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NOMENCLATURE 

 
A   = Empirical pre-exponential factor 
a   = Velocity exponent for T 
C  = Molar concentration 
C  = Effective two-dye molar concentration 
C  = Concentration of the tracer in the exit stream 
COF  = Coefficient of friction 
COFi  = Coefficient of friction at time i 
COF   = Average coefficient of friction 
Cp  = Heat capacity 
C0                    = Concentration of the introduced tracer 
cb 

  = Proportionality constant for fTΔ    
cp   = Empirical proportionality constant 
Down Forcei = Down force at time i 
E   = Activation energy 
E  = E-function  
F   = Mean shear force of the system 
F                      = F-function 
Fnormal  = Normal force 
Fshear  = Shear force 
Fx  = Shear force in the X-direction 
Fy  = Shear force in the Y-direction 
Fz  = Applied force in the Z-direction 
h   = Local slurry film thickness 
h   = Planck constant 

grooveh               = Thickness of the slurry inside the groove 

landh                  = Thickness of the slurry film on the land area 
h0  = Step height 
Ie                      = Intensity of the excitation energy source 
If(h)                  = Fluorescence intensity as a function of fluid film thickness 
If1                     = Fluorescence intensity of dye 1 
If2                     = Fluorescence intensity of dye 2 
I0                      = Intensity of the incident light 
k  = Preston’s constant 
k   = Boltzman constant 
k1  = Rate constant for chemical reaction 
k2  = Rate constant for mechanical abrasion 
k3  = Rate constant for dissolution 
L  = Characteristic length 
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NOMENCLATURE - Continued 

Mw  = Molecular weight 
P   = Pressure 
p  = Applied pressure 

ap    = Mean real contact pressure 
q                                 = Slurry volumetric flow rate 
Ra                    = Pad roughness 
Re                    = Reynolds number 
RR  = Removal rate 
R2                    = R-squared value 
r   = Wafer radius 

ForceShear  = Average shear force 
Shear Forcei = Shear force at time i 
So   = Sommerfeld number 
S0                     = Ground electronic state 
Sn                     = Excited electronic state 
T  = Temperature 
T   = Mean reaction temperature 
Ta  

  = Ambient temperature 

pTΔ  = Mean pad temperature increment above ambient at the leading edge 

fTΔ    = Mean flash temperature increment due to asperity encounters 
t  = Time 

Et                     = Mean of the E-curve 
tp                     = Polishing time 
u  = Relative linear velocity of the shaft to the bearing 
ua  = Lower surface velocity component 
ub  = Upper surface velocity component 
V  = Velocity 
V  = Reactor volume 

totalV                 = Total volume 

landV                 = Volume of the slurry on the land area 

grooveV               = Volume of the slurry inside the groove 
va  = Lower surface velocity component 
vb  = Upper surface velocity component 
α                     = Slot angle between the retaining ring outer periphery and slot edge  
α                     = Ratio of the land area to the projecting area of the pad 
β   = Fitting parameter for T 

pγ    = Fraction of frictionally-generated heat that enters the asperity tip 
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NOMENCLATURE - Continued 

δ                      = Effective slurry thickness 
ε   = Effective two-dye molar absorption coefficient 

)(λε   = Molar absorptivity as a function of wavelength or pH 
ξ    = A constant related to tool geometry and wafer size 
κ    = Thermal conductivity 
λ    = Characteristic decay length for summit heights (surface abruptness) 

2σ                    = Variance 
τ                      = Mean residence time 
υ                      = Frequency 
Φ                     = Platen/Conditioner diameter 
φ                      = Conversion efficiency 
ω                     = Angular velocity 
ρ   = Density 
μ    = Viscosity 

kμ   = COF 
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ABSTRACT 

 

This dissertation presents several studies relating to fundamental characterization 

of CMP consumables in planarization processes. These are also evaluated with the 

purposes of minimizing environmental impact and reducing cost of ownership (COO).  

The first study is conducted to obtain the retaining ring wear rate in a typical ILD 

CMP process and is specifically intended to investigate the effect of retaining ring 

materials and slot designs during the CMP process. The results show that retaining ring 

materials have effect on the COF, pad temperature and retaining ring wear rate, while 

retaining ring slot designs affect the pad surface abruptness. The second study is 

performed to compare the effect of different retaining ring slot designs on the slurry film 

thickness within the pad-wafer interface. A novel non-intrusive optical technique, dual 

emission UV-enhanced fluorescence (DEUVEF), was applied to accurately measure the 

film thickness of the slurry underneath the wafer during polishing. It is indicated that the 

optimized retaining ring slot design can significantly reduce the COO of CMP processes 

by increasing slurry utilization. 

