

curve fit of MRR indicated a dependence, RR ∝  ( )
0.59

o rPV . On the other hand, a different 

behavior is seen for hard pads, where the power law exponents for a hard pad showed a 

closely linear variation, MRR ∝  ( )
0.87

o rPV [4] and MRR ∝  ( )
1.01

o rPV  [5]. 

Effect of relative velocity 

Note that the trends explained above include the effect of both applied pressure Po and 

relative velocity Vr since the effect of the product, PoVr was investigated. The effect of 

velocity Vr has been the subject of many experimental studies as explained in Section 

2.3.1, which revealed both linear and non-linear variation of MRR with respect to Vr.  
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Fig. 7.22: Experimental findings of Ouma [4] and Stein et al. [5] for the variation of 

normalized MRR with respect to the product of pressure and velocity, PoVr for soft and 

hard pads. The MRR was normalized with respect to the maximum MRR observed in 

the experiments. 
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Theoretical studies conducted to understand these experimental results showed that the 

effect of velocity Vr can be explained by studying the mechanics of hydrodynamic 

lubrication taking place due to the slurry flow between pad and wafer. An extensive 

review of experimental and theoretical work on this subject was reviewed in Section 2.1. 

The mechanics of hydrodynamic lubrication in CMP is not in the scope of this work and 

MRR was assumed to increase linearly with relative velocity Vr as consistent with 

Preston equation. The models developed in this work focus on the effect of applied 

pressure Po, which can also be influenced by the effects of hydrodynamic lubrication. 

However experimental studies explained in Section 2.1.1 indicated that the operating 

lubrication regime in CMP is most likely to be boundary lubrication and a continuous 

slurry film does not exist at pad-wafer interface. Therefore the interactions between pad 

and wafer are dominated by pad-wafer contact, which is the subject of our modeling 

efforts. The experiment results available in the literature for dependence of MRR on 

applied pressure Po are summarized next. 

Effect of applied pressure 

The experiments found in literature for the effect of applied pressure Po were classified in 

two groups based on the pad elastic modulus Es (hard or soft pads). Nguyen et al. [6] 

conducted CMP experiments on a copper film using two different slurry chemistry 

containing alumina particles. Two pads with different surface morphology were used by 

Clark et al. [7] in CMP of oxide films with silica particles. In these experiments, IC1400 

[6] and IC1000 [7] pads were used. These pads are considered to be in the category of 

hard pads in CMP [8]. The results for the normalized MRR are shown in Fig. 7.23a. It is 
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seen that MRR increased almost linearly with applied pressure Po when a hard pad was 

used. The power law exponents were in the range 0.84 < n < 1.04.  

In another set of experiments, shown in Fig. 7.23b, the variation of normalized MRR with 

respect to applied pressure was investigated by using soft pads. The experiments by 

Forsberg involved CMP of oxide films with a silica slurry (Suba500 pad from Rodel 

Inc.), while silica slurry was used for CMP of TEOS films in the experiments by 

Chandrasekaran et al. [9] (UR2 pad from Rodel Inc.). Two sets of experiments were 

conducted [9] by using different slurry, where the particle size was 122 nm in the first 

slurry and the second slurry included 35 nm particles. Copper films were polished in 

experiments by Guo and Subramanian [10], where alumina slurry and Suba500 pads were  
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Fig. 7.23: Experimental findings for the variation of the normalized MRR with respect to 

applied pressure Po for a) hard pads (Nguyen
ab

 et al. [6], Clark
ab

 et al. [7]) and b) soft  pads 

(Forsberg [22], Chandrasekaran
ab

 et al. [9], Guo and Subramanian
ab

 [10]). Note that two 

different slurry chemistry in Nguyen
ab

 et al. [6], two pads with different surface morphology in 

Clark
ab

 et al. [7],  two different slurry in Chandrasekaran
ab

 et al. [9] and two different velocity 

in Guo and Subramanian
ab

 [10] were used. 
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used. The experiments were run with two different relative velocities Vr (0.47 m/s and 

0.67 m/s). The results of these experiments utilizing soft pads plotted in Fig. 7.23b 

exhibited a different behavior as compared to the experiments with hard pads shown in 

Fig. 7.23a. MRR increased sub-linearly with applied pressure Po when a soft pad was 

used. The power law exponents varied in the range, 0.53 < n < 0.62. 

In addition to these results, oxide CMP experiments by silica particles [11] indicated a 

power law exponent of 0.96 and 0.89 for hard and soft pads, respectively. Wrschka et al. 

[12] reported power law exponents for MRR achieved by a soft pad in CMP of 

aluminum. They obtained a power law exponent of n = 0.80 using alumina particles 

(3.4%) and a power law exponent of n = 0.86 was found when silica particles (12.5%) 

were used.    

The power law exponents of the Po term of the MRR obtained from experiments are 

summarized in Table 7.2. It is seen that power law exponent varies in the range, 0.84 < n 

< 1.04 for hard pads, whereas for soft pads, it is in the range, 0.53 < n < 0.89.  Note that 

the tendency for the MRR to become sub-linear with softer pad is in agreement with 

modeling results as shown in Fig. 7.11.  

The results presented in Section 7.3 indicate that pad elastic modulus Es and porous 

elastic modulus ratio Es / Ep play an important role for the behavior of MRR (or RFF) 

with respect to applied pressure Po. In these models, the power law exponent n decreases 

from 0.93 to 0.88 for adhesive and 0.94 to 0.90 for abrasive wear, as the pad elastic 

modulus is reduced from Es = 100 MPa to Es  = 10 MPa for a porous pad (Es  / Ep  = 4). 

This result is in good agreement with oxide CMP experiments conducted by Hernandez 

et al. [11] indicating a decrease in power law exponent n from 0.96 to 0.89 when a soft  
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pad is used instead of a hard pad. However the power law exponent can be as small as n = 

0.53 in the experiments, while modeling results using base parameters did not result in a 

power law exponent, n < 0.88. We think this discrepancy can be explained as follows. 

Note that the model results show that direct contact is the dominant contact mechanism 

when base parameters are used in the model. This means that the variation of RFF with 

respect to applied pressure is determined by the number of active particles na, which is a 

strong function of real contact area. For a randomly rough surface characterized by 

Gaussian probability density function (PDF) of asperity summit heights, the increase in 

the real contact area with applied pressure is linear for a hard pad, whereas for a soft pad, 

sub-linear dependence starts to occur due to the fact that asperities included in the lower 

part of the PDF start come into contact. This behavior is true for a random surface 

surface, while different pad topography may alter this behavior. This is considered to be 

Experiments Polishing 

pad 

Polished 

film 

Slurry Applied 

pressure (psi) 

Power law 

exponent 

Nguyen [6] hard copper alumina 2.8 – 4.9 0.99 

Clark [7] hard oxide silica 2 – 8 1.04
a
 – 0.84

b
 

Hernandez
b
 [11] hard oxide silica 2.8 – 5.8 0.96 

Forsberg [22] soft oxide silica 0.5 – 4.8 0.62 

Chandrasekaran
ab

 [9] soft TEOS silica 1 – 7 0.53 

Guo [10] soft copper alumina 0.3 – 13.3 0.54 

Hernandez
a
 [11] soft oxide silica 2.8 – 5.8 0.89 

Wrschka
a
 [12] soft aluminum alumina 2.8 – 5.8 0.80 

Wrschka
b
 [12] soft aluminum silica 2.8 – 5.8 0.86 

 

Table 7.2: Summary of power law exponents determined in experiments, organized to 

demonstrate the effect of pad elastic modulus.. 
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the main reason for small power law exponents as low as n = 0.53 seen in the 

experiments. In fact, Ahmadi and Xia [13], and Luo and Dornfeld [14] explain the sub-

linear behavior, by considering a wavy pad topography, which gives a relation between 

applied pressure Po and real contact area Ar as Po ∝  
2 /3

rA . Using this relationship, our 

model for a soft pad would result in a power law exponent of n ≈  2/3. This is discussed 

in more detail in Section 7.5.  

These observations are valid for particle concentration, ηw = 2.5% selected as the base 

value used in this section. However, it will be later shown in Section 7.4 that a 

fundamental difference appears between soft and hard pads at high particle concentration 

e.g. ηw = 10%, where direct contact does not dominate the contact for hard pads and as a 

result number of active particles na is not the only mechanism affecting the variation of 

RFF with respect to applied pressure Po. In this case, direct contact area ratio Ad 

decreases significantly with applied pressure Po while causing an increase in particle 

contact pressure ratio Pp / Po and thus affecting RFF. 

Effect of pad elastic modulus 

Experimental studies listed in Table 7.3 indicated that the MRR is typically higher for a 

hard pad as compared to a soft pad. Note that experimental conditions such as relative 

velocity, particle concentration, wafer material etc. have an important effect on the actual 

MRR values. In the experiments listed in Table 7.3, all the actual parameters used in the 

experiments were not available, however a decreasing trend for softer pads can be 

observed. Guo and Subramanian [10] carried out copper CMP experiments with alumina 

slurry using the same conditions (Po = 6.8 psi, Vr = 0.47 m/s, ηw = 2.5%) for a soft (Suba-

500) and a hard (IC-1000) pad. They found that the MRR for a hard pad was ~ 245 
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nm/min, while it was ~ 110 nm/min for a soft pad. The ratio of MRR for a hard to a soft 

pad was ~ 2.2. The same ratio calculated from Figs. 7.16a and 7.16b for adhesive and 

abrasive wear and using Es = 10 MPa for a soft pad and Es = 100 MPa for a hard pad with 

Es / Ep = 4 was 1.2 and 3.7, respectively indicating that the experimental trend can be 

explained by considering both adhesive and abrasive wear taking place simultaneously.  

A similar experiment was carried out by Saxena et al. [15] for CMP of copper films with 

alumina slurry (Po = 4 psi, ηw = 3%). A soft PANW pad (Freudenberg Nonwovens) and a 

hard IC-1400 were used in this study. The ratio of MRR achieved by a hard pad (165 

nm/min) to a soft pad (140 nm/min) was found to be 1.18, which is very close to the ratio 

(~1.2) calculated by our model with adhesive wear, as shown in Fig. 7.16a. 

Castillo-Mejia et al. [16] carried out CMP experiments in order to evaluate the influence 

of immersion time of the IC1000 pads in water, on mechanical properties of pad. It was 

shown that the elastic modulus of wet pads was ~25% lower than the elastic modulus of 

dry pads. CMP experiments conducted on TEOS films by using different immersion time 

for pads showed a decrease in MRR when pads were not conditioned prior to polishing 

while no difference in MRR was observed when pads were conditioned as demonstrated  

 

 

 

 

 

Experiments Polishing 

pad 

Polished 

film 

Slurry Applied 

pressure (psi) 

Maximum MRR 

(nm / min) 

Nguyen [6] hard copper alumina 4.9 368 - 474 

Clark [7] hard oxide silica 6 340 

Forsberg [22] soft oxide silica 4.8 238 

Chandrasekaran
ab

 [9] soft TEOS silica 7 10.7 – 12.3 

Guo [10] soft copper alumina 6.8 180 

 

Table 7.3: Comparison of the maximum MRR achieved in experiments using a soft and a hard pad. 
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in Fig. 7.24. This was explained by considering water penetration, which was estimated 

to be in the order of 20 µm causing softening of the pad material. This soft layer is 

removed if conditioning is performed on the pad. It can be assumed that this layer 

dominates the contact for each particle since the depth of the layer is large as compared to 

particle size. In our model, solid pad elastic modulus Es determines the particle scale 

contact. Therefore immersion of pad in water decreases solid pad elastic modulus Es, 

whereas porous pad elastic modulus Ep remains relatively constant with immersion of pad 

in water. Since the reduction in solid pad elastic modulus Es was not quantified, only 

qualitative conclusions for the relation between solid pad elastic modulus Es and MRR 

(or RFF) can be drawn from this study. It is seen in Fig. 7.24 that decreasing solid pad 

elastic modulus Es due to immersion in water for 24 and 48 hrs resulted in 5% and 10% 

smaller MRR, respectively. If the base parameters listed in Table 7.1 are used in our 

model, RFF (or MRR) becomes smaller by 18% for adhesive wear if solid pad elastic 

modulus Es is decreased from 100 MPa to 10 MPa by keeping porous elastic modulus  
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Fig. 7.24: Experimental results [16] for the effect of pad immersion time on 

MRR using a conditioned or an unconditioned pad. 
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ratio constant, Es / Ep = 4 (Fig. 7.16a). A much larger decrease in RFF (~ 70%) is found 

for abrasive wear. It is noted that in the case of a smaller solid pad elastic modulus Es 

while porous pad elastic modulus Ep is kept constant, porous elastic modulus ratio Es / Ep 

also becomes smaller. Therefore there may be an additional effect due to the change in 

porous elastic modulus ratio Es / Ep. According to the models, smaller porous elastic 

modulus ratio Es / Ep causes a further reduction in RFF. Quantitative evaluation cannot be 

performed since the change in solid pad elastic modulus Es was not determined in 

experiments, however experiment and modeling results agree qualitatively. 

Effect of pad porosity 

There have been a few studies investigating the effect of pad porosity on MRR. The pad 

porosity plays an important role since porous elastic modulus ratio Es / Ep is determined 

by pad porosity. The experimental work by Fury and James [17] is one of the complete 

studies done to evaluate the effect of pad porosity. In this study, one porous pad with 

relative density ρpo / ρso = 0.6, (IC1000) and one solid pad ρpo / ρso = 1 (IC2000) made 

from the same polyurethane material were used. Since the pads were made of the same 

polyurethane material, it can be assumed that solid pad elastic modulus Es is same for 

these two pads, while porous elastic modulus ratio Es / Ep can be calculated using Fig. 

(3.13) to be Es / Ep ≈  3 for ρpr / ρsl = 0.6. The pads were roughened by using the same 

conditioning parameters to ensure that the surface topography of the pads were similar.  

Fig. 7.25 shows MRR obtained from a large number of oxide CMP experiments using 

these two pads. One of the conclusions drawn from this study was that MRR of a solid 

pad (IC2000) was more consistent as compared to MRR of a porous pad (IC1000), which 

was attributed to the variations in physical properties of porous pads [8]. In addition to  
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the difference in consistency, the average MRR for a porous pad (IC1000) was found to 

be ~40% higher than that of a solid pad (IC2000). This finding is in qualitative agreement 

with the results of our model indicating an increasing trend for MRR as pad porosity 

becomes larger, as also illustrated in Fig. 7.19.  

In Fig. 7.26, pad elastic modulus and porous elastic modulus ratio was taken to be Es = 

100 MPa and Es / Ep = 3, respectively while applied pressure was maintained at Po = 

0.007 MPa. Since particle concentration ηw used in experiments was not specified, the 

ratio of RFF for a pad with porous elastic modulus ratio Es / Ep = 3 to a solid pad Es / Ep 

= 1 was plotted as a function of particle (silica) concentration. It is seen that RFF for a 

porous pad Es / Ep = 3 was greater than a solid pad by 40% for adhesive wear at particle 

concentration, ηw = 5% and for abrasive wear at ηw = 6%. Therefore, the increase in MRR 

for larger porosity is predicted well by the model. 
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Fig. 7.25: Experimental results [17] for the effect of pad porosity on MRR. The 

solid line indicates the Es / Ep ratio. 
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Experiments conducted by Moon et al. [18,19] involved CMP of bare silicon wafers with 

silica slurry using three commercially available pads (IC60, SUBA500 and UR100) 

having different porous structure and density. The IC60 pad was a micro-porous 

polyurethane polishing pad. The Suba500 pad was an impregnated felt substrated-

coagulated urethane in a fiber matrix and The UR100 pad was a napped poromerics-

porous urethane layers on supporting substrates [20]. The cross-sections of these pads are  
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Fig. 7.26: Model predictions for the ratio of RFF for a porous (Es / Ep = 3) to RFF for a 

solid pad (Es / Ep = 1) as a function of particle (silica) concentration ηw. The dotted line 

indicates the ratio determined in the experiments by Fury and James [17]. 
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Fig. 7.27: Different porous structure of pads from Moon et al. [18]. 
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depicted in Fig. 7.27. Fig. 7.28 shows that MRR became larger with smaller density. 

Although smaller density is an indication for higher porosity, it is not possible to quantify 

the actual porosity by calculating the relative density if the density of solid pad material 

is not known. A direct comparison of these experiments to our model is not possible since 

relative density (or porous elastic modulus ratio) is not known. However it is observed 

that the prediction of our model indicating larger RFF (or MRR) with higher porosity as 

shown in Fig. 7.19 agrees qualitatively with experiments showing larger MRR with 

smaller pad density (or higher porous elastic modulus ratio Es/Ep). 

7.4 Effect of Particle Concentration 

Next, we will investigate the effect of particle concentration on the RFF. In the models 

developed in this work, volumetric particle concentration ηv is the main parameter 

controlling the number of particles entering the calculations. Particle concentration by 

weight-ratio ηw is commonly used in practice since it is easier to measure for a slurry. For 

a given particle concentration ηw by weight-ratio, volumetric particle concentration ηv can 

be calculated using the density of particle material, ρp in Eqn (4.8). Despite the fact that  
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Fig. 7.28: Effect of pad density on MRR determined in experiments [18]. 
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the modeling results are obtained for alumina particles (ρal = 3.7 g/cc), results can be 

evaluated for different particle materials such as silica, (ρsi = 2.5 g/cc) or ceria (ρce = 7.1 

g/cc) by utilizing Fig. 7.29, which shows the equivalent particle concentration ηw by 

weight-ratio of different particle materials resulting in the same volumetric particle 

concentration ηv. 

7.4.1 Variation of RFF with applied pressure 

Results 

The particle concentration ηw influences the response of the RFF as applied pressure Po is 

varied. Figs. 7.30 and 7.31 show the variation of RFF due to adhesive Rad and abrasive 

Rab wear, respectively for different particle concentrations ηw’s. These figures show that 

at a given applied pressure Po, Rad could remain constant with increasing particle 

concentration ηw (Figs. 7.30b and 7.30d), and Rab could even decrease with higher ηw 

(Figs. 7.31b and 7.31d). A detailed study of this behavior is presented later in this section.  
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Fig. 7.29: Equivalent particle concentration, ηw by weight-ratio of particles of 

different materials to result in the same volumetric particle concentration, ηv. 
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The RFF presented in Figs. 7.30 and 7.31 is curve-fit to a power law function of the form 

n

oR cP= . The power law exponents n thus obtained are given in Fig 7.32 for Rad and Rab 

as a function of particle concentration ηw, pad elastic modulus Es and porous elastic 

modulus ratio Es / Ep. Fig. 7.32 indicates that particle concentration ηw alters the 

dependence of RFF on applied pressure Po, especially for a pad with a large porous  
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Fig. 7.30: The RFF due to adhesive wear Rad as a function of applied pressure Po for 

different particle concentration ηw. 
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elastic modulus ratio, e.g. Es / Ep = 4 whereas the power law exponent n is not influenced 

by ηw for Es / Ep = 1. In the case of a pad with high porous elastic modulus ratio Es / Ep = 

4, RFF increases sub-linearly at low particle concentration, e.g. ηw = 1.25% (nad ~ 0.88 

for Es = 10 MPa and nad ~ 0.93 for Es = 100 MPa), but an increase in n is observed with 

increasing particle concentration, e.g. ηw = 10% (nad ~ 1.01). Both RFF due to  
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Fig. 7.31: The RFF due to abrasive wear Rab as a function of applied pressure Po 

for different particle concentration ηw. 
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adhesive Rad and abrasive Rab wear exhibit this similar trend, while power law exponents 

are slightly higher for Rab, nab > nad. 

Discussion 

As explained in Section 4.6, particles trapped between pad and wafer do not influence the 

single asperity contact behavior therefore particle concentration ηw does not have an 

effect on the characteristics of rough contact, such as real contact area ratio Ar or mean 

contact pressure Pm. Real contact area ratio Ar and mean contact pressure Pm plotted, 

respectively in Figs. 7.12a and 7.14 using particle concentration ηw = 2.5 % is also valid 

for other ηw’s. Although number of active particles na increases linearly with particle 

concentration ηw, the shape of the curve illustrating the variation of na with applied 

pressure Po in Fig. 7.12b remains the same. Therefore effect of particle concentration ηw 

cannot be explained by the number of active particles na. However particle concentration  
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Fig. 7.32: Power law exponents nad and nab (
n

oR cP= ) for the variation of RFF with applied 

pressure Po at different particle concentrations ηw. 
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ηw plays a significant role at the local contact level by affecting the direct contact area 

ratio Ad as discussed next. 

Fig. 7.33 shows that the contact regime is significantly influenced by the porous elastic 

modulus ratio, plotted for Es / Ep = 1 in Figs. 7.33a and 7.33c and for Es / Ep = 4 in Figs.  
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Fig. 7.33: The variation of direct contact area ratio Ad / Ar with applied pressure Po 

for different particle concentration ηw. 
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7.33b and 7.33d. Direct contact dominates the contact for the whole range of applied 

pressure Po for the case of Es / Ep = 1 (solid pad), while for the case of Es / Ep = 4, direct 

contact area ratio Ad approaches zero, faster with increasing particle concentration ηw. 

Note that Ad = 0 indicates particle contact regime. This is also demonstrated in Fig. 7.34 

showing the particle contact pressure ratio to be Pp / Po = 1 at high particle concentration,  
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Fig. 7.34: The variation of particle contact pressure ratio Pp / Po with applied pressure 

Po for different particle concentration ηw. 
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e.g. ηw = 10% for Es / Ep = 4. As a result, particle contacts start to play an important role 

at high particle concentration ηw = 10%. In the case of particle contact regime Pp / Po = 1, 

all the applied pressure Po is distributed on the particles, and as a result RFF for adhesive 

wear Rad becomes linear and number of active particles na does not influence RFF. The 

non-linearity of RFF introduced by number of active particles na therefore does not exist 

at high particle concentration. Thus, RFF becomes almost linear at high particle 

concentration, ηw for Es / Ep = 4. Note that similar trends are observed for a soft and a 

hard pad, since porous elastic modulus ratio Es / Ep has a greater influence on the local 

contact regime than pad elastic modulus Es. Although increasing pad elastic modulus Es 

causes the contact regime to shift towards particle contact, the increase in pad elastic 

modulus from Es = 10 MPa to Es = 100 MPa is not sufficient to result in significant 

change in local contact as compared to the increase in porous elastic modulus ratio from 

Es / Ep = 1 to Es / Ep = 4.   

7.4.2 Effect of particle concentration on RFF 

Results 

In Figs. 7.35 and 7.36, RFF due to adhesive wear Rad is plotted as a function of particle 

concentration, ηw for low applied pressure, Po = 0.007 MPa  (or Po = 1 psi) and high 

applied pressure, Po = 0.07 MPa  (or Po = 10 psi), respectively. Fig. 7.35a shows that RFF 

due to adhesive wear Rad increases linearly with particle concentration ηw for a soft (Es = 

10 MPa), non-porous (Es / Ep = 1) pad. As the porosity of pad increases with higher 

porous elastic modulus ratio Es / Ep, the variation of RFF due to adhesive wear Rad with 

particle concentration ηw becomes sub-linear. In fact, RFF due to adhesive wear Rad 

levels off when particle concentration, ηw > 8% for porous elastic modulus ratio Es/Ep = 4 
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which is called as the saturation particle concentration, c

wη . This saturation effect is also 

seen even at a larger extend in Fig. 7.35b illustrating the variation of RFF due to adhesive 

wear Rad with particle concentration ηw for a hard pad (Es = 100 MPa). The saturation 

particle concentration c

wη  of a hard pad is lower than a soft pad (Es = 10 MPa). RFF due  
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Fig. 7.35: The effect of particle concentration ηw on RFF due to adhesive wear Rad 

for low applied pressure, Po = 0.007 MPa (or Po = 1 psi). 

Fig. 7.36: The effect of particle concentration ηw on RFF due to adhesive wear Rad for 

high applied pressure, Po = 0.07 MPa (or Po = 10 psi). 
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to adhesive wear, Rad exhibits a similar dependence on particle concentration, ηw when 

applied pressure is increased to Po = 0.07 MPa (or Po = 10 psi) as illustrated in Fig. 7.36. 

Fig. 7.36 shows that the saturation particle concentration c

wη  increases when applied 

pressure Po becomes higher. 
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Fig. 7.37: The effect of particle concentration ηw on RFF due to abrasive wear Rab for 

low applied pressure, Po = 0.007 MPa (or Po = 1 psi). 
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Fig. 7.38: The effect of particle concentration ηw on RFF due to abrasive wear Rab 

for high applied pressure, Po = 0.07 MPa (or Po = 10 psi). 
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The effects of computing the RFF by using adhesive wear formulation are presented in 

Figs. 7.37 and 7.38 for Po = 0.007 MPa and 0.07 MPa, respectively. Similar to the 

behavior of the adhesive wear function Rad, the abrasive wear function Rab also increases 

with increasing particle concentration ηw. However, in the case of abrasive wear, we see 

that Rab reaches a peak at a critical particle concentration wη = c

wη  and drops with 

increasing wη .  

The reasons for the saturation in the case of adhesive, and peaking in the case of abrasive 

wear on the RFF with particle concentration ηw is explained next. 

Discussion 

Particle concentration ηw is an important parameter determining the contact regime at the 

interface between pad asperity and wafer (local contact). At low particle concentration 

ηw, there are a few active particles at the contact interface, and the mean spacing between 

particles is large allowing direct contact to occur. As a result of direct contact, a fraction 

of applied pressure Po is carried by direct contacts, and the particle contact pressure 

becomes Pp / Po < 1. An increase in the particle concentration ηw results in an increase in 

number of active particles na. Thus in turn causes the mean spacing between particles to 

become smaller, reducing the direct contact area Ad. This effect is quantified in the results 

presented in Fig. 7.39. As particle concentration reaches a critical value, ηw = c

wη , mean 

spacing between particles becomes such that direct contact is prevented and all the 

applied pressure is transferred through the particles. Note that this was termed as the 

particle contact regime in the multi-particle (MP) contact model (Chapter 4). As a result, 

at the saturation particle concentration c

wη , the direct contact becomes zero,  
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Ad = 0 and the particle contact pressure becomes Pp / Po = 1 as shown in Fig. 7.40. 