A COF method is applied to measure the slurry mean residence time (MRT) 

during CMP. This technique uses transient COF data induced by a shift in slurry 

concentration to determine MRT. Variations in consumables as well as sliding velocity, 

pressure and slurry flow rate can affect the slurry MRT. One study in this dissertation 

focus on the effect of retaining ring slot designs on the slurry MRT. Another study 

compares the slurry MRT under same polishing conditions using pads with different 



 
 

28

groove width. Both studies are conducted on multiple sliding velocity, pressure and slurry 

flow rate variations to understand the characteristics of consumable designs. The method 

of measuring MRT during polishing presented in this dissertation can be easily applied in 

general CMP processes. 

The subsequent studies focus in the diamond conditioner discs characterization 

techniques. A newly developed method for determining active diamonds and aggressive 

diamonds on a diamond conditioner disc under a certain vertical load is elaborated in this 

dissertation. Later, this technique together with scanning electron microscopy (SEM) 

imaging is implemented to analyze diamond pullout and fracture in CMP.  Five different 

types of diamond conditioner discs are subjected to a novel accelerated wear test 

respectively to compare the extent of diamond pullout and fracture under the same 

conditioning condition. 
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CHAPTER 1 

INTRODUCTION 

 

 

1.1 Introduction to Chemical Mechanical Planarization 

Chemical mechanical Planarization (CMP) is a process of smoothing surfaces to 

achieve both local (i.e., micrometer scale) and global (i.e., millimeter scale) planarization 

using both chemical and mechanical means. The current CMP technique has evolved and 

has largely been developed from grinding and lapping processes used in the glass 

industry. Grinding is a shaping process that is used for rapid removal of material, and 

lapping is a global planarization method for removing surface damage done by the 

grinding process. The roughness of the lapped surface typically has 10-20 μm (Izumitani 

1979).  

In integrated circuit (IC) manufacturing, conventional planarization techniques 

such as thermal flow, sacrificial-resist etch-back and spin-on glass are not able to satisfy 

the planarity requirements for interconnect systems with more than three metal layers, 

since they can only provide a limited degree of surface smoothness (Wolf 2004). In the 

mid-1980s, driven with the planarization challenge in IC manufacturing for denser 

transistors and more metal layers, International Business Machines (IBM) developed the 

CMP technique based on the conventional polishing techniques (Fury 2001). Since then, 

CMP has been extensively accepted in semiconductor manufacturing processes for very 

large scale integrated (VLSI) circuits and ultra large scale integrated (ULSI) circuits for 
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inter-level dielectrics and metal layer planarization (Steigerwald et al. 1997, Li and 

Miller 2000). In the past 30 years, after continuous refining and developing, CMP has 

become a mature and capable technology for manufacturing ICs such as microprocessor 

chips, memory circuitry, data storage devices, communication chips, graphic chips and 

various specialized application chips. The global market for CMP is expected to increase 

to $5.5 billion in 2013 with a compound annual growth rate of about 14.7% (Gagliardi 

2008).  

 

1.2 Application of CMP in Semiconductor Manufacturing 

ICs are basically electronic devices that consist of many individual electronic 

components fabricated on a silicon wafer and wired together. Multiple ICs are made 

simultaneously in a single larger silicon wafer to allow high volume manufacturing 

(HVM) process as well as better efficiency. Figure 1.1 shows a general representation of 

an IC cross-section. The image on the left shows the thin cross-section of the chip, while 

the one on the right shows the details at the transistor level. When a voltage is applied to 

the gate, current is allowed to flow under the gate from the source to the drain to 

complete the circuit. The flow of electrons from the source to the drain of the transistor 

can be continuously turned on and off by applying a voltage to the gate. These closed and 

open circuits correspond to the digital 0 or 1 states commonly referred to in an IC 

operation. As shown in Fig. 1.1, in modern chips, several layers of conducting plugs and 

interconnects are built on the transistor layer, and these conductors connect the transistors 

at different locations on the wafer surface together to create complex circuits. Current 
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technology allows a density of approximately 1 billion transistors per 1 cm2 of wafer with 

multiple interconnect systems. Due to the higher level of integration, the semiconductor 

industry has been able to develop progressively more complex, higher-performance and 

economical integrated systems. 

 

 

Figure 1.1: General representation of IC cross-section (Microelectronics Manufacturing 

and the Environment class note, 2007) 

 

Figure 1.2 shows an actual SEM image of an IC cross-section including 8 metal 

layers. The on-die interconnectors are formed by dual damascene patterning with highly 

manufacturable low-k CDO dielectrics. CDO stands for carbon-doped oxide, which is 
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used as insulation material between the copper interconnects and plugs. A more general 

term, inter layer dielectric (ILD), is used to describe the oxide insulation layers in IC 

chips. The metal pitches in the first three metal layers are 160 nm, while upper layer 

metal pitches increase progressively to optimize density and performance. The tungsten 

plugs at the bottom layer connect the underneath transistors and other nearby transistors 

via copper lines as shown in Fig. 1.2. 

 

 

Figure 1.2: SEM of IC cross-section (Source: Intel Corporation). 

 

The manufacturing step for IC fabrication is basically a sequential layering 

process. Various devices are first built on the wafer substrate before the first metal layer. 

Subsequently, interconnect layers are built one by one. Such complex processes consist 

of hundreds of individual steps, each one building upon a previous step. However, 
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multilevel structure brings a serious challenge to planarization. When the device 

dimensions fall below one half micron, the multilevel interconnect schemes require 

repeated planarization within nanometer tolerances. Figure 1.3 shows a comparison 

between planarized and non-planarized surface topography. It clearly shows that without 

planarization, the irregular non-planarized surface will make it impossible to conform the 

coating of the photoresist and effectively transfer the pattern with contact lithography. 

The focus depth of optical lithography is limited in the range of several micrometers. 

After planarization, steps coverage is eliminated, thus leading to minimize the stacking 

height of metallization layers. 

 

 

(a)                                                                (b) 

Figure 1.3: Schematic of (a) a non-planarized and (b) planarized Multi-level 

Metallization structure (Source: Wolters 2003).. 
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The planarization of ILD and copper layers is illustrated in Fig. 1.4. The planarity 

of the layers allows the fabrication of copper lines with a uniform thickness within a layer 

as well as a uniform width of ILD. Because the planarity of each layer depends on the 

underneath planarity, it is important to achieve the highest level of planarity for every 

layer. As a result, planarization of the layer is required after the fabrication of every layer. 

As seen in Figure 1.4, following any deposition step (i.e., ILD or metal) during 

fabrication, CMP must be employed to eliminate topography and excess material over 

which the next layer must be built. 

 

 

 

Figure 1.4: Planarization of ILD and copper layers. (Microelectronics Manufacturing and 

the Environment class note, 2007) 
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A generalized schematic of CMP process is illustrated in Figure 1.5. A typical 

CMP process consists of a wafer carrier, retaining ring, polishing pad, conditioner and 

slurry injection. A wafer is constrained by a retaining ring and mounted to a wafer carrier 

with the polished side facing the polishing pad. The rotating wafer carrier applies a 

certain amount of down force to the wafer against the rotating polishing pad. Slurry with 

nano abrasive particles and chemicals (i.e., oxidizers, inhibitors, surfactants, salts and pH 

buffers) is injected on the top of the pad. Slurry is retained well in the grooves of the 

polishing pad and on the pad asperities in the land area. During polishing, slurry is 

transported into the pad-wafer interface. A disc with embedded diamonds rotates and 

oscillates back and forth across the radius of the pad to regenerate the pad asperities for 

consistent polishing. The synergism among abrasive particles, chemicals and pad with an 

applied pressure and relative movement between the wafer and the pad is the key 

mechanism of material removal with good process performance. Various factors such as 

wafer geometry and material, slurry chemistry and composition, physical and chemical 

properties of polishing pad, wafer pressure, wafer and platen rotation speed and pad 

conditioning determine the level of defects, local and global planarity and sufficient 

material removal of a CMP process (Basim et al. 2003) 
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Figure 1.5: Generalized schematic of CMP. 

 

At the current state-of-the-art, CMP technology is primarily applied in four areas 

of IC fabrication: i) ILD; ii) Cu and barrier layer; iii) shallow trench isolation (STI) and 

iv) tungsten plug. 

 

ILD CMP 

ILD planarization is critical for the realization of the multi-level metallization. 

Interlayer dielectric deposition of films such as silicon dioxide (SiO2), carbon or fluorine 

doped silicon dioxide or silicon nitride (Si3N4) usually are used as insulating materials 

between the metal lines. As these dielectric materials are deposited on the wafer surface, 

they will conform to the topography of the metal lines, thus creating a non-planar surface. 

As multiple layers of these circuits are added, the non-planarity in the surface is 

cumulative, causing a serious problem in maintaining the control of focus depth during 
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the following optical lithography step. Therefore global planarity is needed to avoid 

overexposure of thinner areas and underexposure of thicker areas of resist caused by 

surface topography, which can eventually lead to early failure of the device.  

 

Cu and Barrier CMP 

Another important application of CMP is in the copper damascene process. 

Currently, copper is used as the interconnect material in IC fabrication due to its low 

resistivity than the previous metal of choice, aluminum (Wolf 2004). Compared to 

aluminum, copper has less the interconnect time delay. However, copper is difficult to be 

patterned using conventional dry and wet etching methods (Steigerwald et al. 1997). 

Instead, copper metallization uses a dual damascene process that incorporates 

simultaneous deposition for both the metal level and plug. During the dual damascene 

process, trenches are created with conventional photoresist techniques and filled with 

metal. In order to completely fill the trenches, copper is deposited in excess on the wafer 

surface. Then a CMP process is followed to remove the overburden copper to isolate the 

lines in different trenches. CMP is currently the only method that is able to remove the 

overburden copper with good global planarity. 