Increasing particle concentration above this saturation value, ηw > c

wη  does not change the 

fraction of applied pressure Po carried by particle contacts. Thus we see that the 

saturation particle concentration c

wη  is a critical factor in material removal. The 
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Fig. 7.39: The effect of particle concentration ηw on direct contact area ratio, Ad / Ar, 

Po = 0.007 MPa (or Po = 1 psi). 
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Fig. 7.40: The effect of particle concentration ηw on particle contact pressure ratio, Pp / Po, 

Po = 0.007 MPa (or Po = 1 psi). 
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magnitude of c

wη  increases using softer (small Es) or lower porosity (small Es / Ep) pads 

or by applying higher pressure Po.  

The behavior of adhesive (Rad) and abrasive (Rab) RFFs, when the particle concentration 

is greater than saturation particle concentration, ηw > c

wη  can be explained by considering 

the mean contact force m

wf  on each particle. In Section 3.5, it is shown that the RFF due 

to a single particle is proportional to contact force m

wf  ( sp m

ad wR f∝ ) for the case of 

adhesive wear, whereas the RFF due to abrasive wear is proportional to 
3/ 2m

wf  

3/ 2sp m

ab wR f∝ . The mean particle contact force m

wf  is determined by the particle contact 

pressure Pp and number of active particles na as, m

wf  = Pp / na. Number of active particles 

na increases linearly with particle concentration ηw, whereas the behavior of particle 

contact pressure Pp depends on the occurrence of direct contact. If the rate of increase of 

number of active particles na with ηw is identical to that of the particle contact pressure 

Pp, then the mean particle contact force m

wf  remains constant, which is seen to be 

approximately the case at low particle concentration ηw in Fig. 7.41. As the particle 

concentration ηw approaches its saturation value, the particle contact pressure Pp (Fig. 

7.40) increases at a lower rate, causing the mean particle contact force m

wf  to decrease. 

However, the most significant decrease in mean particle contact force m

wf  takes place 

above saturation particle concentration, ηw > ηw
c
, where the number of active particles, na 

continues to become larger with higher particle concentration ηw, while the particle 

contact pressure, Pp remains constant. If the variation of RFF due to adhesive Rad and 

abrasive Rab wear achieved by all active particles is considered, m

ad a wR n f∝  and  
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3/ 2m

ab a wR n f∝ , it can be seen that the increase in number of active particles na offsets the 

decrease in mean contact force m

wf  and Rad remains constant in this regime. Whereas a 

reduction in the mean particle contact force m

wf  causes Rab to decrease as Rab is 

proportional to 
3/ 2m

wf  as (
3/ 2m

ab a wR n f∝ ). 

7.4.3 Comparison with experiments 

The saturation of the MRR with increasing particle concentration was also observed 

experimentally. Bielmann et al. [21] conducted W CMP experiments using alumina 

particles with different particle sizes (145 nm ≤ µp ≤ 1000 nm) and concentrations (2% ≤ 

ηw ≤ 15%). Experiments were performed with a hard pad (IC1000) under an applied 

pressure of Po = 0.045 MPa (or Po = 6 psi). In Fig. 7.42, we plot the MRR determined in 

these experiments. Note that the MRR was normalized with respect to the largest MRR 

measured and plotted as a function of particle concentration ηw for different particle radii 
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Fig. 7.41: The effect of particle concentration ηw on mean particle contact force m

wf , 

Po = 0.007 MPa (or Po = 1 psi). 
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µp. The experimental conditions were simulated by our model using applied pressure, Po 

= 0.045 MPa, pad elastic modulus, Es = 100 MPa and porous elastic modulus ratio, Es / 

Ep = 4. The base parameters listed in Table 7.1 were used in the simulations. Fig. 7.42 

shows that the model using adhesive wear assumption predicted the experimentally 

observed saturation effect accurately for small particles (µp ≤ 300 nm).  The 

experimentally observed saturation effect takes place, for small particles, at somewhere 

in the range, 5% < c

wη  < 10% (Fig. 7.42), while the model predicts the critical particle 

concentration to be c

wη  ≈  6.5 %. The decrease in MRR above saturation particle 

concentration c

wη  predicted by abrasive wear model was not seen in experiments. The 

saturation effect was not observed for large particles in the experiments (µp > 300 nm). 

Note that the model prediction for critical particle concentration c

wη  does not depend on 

particle size.  
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Fig. 7.42: The comparison of the variation of normalized MRR with particle concentration 

ηw determined in experiments by Bielmann et al. [21] and models. 
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The discrepancy between the experiment and model results for large particles can be 

explained by considering the assumptions used to calculate the number of active 

particles. In the model, particles become active in contact when the local separation 

distance between pad and wafer becomes smaller than particle diameter, dwp < 2µp. 

Moreover the particles are assumed to be uniformly distributed within the slurry volume 

in the clearance between pad and wafer. The clearance between pad and wafer is a 

function of hydrodynamic lubrication pressure, pad deformation as well as pad 

roughness. In the case of a small clearance, large particles cannot flow into the pad-wafer 

gap between pad and wafer and the assumption of uniformly distributed particles 

becomes no longer valid. On the other hand, particles with diameter significantly smaller 

than clearance should not be affected. Effectively, the situation may be described as one 

where the PDF of the particle size and particle concentration in the pad-wafer interface 

changes according to available pad-wafer clearance. The proposed model is not accurate 

in contact conditions dominated by large particle sizes. 

Forsberg performed CMP experiments on a silicon (Si(100)) wafer, using silica slurry 

and a soft pad (Suba500) [22]. Applied pressure was adjusted to be Po = 0.009 MPa (Po = 

1.3 psi) while particle concentration was varied in the range, 0% < ηw < 6.5%. The results 

of this experimental work are compared to the predictions of our model, where 

simulations were carried out by using pad elastic modulus, Es = 10 MPa (for a soft pad), 

porous elastic modulus ratio, Es / Ep = 4 and applied pressure, Po = 0.009 MPa. Other 

parameters of the model are listed in Table 7.1.  Fig. 7.43 shows the comparison of 

normalized MRR found in the experiments and predicted by the simulations using 

adhesive and abrasive wear assumptions. The original data from the experiments is also 
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shown in Fig. 7.43. It is seen that material removal is achieved in the experiments even 

when the particle concentration is reduced to 0, MRR ~ 50 nm/min for ηw = 0%. This is 

attributed to the etching of wafer material by slurry chemicals. In order to quantify the 

effect of particle concentration considering mechanical removal, MRR due to etching at 

ηw = 0% was subtracted from the experimental MRR and then MRR was normalized with 

respect to maximum MRR.  Comparing the normalized MRR determined in the 

experiments and model results, good agreement was found for both adhesive and abrasive 

wear assumptions, except that the slight decrease in MRR for abrasive wear above 

saturation particle concentration c

wη  was not seen in experiments. Note that the saturation 

particle concentration predicted by our model is c

wη  ≈  6.5 % for adhesive wear, which is 

very similar to c

wη  predicted by the models for a hard pad Es = 100 MPa and higher 

applied pressure, Po = 0.045 MPa given for comparison with experiments by Bielmann et 

al. [21] (Fig. 7.42). The effect of a softer pad is to increase saturation concentration c

wη ,  
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Fig. 7.43: The comparison of the variation of normalized MRR with particle concentration 

ηw determined in experiments by Forsberg [22] and models. 
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while smaller particle material density ρp causes a decrease in c

wη . The material density of 

silica particles (ρsi = 2.5 g/cc) is smaller as compared to alumina particles (ρal = 3.7 g/cc), 

which gives more particle volume for a given particle weight concentration ηw of silica 

particles. These two opposing effects offset each other, and the model predicts similar 

saturation particle concentration c

wη  values as observed in these separate experiments.  

The variation of MRR as a function of particle concentration ηw was also studied 

experimentally for CMP of copper films with alumina slurry by Guo and Subramanian 

[10]. In these experiments, CMP was performed with a hard pad (IC1000) and applied 

pressure was fixed at Po = 0.048 MPa (Po = 6.8 psi) while three different relative 

velocities, Vr were used. The results of these experiments were compared to our model, 

where simulations were carried out for pad elastic modulus Es = 100 MPa (hard pad), 

porous elastic modulus ratio Es / Ep = 4 and applied pressure, Po = 0.048 MPa. The results 

are depicted in Fig. 7.44. In Fig. 7.44a, where the pad asperity radius is taken as Rs = 50 

µm, the model over-predicts the saturation particle concentration. The deviation between 

experiment and model results decreased for an asperity radius of Rs = 100 µm used in the 

model (σs = 5 µm), in Fig. 7.44b. We thus note that larger asperity radius Rs shifts the 

model results for saturation particle concentration c

wη  to a lower level. A similar effect 

can be obtained by decreasing pad roughness σs, which also causes mean contact pressure 

Pm to decrease, as smaller number of particles na will be sufficient to prevent direct 

contact at lower local contact pressure. A good agreement was found between experiment 

and model results when pad roughness of  σs = 3 µm is used in the model as shown in Fig. 

7.44c. Considering the effect of pad conditioning parameters on pad topography, it is 

possible that asperity radius Rs and pad roughness σs was different in experiments by Guo 
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and Subramanian [10] than the default values used in the model (Table 7.1). The values 

in literature reflect this variation for different conditioning methods as asperity radius in 

the range, 30 µm ≤ Rs ≤ 100 µm and pad roughness, 3 µm ≤ σs ≤ 29 µm were reported as 

listed in Table 2.2. Therefore the model results are assumed to be accurate although some  
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adjustment for asperity radius Rs and pad roughness σs within the ranges given in 

literature is required to match experimental results more closely. 

Based on the comparison of the variation of MRR with particle concentration, a good 

agreement between experiment and model results is found. The model results obtained 

using abrasive wear assumption indicate a decreasing trend for MRR once the saturation 

particle concentration is exceeded. This trend was not observed in the experiments 

reported here. An experimental study conducted by Choi et al. [23] involving CMP of 

oxide films with silica slurry revealed that a decrease of MRR with increasing particle 

concentration following a saturation particle concentration value. This effect was only 

observed for large particles. The authors explained this effect by considering the particle 

dynamics since in-situ friction force measurements indicated a decrease in friction force 

with higher particle concentration. Rolling of particles was initiated above saturation 

particle concentration, due to the fact that particles were not embedded in the pad 

completely, which promoted rolling of particles. This effect can not be captured by our 

model since sliding is the only particle motion considered in this work.  

The majority of experiment results showing a saturation effect at high particle 

concentration in the range predicted by the model were obtained for CMP using alumina 

particles. A different behavior is generally observed for silica particles, where saturation 

of MRR occurs at very high particle concentration [8]. This trend seen for silica particles 

was attributed to the effect of surface forces that may play an important role in 

determining the number of active particles. In this work, the effect of surface forces on 

number of active particles was neglected. The fact that silica particles have a much lower 

Hamaker constant [24] causing the attractive van der Waals forces to become smaller as 
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compared to repulsive double layer forces may be the reason for saturation effect 

occurring at high particle concentration. In this case, the particle concentration near the 

wafer surface may become lower than slurry particle concentration as particles are forced 

away from the wafer surface due to weak van der Waals forces. 

7.5 Effect of Pad Topography 

Although applied pressure Po is one of the important process parameters in CMP, the real 

contact pressure acting at the interface between pad asperity and wafer determines the 

characteristics of material removal. Surface topography of a rough pad influences the 

contact and the distribution of applied pressure through the asperities on the wafer, and 

the mean real contact pressure Pm on each asperity and the real contact area Ar are strong 

functions of pad topography. Mean contact pressure Pm and real contact area Ar are 

related as Pm = Po / Ar where Pm decreases as contact spreads over a larger area, i.e. Ar 

becomes larger. Real contact area Ar is the main controlling parameter for the number of 

active particles na, whereas the direct contact area ratio Ad is a strong function of mean 

contact pressure Pm. Pad roughness σs, asperity radius Rs and asperity density ηs are the 

parameters related to pad topography used as the inputs for the models, in the case of 

random pad roughness, where Gaussian distribution for PDF of asperity summit heights 

is employed. In addition, the effect of skewness Ss of the PDF of the asperity summit 

heights is taken into account by using the Weibull distribution. In this section, the effects 

of these parameters related to pad topography are studied for their effect on the RFF for 

adhesive wear. Note that the results obtained for adhesive wear is also valid for abrasive 

wear. 
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7.5.1 Variation of RFF with applied pressure 

Results 

The RFF due to adhesive wear Rad is plotted as a function of the applied pressure Po for 

different parameters related to pad surface topography (pad roughness σs, asperity radius 

Rs, asperity density ηs and skewness Ss) in Figs. 7.45-7.48. Close inspection of these 

figures shows that in the range studied, the SD of pad roughness σs and the asperity radius 

Rs have a stronger influence on RFF as compared to the asperity density ηs and the 

skewness Ss. The influence of these parameters on RFF is investigated in detail in 

Sections 7.5.2 – 7.5.5.  

The variations of the RFF presented in Figs. 7.45-7.48 have been curve fit in power law 

form 
n

oR cP= . The power law exponents are summarized in Fig. 7.49. This figure shows 

that all the parameters related to pad surface topography have a significant effect on the  
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Fig. 7.45: The RFF due to adhesive wear Rad as a function of applied pressure Po for 

different pad roughness σs (Es / Ep = 4). 
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non-linearity of RFF especially for a soft pad, Es = 10 MPa with high porous elastic 

modulus ratio, Es / Ep = 4. Real contact area Ar determines the number of active particles 

na, thus, the parameters related to pad surface topography influence non-linear variation 

of RFF with applied pressure Po. As pad surface parameters are varied in the ranges 
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Fig. 7.46: The RFF due to adhesive wear Rad as a function of applied pressure Po for 

different asperity radius Rs (Es / Ep = 4). 
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Fig. 7.47: The RFF due to adhesive wear Rad as a function of applied pressure Po for 

different asperity density ηs (Es / Ep = 4). 
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studied here, no significant change in power law exponent (nad) of the RFF is observed 

for the hard (Es = 100 MPa) or low porosity (Es / Ep = 1) pads. 
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Fig. 7.48: The RFF due to adhesive wear Rad as a function of applied pressure Po for 

different skewness Ss (Es / Ep = 4). 
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Fig. 7.49: Power law exponents for adhesive nad and abrasive nab (
n

oR cP= ) wear for the 

variation of RFF with applied pressure Po for pad roughness 2.5µm < σs < 20µm, 

asperity radius 25µm < Rs < 200µm, asperity density 1х10
-4

/µm
2
 < ηs < 8х10
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2
 and 

skewness -1 < Ss < 1.  
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Discussion 

Fig. 7.50 illustrates the effect of pad surface parameters on equilibrium separation 

distance dwp for a soft, porous pad (Es = 10 MPa, Es / Ep = 4). It is seen that equilibrium  

separation distance is dwp ~ 3σs at low applied pressure Po. The separation decreases to 

negative values for the low end of the pad surface roughness parameters presented in Fig. 

7.50b. This leads to the sub-linear behavior observed for the RFF. On the other hand, 

equilibrium separation distance remains positive, dwp > 0 in the range of applied pressure 

Po, for the high values of the pad surface roughness parameters shown in Fig. 7.50a. The 

pad roughness σs has a significant effect on RFF. The effect of pad roughness σs on RFF 

is investigated as a function of Po, for a hard, non-porous pad (Es = 100 MPa, Es / Ep = 1) 

in Fig. 7.51a and for a soft, porous pad (Es = 10 MPa, Es / Ep = 4) in Fig. 7.51b. Although 

the equilibrium separation distance dwp is a function of pad roughness σs, dwp is such that 

the pad asperities in contact with wafer remain within the upper part of Gaussian  
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Fig. 7.50: Equilibrium separation distance dwp using a) high values and b) low values of 

pad surface parameters for a soft Es = 10 MPa, porous pad Es / Ep = 4. 
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distribution. This gives nearly linear variation of the real contact area Ar with respect to 

applied pressure Po for a hard, non-porous pad (Es = 100 MPa, Es / Ep = 1). On the other 

hand, for a soft, porous pad (Es = 10 MPa, Es / Ep = 4), the equilibrium separation 

distance becomes negative (dwp < 0) as σs decreases, thus leading to sub-linear variation 

for the real contact area Ar. 

7.5.2 Effect of pad roughness on RFF 

Results 

General trends seen for the variation of RFF with pad roughness, σs is similar for a soft 

(Es = 10 MPa) or a hard (Es = 100 MPa) pad and low (Po = 0.007 MPa) or high (Po = 0.07 

MPa) applied pressure. Therefore, RFF due to adhesive wear Rad and abrasive wear Rab 

are shown for only one set of parameters (Es = 10 MPa and Po = 0.007 MPa) in Figs. 

7.52a and 7.52b, respectively. These figures show that the RFF increases with smaller 

pad roughness σs for both adhesive and abrasive wear. This effect becomes more  
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Fig. 7.51: Equilibrium separation distance dwp for different pad roughness a) hard, non-

porous pad, Es = 100 MPa, Es / Ep = 1 and b) soft, porous pad, Es = 10 MPa, Es / Ep = 4. 
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significant with increasing pad porosity (Es / Ep = 4). This behavior can be explained as 

follows. 

Discussion 

As pad becomes smoother (with smaller pad roughness σs), real contact area Ar due to 

pad-wafer rough contact increases (Fig. 7.53a) causing mean contact pressure Pm to 

decrease (Fig. 7.53b). A lower mean contact pressure Pm decreases the tendency for 

particles to become embedded in the pad, thus diminishing the direct contact area ratio 

Ad/Ar with smaller pad roughness σs as demonstrated in Fig. 7.54a. This improves the 

ability of the pad to transfer applied pressure on particles as indicated by greater particle 

contact pressure ratio Pp / Po (Fig. 7.54b). These effects overall cause RFF to increase 

with smaller pad roughness σs. Fig. 7.54a also shows that the direct contact area ratio 

Ad/Ar does not vary significantly when porous elastic modulus ratio is small, e.g. Es / Ep = 

1, as direct contact remains dominant for different values of pad roughness σs. For large  
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Fig. 7.52: The effect of pad roughness σs on RFF due to a) adhesive wear Rad and b) abrasive 

wear Rab for a soft pad Es = 10 MPa with different porous elastic modulus ratio Es / Ep. 
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porous elastic modulus ratio, e.g. Es / Ep = 4, mean contact pressure Pm varies with pad 

roughness σs in a transition from particle to direct contact dominant regime where a small 

change in contact pressure translates to a significant variation in direct contact area Ad/Ar 
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Fig. 7.53: The effect of pad roughness σs on a) real contact area ratio Ar and b) mean contact 

pressure Pm for a soft pad Es = 10 MPa with different porous elastic modulus ratio Es / Ep. 
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Fig. 7.54: The effect of pad roughness σs on a) direct contact area ratio Ad / Ar and b) 

particle contact pressure ratio Pp / Po for a soft pad Es = 10 MPa with different porous 

elastic modulus ratio Es / Ep. 
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and particle contact pressure ratio Pp / Po magnifying the effect of pad roughness σs for 

large Es / Ep.  

7.5.3 Effect of asperity radius on RFF 

Results 

The effect of larger asperity radius Rs on RFF, as illustrated in Fig. 7.55a for adhesive 

wear Rad, and in Fig. 7.55b for abrasive wear Rab, is to enhance RFF. The elastic modulus 

of a soft pad Es = 10 MPa subjected to a low applied pressure Po = 0.007 MPa is used for 

calculating the results shown in Fig. 7.55, although a similar behavior is observed for a 

hard pad Es = 100 MPa and high applied pressure Po = 0.07 MPa.  

Discussion 

The effect asperity radius Rs can be explained in a similar manner as the effect of pad 

roughness σs considering the fact that both of these parameters influence real contact area  
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Fig. 7.55: The effect of asperity radius Rs on RFF due to a) adhesive wear Rad and b) abrasive 

wear Rab for a soft pad Es = 10 MPa with different porous elastic modulus ratio Es / Ep. 
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Ar and mean contact pressure Pm. Real contact area Ar increases with larger asperity 

radius Rs (Fig. 7.56a) lowering the mean contact pressure Pm (Fig. 7.56b). The tendency 

of a particle to be embedded in the pad becomes smaller as mean contact pressure Pm is 

reduced. Consequently direct contact area ratio Ad / Ar decreases with larger asperity 

radius Rs (Fig. 7.57a) causing the particle contact pressure ratio Pp / Po to increase (Fig. 

7.57b).  

7.5.4 Effect of asperity density on RFF 

Results 

The effect of asperity density, ηs on RFF due to adhesive Rad or abrasive Rab wear is not 

as strong as pad roughness σs or asperity radius Rs. Fig. 7.58 shows the effect of asperity 

density ηs on RFF for a soft pad (Es = 10 MPa) and low applied pressure (Po = 0.007 

MPa). An increase in asperity density, ηs causes RFF to become larger. This is attributed 

to the effect of asperity density ηs on real contact area Ar and mean contact pressure Pm.  
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Fig. 7.56: The effect of asperity radius Rs on a) real contact area ratio Ar and b) mean contact 

pressure Pm for a soft pad Es = 10 MPa with different porous elastic modulus ratio Es / Ep. 
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Discussion 

Figs. 7.59a and 7.59b show the variation of the real contact area Ar and the mean contact 

pressure Pm, respectively as a function of asperity density ηs. It is seen that real contact 
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Fig. 7.57: The effect of asperity radius Rs on a) direct contact area ratio Ad / Ar and b) 

particle contact pressure ratio Pp / Po for a soft pad Es = 10 MPa with different porous 

elastic modulus ratio Es / Ep. 
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Fig. 7.58: The effect of asperity density ηs on RFF due to a) adhesive wear Rad and b) abrasive 

wear Rab for a soft pad Es = 10 MPa with different porous elastic modulus ratio Es / Ep. 
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area Ar becomes larger with asperity density ηs, while lowering mean contact pressure Pm. 

Asperity density ηs influences the equilibrium separation distance dwp between pad and 

wafer as seen in Fig. 7.50b. Considering the fact that the height of asperity summits 

engaged in contact is determined by equilibrium separation distance dwp, and asperities 

undergo more deformation with smaller dwp facilitated by smaller asperity density ηs, 

mean contact pressure Pm at the tip of asperities becomes large with smaller ηs. This 

causes the direct contact area ratio Ad / Ar to increase (Fig. 7.60a), which results in 

decreasing particle contact pressure ratio Pp / Po (Fig. 7.60b).  

7.5.5 Effect of skewness on RFF 

Results 

The effect of skewness Ss of the asperity peak height PDF on RFF is investigated by 

utilizing Weibull distribution as the probability distribution function (PDF) of asperity  

 

 

 

 

 

 

 

 

Asperity density, η
s

(1/µm
2
)

D
ir

e
c
t

c
o

n
ta

c
t

a
re

a
ra

ti
o

,
A

d
/
A

r

0 0.0001 0.0002 0.0003 0.0004
0.0

0.2

0.4

0.6

0.8

1.0

E
s

/ E
p

= 1

E
s

/ E
p

= 2

E
s

/ E
p

= 3

E
s

/ E
p

= 4

 
 a) Direct contact area ratio Ad / Ar 

Asperity density, η
s

(1/µm
2
)

P
a

rt
ic

le
c
o

n
ta

c
t

p
re

s
s
u

re
ra

ti
o

,
P

p
/
P

o

0 0.0001 0.0002 0.0003 0.0004
0.0

0.2

0.4

0.6

0.8

1.0

E
s

/ E
p

= 1

E
s

/ E
p

= 2

E
s

/ E
p

= 3

E
s

/ E
p

= 4

 
 b) Particle contact pressure ratio Pp / Po 

Fig. 7.60: The effect of asperity density ηs on a) direct contact area ratio Ad / Ar and b) 

particle contact pressure ratio Pp / Po for a soft pad Es = 10 MPa with different porous 

elastic modulus ratio Es / Ep. 
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summit heights. Fig. 7.61 shows that RFF for adhesive wear Rad increases slightly as 

skewness becomes negative Ss < 0 for applied pressure Po = 0.007 MPa. The effect is 

more significant for a hard pad Es = 100 MPa (Fig. 7.61b) as compared to a soft pad Es = 

10 MPa (Fig. 7.61a). A similar trend is observed for RFF due to abrasive wear Rab.  

Discussion 

This trend is attributed to the influence of skewness Ss on the distribution of the applied 

pressure Po on asperities in pad-wafer multi-asperity contact. Real contact area Ar (Fig. 

7.62a) increases with smaller skewness Ss, which results in larger mean contact pressure 

Pm on asperities (Fig. 7.62b). Fig. 7.63 indicates that equilibrium separation distance dwp 

becomes smaller as skewness Ss decreases, as a result the asperities are subjected to large 

deformations to support the applied pressure Po. Higher local contact pressure leads to a 

larger direct contact area Ad / Ar (Fig. 7.64a) and a smaller particle contact pressure Pp / 

Po (Fig. 7.64b). This condition has a negative effect on RFF. As a result, RFF decreases 

as skewness Ss decreases.  
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Fig. 7.61: The effect of skewness Ss on RFF due to adhesive wear Rad  for a) a soft pad Es = 

10 MPa and b) a hard pad Es = 100 MPa with different porous elastic modulus ratio Es / Ep. 
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Fig. 7.62: The effect of skewness Ss on a) real contact area ratio Ar and b) mean contact 

pressure Pm for a soft pad Es = 10 MPa with different porous elastic modulus ratio Es / Ep. 
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Fig. 7.63: Equilibrium separation distance dwp as a function of skewness Ss for different 

pad elastic modulus Es and porous elastic modulus ratio Es / Ep.  
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7.5.6 Comparison with experiments 

The effect of pad topography was investigated by performing oxide CMP experiments 

with silica slurry [25]. Two different conditioning discs, random diamond disc (RDD) 

and uniform diamond disc (UDD), were used to generate different pad topographies. 