As part of the copper damascene process, a barrier layer is deposited on the 

patterned ILD before copper deposition. This thin barrier layer does not mix significantly 

with copper; hence it acts as a perfect liner to prevent copper from diffusing. The typical 

barrier materials include tantalum, tantalum nitride and ruthenium. The strong metal-

metal bonds between barrier materials and copper provide an excellent adhesion to 
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copper. During copper CMP to remove the overburden, barrier layer becomes a stopping 

layer to prevent further over-polishing of copper lines. Since barrier materials are 

conductive materials, these layers deposited on top of the ILD need to be removed using 

barrier CMP. 

 

STI CMP 

Different from ILD planarization and copper damascene which belong to the 

back-end of line of the processes and deal with the interconnection between different 

modules, STI planarization is in the front-end of line of processes of IC fabrication. Older 

technologies used local oxidation of silicon (LOCOS) to selectively form isolation fields. 

However, LOCOS induces larger isolation regions than the intended size, known as the 

bird’s encroachment problem; hence resulting in less active regions (Wolf 2004). To 

overcome such a problem, LOCOS has been replaced by STI with the IC technology 

scaled down to sub-micron generation. Similar to cooper damascene, STI is a damascene 

process as well. The process of STI structures begins with etching of the silicon trench 

followed by a nitride deposition. The trench is etched again and then filled with a 

dielectric via chemical vapor deposition (CVD). CMP is then used to remove the excess 

oxide from the surface. The nitride layer acts as a stopping layer due to the high removal 

rate selectivity of oxide to nitride.  
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Tungsten CMP 

Though copper is the interconnect metal of choice, it is not suitable for direct 

interconnect to devices since it diffuses rapidly into silicon, producing device leakage 

(Wolf 2004). Alternatively, tungsten is used as metal plugs to connect the underlying 

active regions at the first level of copper interconnect. Deposition of tungsten is similar to 

the copper damascene process. Using low pressure CVD, tungsten is deposited to fill the 

voids of the trenches which are formed by etching the patterned dielectric layer. CMP is 

then used to remove the overburdened tungsten from the surface. 

 

1.3 Modern CMP Challenges 

There are many challenges that are uniquely associated with CMP. This section is 

intended to highlight some of the key challenges associated with CMP in IC 

manufacturing. 

 

1.3.1 Local and Global Planarity 

Figure 1.6 is a side-view representation and a top-view microscope image of the 

possible different pattern densities observed on an IC chip. The subsequent deposition 

results in layers with similar topography to the underlying pattern. Prior to processing the 

next fabrication steps, CMP must be employed to eliminate the topography. As the 

surface is polished, the topography is reduced with time. The difference in height of the 

low and high regions shown in Fig. 1.7 is defined as step height. It is obvious that the 
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goal of the CMP process is to remove the step height to achieve local planarity and global 

planarity subsequently.  

 

 

Figure 1.6: Side and top view images of various levels of pattern density on the surface of 

the wafer. 

 

 

Figure 1.7: Step height and local planarity (Source: D. Boning) 
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However, the removal rate of bulk material varies at the areas with different 

pattern densities. The removal rate of the lower pattern density area is higher than that of 

the higher pattern density area. In a high pattern density area, the distance between the 

two higher regions is too close for the pad to conform. As a result, the removal rate in 

higher regions dominates the bulk removal process. In contrast, low pattern density 

imposes further distance between tow higher regions, allowing the pad to conform to the 

void instantaneously, hence significantly increasing the removal rate in lower regions as 

well. The dynamic process described above is illustrated in Figure 1.8. During CMP, 

variation in removal rates results in global non-planarity. 

 

 

Figure 1.8: Local and global planarity as a function of polishing time. 
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Local and global planarity is also affected by the property of pad material. A pad 

with soft material fully conforms to the non-planar wafer surface, thus simultaneously 

polishing the low regions as well as the high regions. A pad with hard material 

dominantly polishes the high regions. A pad with medium material slightly conforms to 

the topography. As the step height of the topography decreases, both low and high 

regions will be planarized. It is important to choose pad materials that conform to 

topography to an extent sufficient to minimize the global non-planarity, while being rigid 

enough to achieve local planarization with a given die.  

 

1.3.2 Dishing and Erosion 

Unacceptably high amounts of dishing and erosion are two of the most critical 

events that could happen during CMP and lead to the ultimate failure of the IC. The 

difference between dishing and erosion is illustrated in Fig. 1.9.  