RDD had diamonds with different protrusion height and shapes distributed while the 

protrusions on UDD were pyramidal shape and the same height. As a result of the 

geometry of conditioning discs, pads conditioned by RDD had a roughness, σs = 4.94µm 

and skewness Ss = 0.19, whereas roughness and skewness of pads conditioned by UDD 

were σs = 2.96 µm and Ss = 0.44, respectively. CMP experiments were performed by each 

pad using an applied pressure, Po = 0.035 MPa (= 5 psi). The average MRR achieved 

using RDD conditioned pad (MRR = 320 nm / min) was lower than MRR by UDD 

conditioned pad (MRR = 355 nm / min). We modeled the conditions of these experiments 
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Fig. 7.64: The effect of skewness Ss on a) direct contact area ratio Ad / Ar and b) particle 

contact pressure ratio Pp / Po for a soft pad Es = 10 MPa with different porous elastic 

modulus ratio Es / Ep. 
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by introducing the roughness σs and skewness Ss of each pad into a Weibull distribution. 

In addition to the pad elastic modulus Es = 100 MPa and porous elastic modulus ratio Es / 

Ep = 4, base parameters listed in Table 7.1 were used for the inputs required by the 

model. Fig. 7.65 shows the ratio of MRR achieved by RDD conditioned pad to MRR by 

UDD conditioned pad measured in experiments and predicted by simulations. It is seen 

that if the effect of skewness is neglected i.e. Ss = 0, the ratio was found to be 0.86 

whereas experimental results indicated the ratio to be 0.90. Including the effect of 

skewness Ss by substituting the appropriate values for each pad, the predictions of the 

model were improved as the ratio predicted by the model increased to 0.88. Based on 

these results, it is concluded that the models predict the effect of pad roughness σs and 

skewness Ss accurately.  

In addition, pad roughness σs and skewness Ss play an important role for the slurry flow 

in the pad-wafer interface. The effect of only the tall pad asperities making contact with  

 

 

 

 

 

 

 

 

Fig. 7.65: The effect of pad roughness σs and skewness Ss on MRR as determined by 

experiments conducted by two different pad conditioner geometries, random diamond 

distribution RDD and uniform diamond distribution UDD (Park et al. [25]). 
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wafer is included in the model while the short asperities also have a crucial function for 

providing the necessary path for slurry flow, which is an important factor for distributing 

the slurry chemicals over the wafer surface and transport slurry particles resulting in 

material removal [25]. Therefore the higher MRR predicted by the model for smaller pad 

roughness σs and skewness Ss is only valid if the material removal is not limited by the 

effects of slurry flow for wafer passivation and particle transport. 

Pad topography changes in CMP as the tall asperities of the pad start to wear due to 

contact with wafer and particles [8]. As a result, pad roughness decreases, which is 

predicted to have a positive effect on MRR predicted by the model. As opposed to the 

predictions of the model, experiments showed that MRR decreases with polishing time if 

no conditioning is applied to regenerate the pad asperities [8,26], however this behavior 

was explained by the decreased ability of pad to distribute slurry to the wafer surface as 

the asperities wear and pad pores closes due to the polishing debris. Stein et al. [26] 

conducted oxide CMP experiments and measured the pad roughness after each polishing 

experiment. They observed that pad topography remained constant after 5 minutes of 

polishing while the decay in MRR continued for the duration of the whole experiment (60 

minutes). Therefore the decay in MRR with polishing time in the absence of conditioning 

can be attributed to the closing of the pores and smaller separation distance between pad 

and wafer having a negative effect on the ability of pad to distribute slurry over wafer 

surface. 

7.6 Effect of Surface Forces 

The RFF of a single particle depends on the contact force, fw at the wafer-particle 

interface (Section 5.2). In the previous sections, the effect of surface forces acting 
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between the wafer and the particle fs has been neglected, by assuming that the wafer-

particle contact force is equal to pad-particle contact force fw = fp. In this section, the 

effects of the surface forces fs are considered. The wafer-particle contact force is treated 

as fw = fp + fs. The effect of surface forces, fs on RFF is studied by highlighting the 

conditions where surface forces may play an important role for RFF in CMP.  

Note that the overall influence of surface forces fs on RFF due to adhesive wear Rad can 

be calculated directly by using the number of active particles na and surface force fs 

between wafer and a single particle as s

ad a sR n f=  because Rad varies with equilibrium 

wafer-particle contact force as ad wR f∝ . The effect of surface forces on RFF due to 

abrasive wear Rab, on the other hand, cannot be determined directly using number of 

active particles na and surface force of a single particle fs due to the non-linear 

relationship 3/ 2

ab wR f∝ . Therefore the equilibrium contact force fw is calculated for each 

particle and then Rab is calculated using fw. 

7.6.1 Effect of van der Waals force on RFF 

The van der Waals force fvdw between wafer and particles is calculated using Eqn (3.29). 

The van der Waals force fvdw is always attractive, and its magnitude depends on the 

separation distance do, particle size µp and effective Hamaker constant Awsp calculated 

considering the effect of medium (slurry) between wafer and particle. Fig. 7.66 illustrates 

the variation of RFF due to adhesive (Fig. 7.66a) and abrasive wear (Fig. 7.66b) in the 

presence of van der Waals force. Equivalent Hamaker constant in the range 1х10
-20

 J < 

Awsp < 5х10
-20

 J is considered. The contacting surfaces are assumed to be atomically 

smooth, i.e. separation distance do = 4 Ǻ. Furthermore, a soft pad Es = 10 MPa with  
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porous elastic modulus ratio, Es / Ep = 4 and mean particle radius of µp = 5 nm are used. It 

is seen that van der Waals force fvdw enhances RFF due to both adhesive Rad and abrasive 

wear Rab and the effect becomes more significant with higher effective Hamaker constant 

Awsp. Fig. 7.66b demonstrates that the increase in RFF due to abrasive wear Rab is larger 

than that of RFF due to adhesive wear Rad. This is due to the non-linear relation between 

RFF due to abrasive wear Rab and contact force on each particle fw, 3/ 2

ab wR f∝ . The 

relative effect of van der Waals force fvdw remains constant with respect to applied 

pressure Po due to the fact that van der Waals force on each particle is not a function of 

Po and mean particle contact force m

pf  applied by pad does not vary significantly with Po. 

The effect of van der Waals force fvdw on RFF is quantified by the ratio of the change in 

RFF due the presence of van der Waals force ∆R
s
 to RFF in the absence of van der Waals 

force R as ∆R
s
 / R plotted in Fig. 7.67. Porous elastic modulus ratio Es / Ep = 4 and  
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Fig. 7.66: The effect of van der Waals force on the RFF due to a) adhesive wear Rad and 

b) abrasive wear Rab for a soft Es = 10 MPa, porous pad Es / Ep = 4 and mean particle 

radius, µp = 5nm. 
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effective Hamaker constant Awsp = 5х10
-20

 J are used. Fig. 7.67 shows that the relative 

effect of van der Waals force ∆R
s
 / R increases as pad elastic modulus Es and particle size 

µp become smaller. Larger pad elastic modulus Es causes the mean particle contact force 

m

wf to increase, diminishing the relative effect of van der Waals force ∆R
s
 / R. Both van 

der Waals force fvdw and pad-particle force fp decreases with smaller particle radius µp 

however the rate of decrease is different for van der Waals force, vdw pf µ∝  and pad-

particle force, 2

p pf µ∝ , thus pad-particle force fp becomes rapidly small as compared to 

van der Waals force fvdw as particles become smaller. It is found that the increase in RFF 

due to the presence of van der Waals force ∆R
s
 / R may be as large as 44% for adhesive 

and 73% for abrasive wear for equivalent Hamaker constant, Awsp = 5х10
-20

 J, pad elastic 

modulus, Es = 10 MPa and mean particle radius µp = 2.5 nm. The effect of van der Waals 
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Fig. 7.67: The effect of van der Waals force on a) RFF due to adhesive wear Rad and b) 

RFF due to abrasive wear Rab quantified by the ratio of change in R due to surface 

forces, sR∆ , sR∆  / R for different pad elastic modulus Es (Es / Ep = 4) and mean particle 

radius µp (Awsp = 5х10
-20

 J). 
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force fvdw on RFF due to adhesive wear Rad becomes less than 5%, ∆R
s
 / R < 0.05 when 

pad elastic modulus is greater than Es > 80 MPa (µp = 2.5 nm) or particle radius larger 

than µp > 30 nm (Es = 10 MPa).  

7.6.2 Effect of double layer forces on RFF 

Eqns (3.41)-(3.42) are used in order to calculate double layer force fdl acting between 

wafer and particle. The formulations developed based on two different assumptions, HHF 

constant charge (HHF-CC) and compression approximation (CA) described in Section 

3.2.2 are utilized here. The parameters used in the calculations are listed in Table 7.4.  

Effect of the zeta potential 

Figs. 7.68 and 7.69 show RFF in the presence of double layer force fdl calculated by CA 

and HHF-CC assumptions, respectively. In addition to the base parameters listed in Table 

7.1, the pad elastic modulus is taken to be Es = 10 MPa with Es / Ep = 4. Mean particle 

radius, µp = 5 nm, separation distance, do = 4 Ǻ and Po = 0.007 MPa are used. The 

presence of double layer forces fdl causes RFF to decrease when CA is used to calculate 

 

 

 

 

 

 

 

Parameter Value 

Electron charge (e) 1.6х10
-19

 C 

Avagadro’s number (Na) 6.02х10
23 

Dielectric constant of water (εr) 78.4 

Permittivity of vacuum (εo) 8.85х10
-12

 C
2
N

-1
m

-2 

Temperature (T) 298 K
 

Boltzmann constant (k) 1.38х10
-23

  

Valence (z)  1  

 

Table 7.4: Parameters used for the calculation of double layer forces. 
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fdl even when the wafer and particle are oppositely charged (Ψ1,2 = 50 mV, -25 mV) as 

shown in Fig. 7.68. According to CA assumption, the magnitude of double layer forces 

become zero, fdl = 0, when wafer and particle are oppositely charged with the same zeta 
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Fig. 7.68: The effect of double layer force calculated by CA assumption on RFF due to 

a) adhesive wear Rad and b) abrasive wear Rab for a soft Es = 10 MPa, porous pad Es / Ep 

= 4 and mean particle radius, µp = 5nm. 
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Fig. 7.69: The effect of double layer force calculated by HHF-CC assumption on RFF 

due to a) adhesive wear Rad and b) abrasive wear Rab for a soft Es = 10 MPa, porous pad 

Es / Ep = 4 and mean particle radius, µp = 5nm. 
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potential, e.g. Ψ1,2 = 50 mV, -50 mV. As the sum of zeta potentials (Ψ1 + Ψ2) increases, 

the effect of double layer forces fdl become more important. It is seen in Fig. 7.69 that the 

magnitude of double layer forces fdl calculated by HHF-CC assumption is larger than that 

of CA assumption therefore there is a greater effect of fdl on RFF when HHF-CC 

assumption is employed. In contrast to CA assumption, HHF-CC assumption predicts a 

slightly attractive double layer force increasing RFF when the surface are oppositely 

charged with high zeta potentials, e.g. Ψ1,2 = 50 mV, -50 mV.  

Relative effect of double layer forces 

The relative effect of double layer forces fdl on RFF for different particle radius µp and 

pad elastic modulus Es is further evaluated in Figs. 7.70 (CA) and 7.71 (HHF-CC), where 

zeta potential of wafer and particle is taken to be Ψ1,2 = 50 mV, 50 mV, molar 

concentration M = 0.01, porous elastic modulus ratio Es / Ep = 4 and applied pressure Po 

= 0.007 MPa. Note that the change in RFF due to the presence of double layer forces ∆R
s
 

/ R is negative since double layer forces fdl are repulsive under these conditions. 

According to the predictions for double layer force fdl using CA assumption, the effect of 

double layer force is less than 10%, ∆R
s
 / R < 0.10 in the range of particle size 2.5 nm < 

µp < 40 nm and pad elastic modulus 10 MPa < Es < 100 MPa studied. The calculations 

using HHF-CC assumption yields much higher magnitude for double layer force fdl and 

the effect is predicted to be as large as ∆R
s
 / R = 0.60 when a small particle radius µp  = 

2.5 nm and a soft pad Es = 10 MPa is used. As explained in Section 7.6.1, RFF for 

abrasive wear Rab is influenced by double layer forces at a greater extend due to the 

dependence on particle contact force, 3/ 2

ab wR f∝ . 
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Fig. 7.70: The effect of double layer force on a) RFF due to adhesive wear Rad and b) 

RFF due to abrasive wear Rab quantified by the ratio of change in R due to surface 

forces, sR∆ , sR∆  / R for different pad elastic modulus Es (Es / Ep = 4) and mean particle 

radius µp (Ψ1,2 = 50 mV, 50 mV and M = 0.01). CA asumption is used to calculate 

double layer force. 
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Fig. 7.71: The effect of double layer force on a) RFF due to adhesive wear Rad and b) 

RFF due to abrasive wear Rab quantified by the ratio of change in R due to surface 

forces, sR∆ , sR∆  / R for different pad elastic modulus Es (Es / Ep = 4) and mean particle 

radius µp (Ψ1,2 = 50 mV, 50 mV and M = 0.01). HHF-CC assumption is used to calculate 

double layer force. 
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Effect of molar concentration 

In Fig. 7.72, the effect of molar concentration M on RFF due to adhesive wear Rad  is 

investigated for different separation distance do for CA (Fig. 7.72a) and HHF-CC (Fig. 