Dishing is defined as the loss of material in the conducting line. In an ideal CMP 

process, polishing stops as removed metal layers line up with the neighboring dielectric 

layers. In general, metal removal rate is much higher than the neighboring dielectric 

removal rate. When polishing fails to stop at this point, the metal line is continually 

removed, while the dielectric is removed slowly. As a result, loss of material in the 

conducting line could happen as illustrated in Fig. 1.9(a). In addition, the corrosion of 

copper lines (i.e., dishing) can occur at low pH if the corrosion inhibitor level in the 

slurry is insufficient; or at near-neutral to high pH if the complexing agents present in the 

slurry are extremely aggressive. 
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Erosion is defined as defined as the recession of both the collateral dielectric 

material (SiO2) and inlaid conducting material (copper), as shown in Fig. 1.9(b). In 

reality a thin barrier layer consisting of tantalum nitride exists between copper and the 

ILD in order to prevent copper diffusion. For erosion of the oxide to occur, the CMP 

process must polish completely through the barrier layer. 

 

 

(a) 

 

(b) 

Figure 1.9: Difference between (a) dishing and (b) erosion. 

 

1.3.3 Other Common Defects in CMP 

Besides dishing and erosion, other common defects can appear during CMP 

contributing to a possible malfunction of the IC. Figure 1.10 illustrates the most common 
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examples of defects that can arise in this process. Dust or particles originating from air, 

large defect-causing abrasive particles, corrosive chemicals in the slurry, dislodged 

diamonds and pad debris due to abrasion by the conditioner, chemical by-products and 

abnormal pads are the main source of defect-causing objects during CMP. There are 

several methods to eliminate these defects such as the use of novel groove designs on the 

pad surface (Rosanles-Yeomans et al. 2005), low abrasive content or abrasive free slurry 

formulations (DeNardis et al. 2003, Pandija et al. 2007) and electrochemical 

planarization techniques ( Venkatesh et al. 2004, Lim et al. 2001). 

 

 

 

Figure 1.10: Typical CMP defects. 
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1.3.4 Cost of Ownership and Environmental Health and Safety Issues 

CMP processing has a large environmental and economic effect due to the high 

use of process consumables, hence resulting in two major drawbacks, namely high 

operational cost of ownership (COO) and Environmental Health and safety (EHS) issues. 

COO is defined as the total cost of implementing a given process including costs for 

equipment, materials, operation, maintenance, etc. CMP has been shown to have one of 

the highest COOs of all the process in a fab (Brown et al. 2002). The COO of CMP 

mainly includes equipment, consumables and labor. Figure 1.11 presents the approximate 

COO breakdown for a typical CMP module (Holland et al. 2002).  

 

 

Figure 1.11: Approximated COO breakdown for a typical CMP module. 

 

As shown in Fig. 1.11, slurry is the dominant consumable in CMP, accounting for 

almost half of the COO. Previous studies have shown that slurry utilization efficiency 
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during CMP falls in the range of 2 to 25% for various types of pads (Philipossian and 

Mitchell 2003). Furthermore, visual investigation has confirmed that most of the slurry is 

discharged to the waste stream by the centrifugal forces before even entering the pad-

wafer interface (Li et al. 2006, Cornely 2003, Coppeta 1999 and Wei et al. 2010). This 

not only increases COO, but also increases the potential environmental impact generated 

the CMP process.  

Besides slurry, pad is another important consumable, accounting for more than 

one fifth of the COO. Increasing the number of wafer polishes per pad can not only 

reduce pad expense, but also increase equipment availability. Pad life is related to slurry 

chemistry, pad conditioning, groove design and other factors. Groove design on the pad 

surface also plays an important role in delivering slurry, which makes it an important 

factor to be considered for slurry use reduction. 

Another important concern in CMP is the high demand of water that the process 

requires. A typical 200-mm wafer manufacturing factory, which processes about 40,000 

wafers per month, consumes between 2 and 3 million gallons of water per day (Maag et 

al. 2000). It has been estimated that the CMP process accounts for as much as 30 to 40% 

of the entire water consumption in an IC fab (Hollingsworth et al. 2005, Golden et al. 

2000), implying that the CMP wastewater occupies 30 to 40% of the total waste water 

generated in IC manufacturing. Usually, the waste contains a mixture of organic and 

inorganic substances, slurry abrasive particles, complexing agents, corrosion inhibitors, 

surfactants, oxidizers, buffers, etc. In addition to these pollutants, heavy metals are also 

added to the waste stream during metal CMP. Recycling, re-use, conservation practices 
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and green design must be implemented in current and future CMP process in order to 

reduce the burden of the process on the environment. Currently, chemical coagulation 

and membrane separation processes have been employed to treat CMP wastewater 

(Golden et al. 2000, Chin et al. 2006). In addition, electro-coagulation and bio-sorption 

processes have been investigated as suitable treatments of CMP wastewater (Stanley et al. 

2003, Yang and Tsai 2006, Maketon 2007).  

CMP processing relates to many variable inputs, which have complicated 

interactions with each other. Understanding the fundamental mechanisms of the process 

is very important to make the CMP process more efficient and to reduce consumables in 

order to achieve a more environmentally friendly process. A majority of the work done in 

CMP is motivated by the ultimate goal of creating smarter and more efficient processes, 

which means lowering COO and environmental impacts. 

 

1.4 CMP Consumables 

The subsequent sections will discuss wafer, polishing pad, slurry, conditioner and 

retaining ring as part of CMP consumables respectively.  

 

1.4.1 Wafer 

Silicon wafers are grown from a single crystal ingot, followed by a sequence of 

sawing, shaping and lapping steps (Wolf 2004). After subsequent device integration, the 

patterned wafer is polished in the CMP process. The typical appearance of a patterned 

wafer containing multiple dice is shown in Fig. 1.12. Each die has a specific computing 
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capability and consists of millions of solid state electronic devices. The patterning and 

deposition process during device integration and interconnect metallization causes a 

relatively high variation in surface elevation within the die, as shown in Fig. 1.13. In IC 

fabrication, the CMP module is used to polish patterned wafers from the previous 

manufacturing process. Blanket silicon and copper wafers are usually used in the early 

development of CMP consumables and process optimization. 

 

 

Figure 1.12: Top view of a 300-mm patterned wafer. 

 

In order to promote a high volume manufacturing (HVM) environment while 

maintaining low production costs, semiconductor companies always try to advance the 

development and the implementation of larger diameter wafers because larger wafers 

enable more chip dice per wafer, thus yielding a greater throughput. In the development 

of IC fabrication, wafer diameters have gone from 100-mm in the late 1970s to the 
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current 300-mm wafer. In the meantime, a 450-mm technology node is still in the very 

early development process. 

 

 

Figure 1.13: Topography of single die in a wafer (Source: D. boning). 

 

1.4.2 Polishing Pad 

Polishing pad has a determining effect on CMP process to successfully achieve 

and control material removal rate and uniformity. A variety of pad characteristics 

including material construction, hardness, specific gravity, compressibility, porosity, 

tensile strength and surface roughness strongly affect polishing performance. During a 

CMP process, a polishing pad has three main functions, as follows: 

1. Contact with the wafer surface, and provide mechanical action through its 

asperities and the bulk,  

2. Transport slurry into the pad-wafer interface via asperities and grooves, 

+ 4000 A

- 5000 A

0 A
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3. Carry away residual slurry and by-products generated by the process (i.e., pad 

debris, chemical, dissolved material) from the pad-wafer interface. 

Advanced polymer technology has made it possible to engineer pads with various 

qualified characteristics that affect removal rate, defects and planarity. The selected pad 

material must be able to resist the harsh slurry chemistries of acids, bases, oxidants and 

organic additives. In addition, it should have adequate abrasion resistance to avoid 

excessive pad wear. Last but not least, it also should have good heat resistance to 

maintain properties at high temperature. Taking these considerations into account, a pad 

should have a high resistance to change of mechanical and chemical properties to 

maintain its consistency under a dynamic CMP process. Based on these criteria, the 

polymeric form of urethane is considered to be the best material for CMP (Oliver 2004). 

Pads used in the semiconductor manufacturing can be classified into three major 

types (Li and Miller 2000): 

Type I: Felts and polymer impregnated felts (Dow Suba series), 

Type II: Microporous synthetic leathers (Dow Politex series), 

Type III: Filled polymer sheets (Dow IC 1000 series, Cabot EPIC series and JSR 

WSP series). 

SEM images of the three types of pad are shown in Fig. 1.14. Pads of type I and II 

are softer pads, which have lower specific gravity, high slurry loading capacity and 

greater compressibility due to the characteristic of the porous fiber structure of 

polyurethane impregnated felts. Young’s Modulus values for soft pads range from 1E+8 

to 4E+9 Pascal (Philipossian 2007). Typically soft pads are used for tungsten CMP 
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applications, final buffing application for ILD & STI, and sub-pads for hard pads. Type 

III pads are hard pads, which currently are predominantly used for ILD, W, Cu and STI 

CMP due to their higher ability to planarize. Compared to type I and type II pads, type III 

pads have lower slurry loading capacity and lower compressibility due to its closed cell 

of microstructure. Young’s Modulus values for hard pads generally range from 7E+8 to 

2E+9 Pascal (Philipossian 2007). Generally harder pads are expected to provide better 

local planarity since harder pads are not easy to conform the topography of the wafer. 

Softer pads, on the other hand, can provide better global planarity across the entire wafer 

and result in a lower number of scratch defects. Using a combination of two pads can 

provide a balance between these two extremes. 