7.72b). The calculations are performed for a soft pad Es = 10 MPa with porous elastic 

modulus ratio Es / Ep = 4, particle size µp = 5 nm, zeta potential Ψ1,2 = 50mV, 50mV and 

applied pressure Po = 0.007 MPa. An opposite trend is observed for the magnitude of 

double layer force fdl calculated by CA and HHF-CC assumptions where larger molar 

concentration M causes the magnitude fdl to increase for CA assumption while fdl for 

HHF-CC assumption decreases with larger M. Larger separation distance do has a 

negative effect on magnitude of double layer forces for both CA and HHF-CC 

assumptions.  
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Fig. 7.72: The effect of double layer force on RFF due to adhesive wear Rad quantified 

by sR∆  / R for different separation distance do and molar concentration calculated by a) 

CA and HFF-CC assumptions. (Ψ1,2 = 50 mV, 50 mV, µp = 5 nm, Es = 10 MPa, Es / Ep = 

4, Po = 0.007 MPa) 
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7.6.3 Comparison with experiments 

CMP experiments were carried out in order to investigate the effect of slurry pH on MRR 

of tantalum films polished by silica and alumina slurry [27] where the zeta potential of 

materials was measured as a function of pH. The variation of zeta potential of tantalum 

pentoxide, alumina and silica was described by curve-fit equations as follows [28], 

( )
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Fig. 7.73 demonstrates the variation of zeta potential Ψ of materials with respect to slurry 

pH described by Eqns (7.1) – (7.3). It is seen that zeta potential is positive for all 

materials at small pH. As pH increases, zeta potential Ψ decreases and Ψ becomes 

negative, Ψ < 0 for pH above iso-electric point, which occurs at pH = 6.8 for tantalum 

pentoxide, pH = 9.7 for alumina and pH = 2.1 for silica.  Based on these results, it is 

determined that tantalum pentoxide wafer and alumina particle are oppositely charged, 

when pH is in the range, 6.8 < pH < 9.7. The same condition appears for tantalum 

pentoxide wafer and silica particle for 2.1 < pH < 6.8. 
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The variation of MRR normalized with respect to maximum MRR obtained in tantalum 

CMP experiments using alumina and silica slurry is plotted as a function of slurry pH in 

Fig. 7.74. It is seen that MRR is influenced by the slurry pH significantly. This was 

attributed to the effect of double layer forces fdl varying in magnitude with slurry pH. 

Simulations were carried out in order to calculate the magnitude of double layer forces fdl 

and their effect on MRR. In the simulations, slurry pH influences the zeta potential of 

wafer and particle Ψ as described by Eqns (7.1) – (7.3), thereby the contact force between 

wafer and particle fw varies with slurry pH. The elastic modulus of a soft pad (Es = 1 MPa 

and Es / Es = 4) and particle concentration of ηw = 3% was used. The applied pressure was 

Po = 0.044 MPa (= 6.3 psi). The simulations were run using mean particle radius µp = 

10nm and µp = 100nm. Both CA and HHF-CC assumptions were employed.  

Fig. 7.74 shows that experimental and simulation results for MRR agree qualitatively. 

Maximum MRR occurs around pH ~ 8 as determined by experiments and simulations for 

alumina slurry. Simulations predicted maximum MRR to occur at pH ~ 5, while  

Slurry pH

Z
e

ta
p

o
te

n
ti
a

l,
Φ

(m
V

)

0 2 4 6 8 10 12 14
-80

-60

-40

-20

0

20

40

60

80

Tantalum pentoxide

Alumina

Silica

 

Fig. 7.73: The variation of zeta potential with slurry pH for different materials (tantalum 

pentoxide, alumina and silica) described by Eqns (7.1)-(7.3) [28].  
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maximum MRR was found at pH ~ 4 in the experiments for silica slurry. The effect of 

double layer forces fdl was small when mean particle radius, µp = 100 nm was used in the 

simulations, whereas a significant influence of double layer forces was observed when  

µp = 10 nm was used. The simulations under-predicted the overall effect of pH for both 

alumina and silica slurry. HHF-CC assumption yielded a better quantitative agreement 

with experiment results than CA assumption.  

The experiments reported by Ramarajan et al. [27] were also performed in order to 

evaluate the effect molar concentration of KCl ions in the slurry. The ion molar 

concentration controls the magnitude of double layer force and seems have a strong effect 

on MRR as shown in Figs. 7.75 and 7.76. Molar ion concentration M is used in 

simulations for the calculation of double layer forces fdl for CA and HHF-CC 

assumptions, respectively. A particle radius of µp = 10 nm was used in the simulations 

along with the other parameters as given before. Opposite trends for the variation of 

MRR with molar concentration were predicted for CA and HHF-CC assumptions as  
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Fig. 7.74: The variation of normalized MRR with slurry pH using a) alumina and 

b) silica slurry [27].  
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explained in Section 7.6.2 (Fig. 7.72). Comparing the experiment and model results, it is 

found that double layer force calculated based on HHF-CC assumption resulted in a 

better agreement with experiments for alumina (pH = 2 and pH =12) and silica (pH = 9) 

slurry indicating a smaller MRR with larger molar concentration M. An opposite trend 
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Fig. 7.75: The variation of normalized MRR of tantalum film polished with alumina slurry 

as a function of molar concentration M at a) pH = 2 and b) pH = 12 [27].  
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Fig. 7.76: The variation of normalized MRR of tantalum film polished with silica slurry as 

a function of molar concentration M at a) pH = 3.5 and b) pH = 9 [27].  
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was seen for silica slurry when pH was adjusted to be pH = 3.5. In this case, MRR 

decreased with larger molar concentration as predicted by CA assumption.  

The effect of pH was in general under-predicted by the simulations. This result may be 

attributed to the influence of pH on wafer passivation, i.e. thickness and hardness of 

passivated layer is a strong function of slurry pH as explained in Section 2.2.3. 

Furthermore, slurry pH may influence particle size as colloidal stability of slurry particles 

depends on surface forces acting between particles. Furthermore, the number of active 

particles may also be influenced by surface forces. Similar to the colloidal behavior of 

particles due to particle-particle interactions, wafer and particle also interact with each 

other and this interaction may have a strong effect on number of active particles. A strong 

repulsive double layer force fdl between wafer and particle may cause the number of 

active particles na to decrease as well as having a negative effect on wafer-particle 

contact force fw for the active particles. 

7.7 Effect of Particle Size 

It can be shown that the RFF for adhesive and abrasive wear increase with particle size 

as, spR  ∝ 2

pµ  in the absence of surface forces ( sf = 0) due to the fact that the RFF due to 

adhesive and abrasive wear vary with wafer-particle contact force as sp

adR ∝ wf  (Eqn 

(5.6)) and sp

abR ∝
3/ 2 /w pf µ  (Eqn (5.7)), respectively and wf = pf  when sf = 0 , where 

pad-particle contact force varies as pf ∝
2

pµ . Considering the relation between number of 

active particles and particle size, na ∝ 1/ 2

pµ , total RFF for all active particles can be found 

as sp

aR R n= . Therefore, according to the proposed model, the particle size µp (mean 

particle radius) does not have an effect on removal force function (RFF) if only pad-
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particle contact force is considered. On the other hand, it will be shown in Section 7.7.1 

that the RFF becomes a function of particle size, if the effect of surface forces on RFF is 

considered.  

Particle size also plays an important role when the effect of passivated surface layer of 

the wafer is considered. If the indentation depth of a particle is greater than the passivated 

layer thickness, the effective wafer hardness becomes a function of indentation depth 

(Eqn (5.16b)), which is a function of particle size (Eqn (5.11)). The passivated layer may 

be softer or harder than the bulk material depending on the compounds forming at the 

wafer surface due to the reactions between wafer and slurry chemicals (Section 2.2.4). 

The effect of these two conditions on the variation of MRR with respect to particle size is 

studied in Section 7.7.2. 

In addition to the effect of surface forces (Section 7.7.1) and passivated layer (Section 

7.7.2), the particles trapped at pad asperity-wafer interface alter the contact pressure 

distribution, which can be otherwise described by Hertz contact. This effect becomes 

more significant as particle size becomes larger as illustrated in Fig. 7.5. The influence of 

the single asperity contact behavior on RFF is discussed in Section 7.7.3. 

7.7.1 Surface forces 

In this section, in order to investigate the effect of surface forces on the RFF, let us 

briefly neglect the effect of pad-particle force ( 0pf = ). In this case, wafer-particle 

contact force is equal to the surface force acting between wafer and particle, w sf f= . 

According to Eqns (3.29) and (3.42), the surface forces increase linearly with particle size 

sf ∝ pµ . Using the expressions for the RFF of single particle for adhesive ( sp

adR ∝ wf ) 
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and abrasive wear ( sp

abR  ∝ 3/ 2 /w pf µ ) given in Eqns (5.6) and (5.7), it can be shown that 

RFF of a single particle for adhesive and abrasive wear are related to particle size as sp

adR  

∝ pµ  and abrasive wear sp

abR  ∝ 1/ 2

pµ , respectively. The total RFF for all active particles 

can be found by using the number of active particles na (na ∝  1/ 2

pµ ) and the RFF of a 

single particle, as sp

aR R n= . This leads to the relation between RFF due to adhesive wear 

as, 1/ad pR µ∝  and abrasive wear as 
3/ 21/ab pR µ∝ .  

Now returning to the more realistic scenario of w p sf f f= + , we see that if surface 

forces sf are attractive, then smaller particle size µp results in larger RFF, and the effect 

of sf  on RFF depends on the relative magnitude of the pad-particle contact force pf . If 

surface forces sf  are repulsive, then sf  has a negative effect on RFF causing RFF to 

decrease with smaller particle size pµ . This is illustrated in Fig. 7.77, where the variation 

of RFF is plotted as a function of particle size µp in the presence of attractive van der 

Waals vdwf  and repulsive double layer forces dlf . The calculations are performed for a 

soft pad Es = 10 MPa with porous elastic modulus ratio Es / Ep = 4 and applied pressure 

Po = 0.007 MPa. Double layer forces dlf  are calculated using HHF-CC assumption. Fig. 

7.77 shows that the magnitude of surface forces sf  become small as compared to pad-

particle contact force pf  for particle radius, pµ  > 20 nm, therefore RFF remains constant 

with respect to pµ . Note that the effect of particle size pµ  due to the influence of surface 

forces sf  becomes more important as the magnitude of sf  increases. The conditions 

favorable for larger surface forces sf  are explained in Section 7.6. 
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7.7.2 Passivated surface layer 

The slurry chemicals react with wafer surface, and form a passivated surface layer on the 

wafer. The hardness of this layer Hpw may be lower and higher than the hardness of bulk 

wafer material Hbw as explained in Section 2.2.4. A bi-layer hardness model is 

implemented in Section 5.2, where an effective wafer hardness Hw is calculated for a 

given indentation depth δw of the particle, considering the thickness tpw and hardness of 

passivated layer Hpw. The indentation depth of a single particle wδ  can be calculated 

using the wafer-particle contact force wf , particle radius pr  and the effective wafer 

hardness wH  as, ( )/w w p wf r Hδ π= . Considering the dependence of the wafer-particle 

contact force on the particle radius, wf ∝
2

pr , indentation depth is found to vary with 

particle size as, wδ ∝  pr . As particle size pr  increases, the indentation depth of a particle 

wδ  becomes larger. This causes the effective hardness wH  to increase (if passivated layer 
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Fig. 7.77: The effect of mean particle radius µp on RFF for a) adhesive Rad and b) abrasive 

wear Rab in the presence of surface forces.  
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is softer than bulk) or decrease (if passivated layer is harder than bulk) having an effect 

on MRR since MRR due to adhesive wear varies with RRad ∝  1/ wH  and abrasive wear 

as RRab ∝  1/
3/ 2

wH . Of course, the extend of this effect depends on the indentation depth 

wδ  relative to passivated layer thickness tpw and passivated layer hardness Hpw, and it is 

explained as follows. 

Soft passivated surface layer 

In Figs. 7.78 and 7.79, the effect of particle size µp is demonstrated for different 

passivated layer thickness varied in the range 0 < tpw < 16 nm while passivated layer 

hardness, Hpw = 1000 MPa and bulk wafer hardness, Hbw = 4000 MPa are kept constant. 

The elastic modulus of a hard pad Es = 100 MPa is used in the study and base values 

listed in Table 7.1 are used for the other parameters. It is seen in Fig. 7.78a that mean 

indentation depth of particles 
m

wδ  increases linearly with mean particle radius µp when the 

passivated layer thickness tpw is very small (tpw ~ 0) or very large (tpw ~ 16 nm). However 

the slope for very small passivated layer thickness (tpw ~ 0) is smaller than that of very 

large tpw (tpw ~ 16 nm). This is attributed to the effective hardness Hw as illustrated in Fig. 