Pad properties can also be controlled through pad geometry characteristics, such 

as pad thickness and groove designs. Pad thickness is related to the compressibility, 

which is an indicator to show how the pad conforms to the wafer. The thicker pad can be 

compressed more to conform to the surface. Pad thickness must be balanced to obtain 

optimum planarity and uniformity. Devriendt and coworkers showed how pad thickness 

influences within-wafer-non-uniformity (WIWNU) and within-die-non-uniformity 

(WIDNU) (Devriendt et al. 1999). It was found that chick pads without a sub-pad yielded 

the smallest planarization times, the lowest WIDNU and a WIWNU comparable to pads, 

with a sub-pad. 
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(a)                                                (b)                                            (c) 

Figure 1.14: Cross section SEM images of a) Type I, b) Type II and c) Type III pads. 

 

Groove design is another important consideration in selecting polishing pads. 

Grooves provide channels for efficient and uniform slurry distribution across the pad 

surface and pad-wafer interface, as well as providing uniform pressure distribution during 

CMP process. Uniform slurry distribution is critical to achieve center-to-edge polishing 

uniformity, especially during 300-mm wafer polishing. Grooves also facilitate transport 

of heat, polish debris and spent slurry from the pad-wafer interface. Removal of frictional 

and chemical heat can avoid localized regions of rapid chemical reaction. Removal of 

polish debris can reduce the number of defects caused by the debris and can increase pad 

life. Furthermore, grooves can change the lubricity of the pad-wafer interface and prevent 

wafer hydroplaning, which limits the transport of fresh slurry hence decreases material 

removal rate. Commercially available pads typically have concentric circular or spiral 

grooves, square grids, perforation or a combination of these features (see Fig. 1.15). The 
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type of groove design selected for a given CMP application will depend on the pad 

micro-texture, substrate to be polish, polishing conditions and polisher type to be used. 

 

 

(a)                                 (b) 

 

(c)                                                                       (d) 



 
 

54

 

(e)                                                                    (f) 

Figure 1.15: Top view of various polishing pad with different groove designs: (a) flat, (b) 

perforated, (c) XY-groove, (d) concentric, (e) floral and (f) Logarithmic spiral. 

 

1.4.3 CMP Slurry 

CMP slurry is a multi-phase and multi-component system consisting of ultra fine 

abrasive particles with specific size and shape dispersed in a liquid medium (typically 

water-based). The typical sizes of particles range between 10 to 200 nm, and 

concentrations of the particles in the solution vary between 10 to 30% by weight. Other 

additives to the slurry include organic and inorganic acids and bases, anti-coagulating 

agents, surfactants, oxidizing agents, corrosion inhibitors, chelating and complexing 

agents, buffers, bactericides and fungicides. Table 1.1 lists the main properties of the 

different slurries associated with different planarization applications. 
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Slurry Type ILD STI Tungsten 
Copper & 

Tantalum 

Particle material Silica 
Silica & 

Ceria 
Silica & Alumina Silica & Alumina

Slurry solution 
Inorganic 

base 

Inorganic 

base 
Organic acid 

Organic acid with 

corrosive inhibitor

Particle 

concentration 

(wt%) 

10-30% 0.5-30% 5-10% 1-10% 

Oxidizer None None 

Hydrogen peroxide, 

Ferric nitrate & 

Potassium ferricyanide 

Hydrogen peroxide 

& Ammonium 

persulfate 

 

Table 1.1: Main properties of the different slurries for different CMP applications. 

 

During CMP, slurry provides mechanical action through the abrasive particles, as 

well as suitable chemistry to the polished surface for enhanced material removal. It serves 

as a medium to transport away the polishing by-products (i.e., pad debris, spent slurry, 

chemicals and dissolved materials) and acts as a lubricating layer in the pad-wafer 

interface, thus adsorbing and controlling temperature rises generated by frictional 

interactions among wafer-pad-abrasive particles. 
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The shape, content, size and size-distribution of the slurry particles has an 

important effect on polishing performance. Depending on the structural design and 

material being polished, abrasive types are empirically selected based on removal rate 

and surface defects. To date, the most common materials used as slurry particles are silica, 

alumina and ceria (Oliver 2004, Li 2008). Because alumina-based slurries tend to lead to 

unacceptable levels of scratch defects due to their poor colloidal stability, silica and ceria-

based slurries are more preferable. 

As one of the most commonly used abrasive particles for CMP applications, silica 

particles have two different types: fumed and colloidal silica. These two types of silica 

particles result in different removal rates, defects and planarity due to their different size 

and structures. Fumed silica particles are made by a combustion process from the 

following reaction: 

 

                                    22222 )( HgOHHClSiOOHSiClx +++→++                   Eq. 1.1 

 

One main characteristic of fumed silica particles is that they tend to aggregate and 

form small chains of particles as seen in Fig. 1.16(a).  