7.78b. The effective wafer hardness Hw is equal to passivated layer hardness Hw = Hpw 

when thickness of passivated layer tpw is very small (tpw ~ 0). On the other hand, bulk 

wafer hardness Hbw dominates when the thickness of passivated layer tpw is very large (tpw 

~ 16 nm). For intermediate values of passivated layer thickness e.g. tpw ~ 4 nm or 8 nm, a 

change in slope occurs as mean particle size µp exceeds a critical value at which the 

particles start to indent through the passivated layer. As a result, effective hardness Hw 

increases with mean particle size µp and approaches the bulk wafer hardness Hw ~ Hbw  



 327 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Mean particle radius, µ
p

(µm)

M
e

a
n

in
d

e
n

ta
ti
o

n
d

e
p

th
,

δ
wm

(µ
m

)

0 0.02 0.04 0.06 0.08
0.000

0.002

0.004

0.006

0.008

0.010

0.012

t
pw

= 0 nm

t
pw

= 2 nm

t
pw

= 4 nm

t
pw

= 8 nm

t
pw

= 16 nm

 
 a) Mean indentation depth 

 

Mean particle radius, µ
p

(µm)

E
ff

e
c
ti
v
e

w
a

fe
r

h
a

rd
n

e
s
s
,
H

w
(M

P
a

)

0 0.02 0.04 0.06 0.08
0

1000

2000

3000

4000

tpw = 0 nm

tpw = 2 nm

tpw = 4 nm

tpw = 8 nm

tpw = 16 nm

 
 b) Effective wafer hardness 

Fig. 7.78: The effect of mean particle radius µp on a) mean indentation depth m

wδ  and b) 

effective wafer hardness Hw for different passivated layer thickness tpw (Hbw= 4000 MPa 

and Hpw = 1000 MPa). 
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Fig. 7.79: The effect of mean particle radius µp on RFF due to a) adhesive wear Rad and b) 

abrasive wear Rad normalized with respect to effective wafer hardness (Rad / Hw and Rab / 

3/ 2

wH ) for different passivated layer thickness tpw (Hbw= 4000 MPa and Hpw = 1000 MPa). 
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when µp becomes large. A larger effective hardness Hw translates to a lower MRR as 

quantified by RFF normalized by effective wafer hardness, Rad / Hw or Rab / 
3/ 2

wH  plotted 

in Fig. 7.79, which shows that Rad / Hw (Fig. 7.79a) or Rab / 
3/ 2

wH  (Fig. 7.79b) decrease 

with larger particle size µp for intermediate values of passivated layer thickness e.g. tpw ~ 

4 nm or 8 nm, while µp does not have an effect on Rad / Hw or Rab / 
3/ 2

wH since Hw remains 

constant with respect to µp  if tpw ~ 0 or tpw ~ 16 nm.  

The influence of passivated layer hardness Hpw is investigated in Figs. 7.80 and 7.81 by 

using a passivated layer thickness tpw  = 4 nm. Fig. 7.80 shows that mean indentation 

depth 
m

wδ  increases linearly with particle size µp with a slope determined by the bulk 

wafer hardness for Hpw = Hbw. As passivated layer hardness Hpw decreases, the rate of 

increase in indentation depth m

wδ  with particle size µp becomes larger when the mean 

indentation depth m

wδ  exceeds passivated layer thickness tpw. Smaller passivated layer  
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Fig. 7.80: The effect of mean particle radius µp on a) mean indentation depth m

wδ  and b) 

effective wafer hardness Hw for different passivated surface hardness Hpw < Hbw (tpw = 4 nm). 
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hardness Hpw also decreases the critical particle size causing the particles to indent 

through the passivated layer. Fig. 7.81 shows that particle size µp affects MRR at a larger 

extend when the difference in hardness of bulk wafer Hbw and passivated layer Hpw 

increases due to smaller Hpw. 

Hard passivated surface layer 

Figs. 7.82-7.85 show the effect of passivated layer when passivated layer hardness is 

higher than bulk wafer hardness. The passivated layer hardness is kept constant, Hpw = 

16000 MPa in Figs. 7.82 and 7.83, while passivated layer thickness of tpw = 0.5 nm is 

used in Figs. 7.84 and 7.85.  As indicated in the previous section, bulk wafer hardness 

dominates, Hw ≈  Hbw when passivated layer thickness is very small, e.g. tpw = 0 and 

passivated layer hardness determines the contact behavior, Hw ≈  Hpw at very large 

passivated layer thickness e.g. tpw = 2 nm. Due to the fact that hardness of passivated  
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Fig. 7.81: The effect of mean particle radius µp on RFF due to a) adhesive wear Rad and b) 

abrasive wear Rad normalized with respect to effective wafer hardness (Rad / Hw and Rab / 

3/ 2

wH ) for different passivated surface hardness Hpw < Hbw (tpw = 4 nm). 
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Fig. 7.82: The effect of mean particle radius µp on a) mean indentation depth m

wδ  and b) 

effective wafer hardness Hw for different passivated layer thickness tpw (Hbw= 4000 MPa 

and Hpw = 16000 MPa). 
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Fig. 7.83: The effect of mean particle radius µp on RFF due to a) adhesive wear Rad and b) 

abrasive wear Rad normalized with respect to effective wafer hardness (Rad / Hw and Rab / 

3/ 2

wH ) for different passivated layer thickness tpw (Hbw= 4000 MPa and Hpw = 16000 MPa). 
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layer is greater than that of bulk wafer Hpw > Hbw, the indentation depth of particle m

wδ  

becomes smaller when effective hardness is dominated by passivated layer hardness Hw 

≈  Hpw as compared to bulk wafer hardness Hw ≈  Hbw (Figs. 7.82a and 7.84a). Figs. 7.83 

and 7.85 show that RFF normalized by wafer hardness, Rad / Hw or Rab / 
3/ 2

wH  increases 

as particle size becomes larger for intermediate values of passivated layer thickness. This 

behavior is opposite to that observed in the case of soft passivated layer.  

7.7.3 Single asperity contact behavior 

The interfacial particles trapped between pad and wafer alter the single asperity contact 

pressure distribution having an effect on RFF. Fig. 7.5 shows the error of Hertz contact in 

calculating the RFF due to adhesive Rad and abrasive Rab wear. It is seen that RFF due to 

both adhesive Rad and abrasive Rab wear increases with larger particle size in the range, 

12.5 nm < µp < 50 nm in the case of a hard Es = 100 MPa, porous Es / Ep = 4 pad. At low  
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Fig. 7.84: The effect of mean particle radius µp on a) mean indentation depth m

wδ  and b) 

effective wafer hardness Hw for different passivated surface hardness Hpw > Hbw (tpw = 0.5 nm). 
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applied pressure Po = 0.007 MPa, RFF due to adhesive and abrasive wear increases by 

10% and 6%, respectively when particle size is increased from 12.5 nm to 50 nm. The 

effect becomes smaller at high applied pressure, Po = 0.07 MPa, where the increase for 

RFF due to adhesive and abrasive wear is 8% and 5%, respectively. 

7.7.4 Comparison with experiments 

The experimental findings show both increasing [29,30] and decreasing [21] trends for 

MRR with larger particle size, which is consistent with the results of the model. In 

addition to these trends, the effect of particle size was found to be different at low and 

high particle concentration [23,31]. The MRR was determined to increase with particle 

size when particle concentration is high (10-30 %), whereas an opposite trend was seen 

for small particle concentration (<5%) [23].  

The magnitude of surface forces increase linearly with particle size ( s pf µ∝ ) while the 

pad-particle contact force is proportional to 
2

p pf µ∝ . Therefore, as particle size becomes 
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Fig. 7.85: The effect of mean particle radius µp on RFF due to a) adhesive wear Rad and b) 

abrasive wear Rad normalized with respect to effective wafer hardness (Rad / Hw and Rab / 

3/ 2

wH ) for different passivated surface hardness Hpw > Hbw (tpw = 0.5 nm). 



 333 

smaller, both surface forces and pad-particle contact force decrease at different rates, 

causing the relative magnitude of surface forces to increase. The proposed model 

indicates that MRR decreases with larger particle size if magnitude of attractive van der 

Waals forces between wafer and particle is greater than repulsive double layer forces. In 

the case of large double layer forces, MRR increases with larger particle size. 

The passivated surface layer may have a hardness lower or higher than that of bulk wafer 

as explained in Section 2.2.4, which determines the variation of MRR with respect to 

particle size. This becomes an important factor when indentation depth of particles is 

larger than passivated layer thickness so that both passivated layer and bulk wafer 

hardness play a role. In the case where passivated layer hardness is lower than bulk wafer 

hardness, larger particle results in higher effective wafer hardness diminishing MRR. The 

opposite is true if passivated layer hardness is lower than bulk wafer hardness.  

The model also indicates that MRR becomes larger with particle size due to the effect of 

particles on single asperity contact behavior. Note that the effect of particles on contact 

behavior is a strong function of parameters such as pad elastic modulus, pad topography, 

particle concentration etc. 

One of the assumptions of the model is that particles embedded in pad material is 

assumed to slide over wafer surface, while another possibility for particles is rolling, 

which was shown to occur under some conditions in experiments [23]. In fact, some 

researchers [32,33] attributed the variation of MRR with respect to particle size at low 

and high particle concentrations to the dynamics of particle motion, where particles tend 

to roll in the case of high particle concentration and the tendency increases with larger 

particle size. This effect is not captured by our model. 
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7.8 Wear Mechanism 

Adhesive and abrasive wear are the two wear mechanisms considered to contribute to the 

material removal. Material removal in a typical CMP process may be dominated by one 

of the wear mechanisms or may be a result of both wear mechanisms taking place 

simultaneously [13,34]. In this work, RFF is calculated by utilizing wear equations for 

each wear mechanism to obtain RFF for adhesive Rad and abrasive wear Rab. RFF can be 

then used to calculate MRR (RR) using Eqns (5.4) and (5.5), which requires relative 

velocity Vr, wafer hardness Hw and wear coefficient kw for adhesive and abrasive wear 

respectively. Eqns (5.4) and (5.5) can be re-arranged to determine wear coefficient kw as, 

ad ad w
w

ad r

RR H
k

R V
=                                                  (7.4a) 

3/ 2

ab ab w
w

ab r

RR H
k

R V
=                                               (7.4b) 

Eqn (7.4) is used to calculate wear coefficient for adhesive 
ad

wk  and abrasive wear 
ab

wk  by 

substituting the appropriate values for wafer hardness Hw = 1000 MPa, relative velocity 

(0.5 m/s is used if not specified in the experiments) and MRR (RR) measured in the 

experiments. The calculated values for wear coefficients kw using modeling results for 

RFF and experiment results for MRR are compared with typical values for kw reported in 

literature for different materials in order to evaluate the role of each wear mechanism in 

CMP. Typical values for adhesive wear coefficient is given as 10
-5

 < 
ad

wk  < 10
-2

 and 

abrasive wear coefficient (three-body wear) as 3х10
-4

 < 
ab

wk  < 3х10
-3

 [35]. 
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Table 7.5 lists the parameters used in the CMP experiments for polishing copper films 

with alumina slurry. Note that the base parameters in Table 7.1 are used for other 

parameters not listed in Table 7.5. The assumed value of unknown parameters is given in 

parenthesis. These parameters are substituted in our model to find the wear coefficients 

(
ad

wk  and 
ab

wk ) shown in Table 7.6.  

It is seen in Table 7.6 that the adhesive wear coefficient varies in the range 2.2х10
-4

 < 

ad

wk  < 4х10
-3

, whereas abrasive wear coefficient is found to be varying as 2.1х10
-3

 < 
ab

wk  

< 7.6х10
-2

. Comparing these values with the typical values for wear coefficients found in 

literature [35] (10
-5

 < 
ad

wk  < 10
-2

 and 3х10
-4

 < 
ab

wk  < 3х10
-3

), it is seen that adhesive wear 

constant is within the range of typical values while an overlap between the range of 

calculated and typical values for abrasive wear coefficient is observed. Therefore it is 

concluded that both adhesive and abrasive wear is possible in CMP. 

 

 

 

 

 

 

 

 

 

No Wafer Particle MRR 

nm / min 

ηw Pad Po 

psi 

Vr 

m/s 

Ref 

1
 

copper alumina 230 2.5 IC1000 / hard 6.8 0.47 [10] 

2
 

copper alumina 110 2.5 Suba500 / soft 6.8 0.47 [10] 

3 copper alumina 775 3.1 (hard) 2.7 (0.5) [11] 

4 copper alumina 945 3.1 (hard) 4.7 (0.5) [11] 

5 copper alumina 165 3 IC1400 / hard 4 (0.5) [15] 

6 copper alumina 140 3 PANW / soft 4 (0.5) [15] 

7 copper alumina 100-1800 2.5 Suba500 / soft 2 1.3 [36] 

8 copper alumina 468 1.75 (hard) 7.1 0.28 [37] 

9 copper alumina 250 1.75 (hard) 4.3 0.28 [37] 

 

Table 7.5: Experiment conditions. 
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7.9 Optimization of CMP Parameters 

The material removal efficiency can be maximized by eliminating the direct contact area, 

which can be achieved through optimization of CMP parameters. A closed-form equation 

(Eqn (6.32)) has been developed in Chapter 6 by considering constant particle size, 

uniform contact pressure across all pad asperities in contact and exponential distribution 

for asperity summit heights. Using the base parameters in Eqn (6.32), the optimum 

particle concentration c

wη  is determined to be 6% for a porous pad, Es / Ep = 4. Note that 

the optimum particle concentration c

wη  does not vary with applied pressure Po and pad 

elastic modulus Es when Eqn (6.32) is used.  

In the case of the model explained in Chapter 5 with variable particle size, non-uniform 

contact pressure at each asperity contact and Gaussian distribution for asperity summit 

heights, the optimum particle concentration c

wη  was shown to depend on applied pressure 

Po and pad elastic modulus Es in addition to the parameters in Eqn (6.32). It is seen that 

No ad

wk  
ab

wk  

1
 

3.8х10
-4 

2.3х10
-3 

2
 

2.3х10
-4 

4.3х10
-3 

3 2.4х10
-3 

1.5х10
-2 

4 1.7х10
-3 

1.1х10
-2 

5 3.5х10
-4 

2.1х10
-3

 

6
 

3.6х10
-4 

6.8х10
-3

 

7
 

2.2х10
-4 

– 4.0х10
-3 

4.3х10
-3

 - 7.6х10
-2

 

8 1.8х10
-3

 1.1х10
-2

 

9 1.5х10
-3 

9.3х10
-3 

 

Table 7.6: Wear coefficients calculated from models and experiments. 
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as applied pressure Po is increased or pad elastic modulus Es is decreased, the optimum 

particle concentration c

wη  becomes greater as listed in Table 7.7. The optimum particle 

concentration for a hard pad (Es = 100 MPa) was predicted well by Eqn (6.32) since only 

the asperities at the upper part of the Gaussian distribution is engaged in contact, where 

exponential distribution approximates the Gaussian distribution well. Therefore, Eqn 

(6.32) can be used to evaluate optimum CMP conditions especially for a hard pad (Es = 

100 MPa) in order to maximize the material removal efficiency as a function of pad 

topography, pad porosity and particle concentration as explained in Chapter 6. 

 

 

 

 

 

 

 

 

 

 

 

 

Po (MPa) Es (MPa) c

wη  (%) c

wη  (%) 

Eqn (6.32) 

0.007 10 8.5 6 

0.007 100 7 6 

0.07 10 10 6 

0.07 100 7.5 6 

 

Table 7.7: Optimum particle concentration c

wη  for base parameters and Es / Ep = 4. 
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CHAPTER 8 

 

SUMMARY AND CONCLUSIONS 

 

Modeling Approach 

In this thesis, the material removal rate (MRR) in chemical mechanical polishing (CMP) 

was modeled from a mechanical contact perspective. The contact of a rough, deformable 

pad and a smooth, rigid wafer with interfacial rigid abrasive particles was analyzed. The 

interactions due to the 2-body contact between the pad and the wafer (direct contact) and 

3-body contact between the pad, the abrasive particles and the wafer (particle contact) 

were considered.  

In the model, the contact pressure at pad-wafer interface was carried by a combination of 

direct and particle contacts, where direct contacts were assumed to have negligible effect 

on the MRR, which was assumed to be due to wafer-to-particle contacts. Therefore, 

material removal efficiency defined as the fraction of applied pressure carried by particle 

contacts was used to evaluate the effectiveness of CMP process.  
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The effect of surface forces consisting of van der Waals and electrical double layer 

forces acting between wafer and abrasive particles were included. The wear rate of each 

abrasive particle was calculated based on the wafer-abrasive particle contact force and by 

considering adhesive and abrasive wear mechanisms. The chemical effects were included 

in the model by considering a passivated surface layer on the wafer with hardness and 

thickness that depend on the distance from wafer surface. 

Modeling Results 

In this work, the following effects were studied:  

• Effect of particles on single asperity (SA) and multi-asperity (MA)contact 

The single asperity (SA) contact model showed that the contact pressure distribution due 

to single asperity contact in the presence of interfacial particles deviate from that of Hertz 

contact. In comparison to Hertz contact, the particles cause the contact pressure to be 

distributed over a larger area by decreasing the maximum contact pressure. In multi-

asperity (MA) contact models built by using the SA and the Hertz contact models, similar 

MRR results were obtained. This was due to high asperity contact forces in the contact of 

a rough pad with a flat wafer under typical CMP conditions.  

• Effect of pad elastic modulus on the MRR 

The modeling results showed that larger pad elastic modulus Es causes the MRR due to 

both adhesive and abrasive wear to increase, where the rate of increase of the MRR was 

smaller for adhesive wear. An order of magnitude increase in pad elastic modulus Es (Es 
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= 10 MPa to Es = 100 MPa) resulted in only ~18% higher MRR for adhesive wear, 

whereas the MRR increased by ~3.7-times for abrasive wear under the same conditions. 

This result was attributed to decreased tendency of particles to become embedded in the 

pad, and lowered direct contact area Ad for larger Es values.  

• Effect of pad porosity on the MRR 

The model showed that higher pad porosity (or increasing Es/Ep = 1 to 4) causes the MRR 

due to adhesive and abrasive wear to increase by ~2.6-times and ~2.3-times, respectively. 

This effect was explained by considering the fact that the material removal efficiency 

becomes greater as the solid pad elastic modulus Es increases, by decreasing the direct 

contact area Ad; or as the porous pad elastic modulus Ep decreases, by lowering the real 

contact pressure.  

• Effect of particle concentration on the MRR 

The model shows that the MRR increases linearly with the particle concentration ηw 

when ηw is small. A saturation effect was observed at a critical saturation particle 

concentration c

wη , above which the MRR due to adhesive wear remains constant. On the 

other hand, for ηw > c

wη , the MRR due to abrasive wear was found to decrease. At the 

saturation particle concentration c

wη , the number of active particles na is such that the 

particles start to prevent direct contact and the transition from mixed to particle contact 

regime occurs, where all the applied pressure Po is carried by particle contacts, i.e. Pp / Po 

= 1. Therefore, as the particle concentration ηw becomes higher in the range ηw > c

wη , the 

fraction of applied pressure Pp / Po carried by particle contacts does not change and the 
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MRR due to adhesive wear remains to be the same. Under the same conditions, the MRR 

due to abrasive wear starts to decrease with higher particle concentration ηw as the 

abrasive wear rate is also a strong function of the mean particle contact force. Therefore, 

this decrease in MRR for abrasive wear with higher particle concentration ηw is attributed 

to smaller mean contact force in the particle contact regime, as the same amount of load 

is distributed over more active particles in contact.  

• Effect of pad topography on the MRR 

The standard deviation of pad roughness σs, asperity radius Rs, asperity density ηs were 

the parameters related to pad topography modeled in this work. The model results 

indicated that the MRR increases with smaller standard deviation of pad roughness σs, 

whereas larger asperity radius Rs, and asperity density ηs cause the MRR to decrease. 

This result was explained by the influence of pad topography on the “rough” contact of 

the pad and the wafer. As the contact is distributed over a larger area, the real contact 

pressure at the tip of the pad asperities decreases, thus the direct contact area becomes 

smaller while causing the material removal efficiency to increase. As a result, the MRR 

becomes greater due to greater material removal efficiency. 

• Effect of surface forces on the MRR 

The electrical double layer forces sp

dlf  were calculated to be repulsive even in the case of 

same surface charges for wafer and abrasive particles since the separation distance 

between two contacting surfaces (wafer and abrasive) is small. The effect of double layer 

forces was therefore to decrease the MRR. The attractive van der Waals forces cause the 
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MRR to become larger. The relative magnitude of surface forces as compared to pad-

particle force increases with smaller particle size µp and pad elastic modulus Es. This is 

due to the fact that the pad-particle contact force decreases more rapidly with smaller 

particle size as sp

pf ∝
21/ pµ , in comparison to the surface forces, sp

sf ∝ 1/ pµ . 

Furthermore the pad elastic modulus Es does not have an effect on the magnitude of 

surface forces sp

sf , whereas the pad-particle contact force sp

pf  increases with Es. The 

MRR was found to depend on the slurry pH since the magnitude of double layer forces is 

a strong function of zeta potential of wafer and particles, which vary with the slurry pH. 

• The variation of the MRR with applied pressure 

The non-linearity of the MRR with respect to applied pressure Po, was quantified by 

applying a power law curve-fit in the form, 
n

oR cP= . The model indicated both a linear 

and sub-linear variation for MRR with respect to applied pressure as the power law 

exponent was found to be in the range 0.85 < n < 1.1. The sub-linear behavior was 

determined for a soft pad (e.g. Es = 10 MPa) with high porosity (e.g. Es / Ep = 4). The 

power law exponent decreased with decreasing particle concentration ηw and standard 

deviation of pad roughness σs. The number of active particles na was found to be a 

significant parameter affecting the variation of the MRR with respect to applied pressure 

Po for a soft and porous pad. The sub-linear variation for the MRR was attributed to the 

variation of real contact area Ar, which becomes sub-linear for a soft pad with high 

porosity as the real contact area Ar controls the number of active particles na. 

• Effect of particle size on the MRR 
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The MRR becomes a function of particle size µp due to three different effects considered 

in the model: a) surface forces; b) effective hardness; and, c) single asperity contact 

behavior. As the particle size µp becomes smaller, the magnitude of surface forces sp

sf  

relative to the pad-particle contact force sp

pf  increases. If the magnitude of repulsive 

double layer forces is greater than attractive van der Waals forces, sp

dlf > sp

vdwf , smaller 

particle size µp causes the MRR to decrease. The MRR increases with smaller particle 

size µp when the van der Waals forces are large sp

vdwf > sp

dlf .  

The particle size µp plays an important role when the effect of passivated surface layer of 

wafer is considered. If the indentation depth of particles is greater than the passivated 

layer thickness m

wδ  > tpw, the effective wafer hardness Hw becomes a function of the 

indentation depth m

wδ . Due to the fact that the indentation depth of particles m

wδ  increases 

linearly with particle size µp, the effective wafer hardness Hw for each µp is different. The 

passivated layer may be softer or harder than the bulk material depending on the 

compounds forming at the wafer surface due to the reactions between wafer and slurry 

chemicals. In the case of soft passivated surface layer, larger particle size µp results in 

lower MRR, while the opposite is true in the case of hard passivated surface layer. 

In addition, the effect of particles on the single asperity contact behavior captured by the 

SA contact model depends on the particle size µp. As the particle size µp increases, the 

influence of particles on the contact pressure distribution between pad asperities and 

wafer becomes more prominent. Therefore, the contact is distributed over a larger area 

and the contact pressure is lower in the case of large particles, which causes the material 
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removal efficiency to be greater. As a result, the MRR increases with larger particle size 

µp.  

• Effect of different wear mechanisms 

The wear coefficients for adhesive ad

wk  and abrasive wear ab

wk  were calculated by our 

model and from published experimental results. It was found that both adhesive and 

abrasive wear mechanisms are possible in CMP as the calculated values for wear 

coefficients were in the range of the typical values. 

• Optimization of CMP parameters for maximum material removal efficiency 

A closed-form equation was developed in order to optimize the CMP parameters for 

maximizing the material removal efficiency based on the following assumptions: a) 

constant particle size; b) exponential distribution for the asperity summit heights; and, c) 

contact pressure at the pad asperity-wafer interface is equal to mean contact pressure for 

every pad asperity. The optimum CMP parameters for maximum material removal 

efficiency were calculated by considering that the mean contact pressure from rough 

contact is equal to the contact pressure in multi-particle contact model at the onset of the 

occurrence of direct contact.  

The results for the optimum CMP parameters indicated that the optimum particle 

concentration ηw is determined by the porous elastic modulus ratio and standard deviation 

of pad roughness to asperity radius ratio σs / Rs. The applied pressure and particle size 

were shown to have no effect on the optimum particle concentration. The optimum 
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particle concentration ηw was found to decrease with larger porous elastic modulus ratio 

Es / Ep or standard deviation of pad roughness to asperity radius ratio σs / Rs. 

Future Work 

� The hydrodynamic effects due to the slurry flow between the pad and the wafer was 

neglected in this work. As a result of this assumption, the MRR was taken to be linearly 

proportional to the relative velocity; however a non-linear variation for the MRR with 

respect to relative velocity is commonly determined in the experiments. The model may 

be improved by solving for the slurry flow using the Reynold’s lubrication equation and 

coupling the results with the model presented in this work.  

� In the model, the effect of surface forces was simulated by considering their effect on 

the contact force at the wafer-particle interface. The model results agree qualitatively 

with experimental observations for the variation of the MRR with slurry pH; however 

the model fails to predict the change in the MRR quantitatively. This is attributed to the 

effect of surface forces on the number of active particles. For example, if the surface 

forces are repulsive, the number of active particles is expected to become smaller. This 

effect may be simulated by solving for the slurry flow at pad-wafer interface and 

finding the frequency of collision between wafer and particle. This problem is similar 

to a common problem seen in the colloidal suspensions, where the agglomerate size of 

particles is determined by the collision frequency and the surface forces between the 

particles.  
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� The hardness and thickness of the passivated surface layer of wafer is an important 

input for the model. The model results may become sensitive to the slurry chemicals if 

the reaction kinetics models are incorporated in order to define the hardness and the 

thickness of the passivated surface layer as a function of slurry temperature and slurry 

chemicals. This model may be further enhanced by combining the reaction kinetics 

with the transport equations to find the concentration of the slurry chemicals using the 

slurry flow field solution. 
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