Colloidal silica particles are made in solution through the nucleation of sodium 

silicate in silicic acid and can be described as singular spherical entities. One of the 

precipitated reactions to produce colloidal silica is followed by: 

 

                                −+ +++↓→+ 2
4224232 2 SOOHKSiOSOHSiOK                     Eq. 1.2 
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Colloidal silica particles do not agglomerate but rather remain dispersed 

throughout the solution as long as the absolute value of the zeta potential is greater than 

50 mV [see Fig. 1.16 (b)]. Colloidal particles are usually smaller in mean diameter than 

fumed particles (about 10 to 50 nm compared to 90 to 200 nm). In general, the primary 

design consideration regarding these two types depends on the particles size. An increase 

in mean particle size results in greater removal rates, thus making fumed silica slurries 

more desirable for ILD CMP application. Unlike ILD CMP, metal CMP is more sensitive 

to larger particle size in generating scratch defects. Therefore, colloidal silica is 

preferable for metal CMP. 

 

 

(a)                                                      (b) 

Figure 1.16: TEM images of (a) fumed silica and (b) colloidal silica (Source: Dow and 

Precision Colloids, LLC). 

 

Particle stability is another challenge in designing the slurry. It is defined as the 

ability of particles to minimize agglomeration or aggregation during storage as received 
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from a slurry manufacturer (i.e., shelf life), upon mixing with other chemicals, prepared 

shortly before using it in IC manufacturing (i.e., pot life) as well as during polishing itself 

(i.e., soft agglomeration). Any particle agglomeration certainly introduces larger particles 

during polishing, hence increasing the possibility of inconsistent polishing rates and 

scratch defects (Basim and Moudgil 2002). Same surface charges enable repulsive 

electrical fields between abrasive particles to sustain separation in the solution. The 

particle will show signs of several defining layers near its surface, as shown in Fig. 1.17. 

The stern layer is the region surrounding the particle that could incur molecular 

adsorption with various ionic species in solution. The shear layer describes the fluid 

boundary layer surrounding the particle. The electric double layer describes the net 

electric field emitted by the particle. The electric charge of electric double layer is 

quantified as zeta potential. A negative zeta potential means that the electric double layer 

is negatively charged. While a positive zeta potential indicates that the electric double 

layer is positively charged. Depending on particle type, pH and electrical conductivity of 

solution, the value of zeta potential varies from 0 mV at the point of zero charge (point of 

zero charge, PZC, is the point where the charge of a surface changes from a positive 

value to a negative value or otherwise) to the true surface charge of the particle under 

vacuum conditions (Hiemenz and Rajagopalan 1997). Higher zeta potential indicates an 

increase in the stability of a slurry system to agglomeration. In case of the zeta potential 

approaching the PZC, there is a tendency for the particles to agglomerate and settle due to 

prevailing Van der Waals and ionic forces. 
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Figure 1.17: Representation of the electrostatic layer formation on an abrasive particle. 

 

1.4.4 Pad Conditioner 

Pad asperities and pores are vital to polishing because these pad surface 

characteristics help slurry transport in the pad-wafer interface and determine the actual 

contact area of the pad to the wafer surface. However, due to the plastic deformation and 

mechanical abrasion during polishing, the pad surface undergoes flattening and asperity 

wear-off. A phenomenon known as pad glazing happens when the pores on the pad 

surface are clogged with pad debris, spent slurry, abrasive particles and polishing by-

products. In the event of pad flattening or glazing, removal rates, local uniformity and 

global uniformity are severely affected. Pad conditioning during or between polishing is 
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required to maintain these microscopic peaks (i.e., pad asperities) and voids (i.e., pad 

pores) as they are critical to keep polishing performance.  

 

 

(a) 

 

(b)                                                             (c) 

Figure 1.18: SEM images of (a) a well-conditioned pad, (b) a plastic deformed pad and (c) 

a glazed pad (Charns 2003). 

 

Figure 1.18 shows three different stages of a pad: a well-conditioned pad, a 

plastically deformed pad and a glazed pad. For a glazed pad, all pores have been covered 
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and a blanket layer of silica particles is formed on the surface of the pad, which results in 

a significant decrease in removal rate. Pad conditioning regenerates asperities and re-

opens the pores on the pad surface using a diamond disc to improve pad-wafer contact 

and slurry transport. It should be noted that pad conditioning comes at the cost of pad 

wear. 

A pad conditioner typically consists of an array of diamonds embedded on nickel 

plated or steel discs. The top view of SEM images of embedded diamonds is shown in 

Fig. 1.19. In general, there are three methods to embed diamonds on the substrate of a 

conditioner: electroplating, sintering and brazing. Figure 1.20 shows SEM images of an 

electroplated diamond, a sintered diamond and a brazed diamond respectively.  

 

 

Figure 1.19: SEM of top view of conditioner.  

 

500 µm
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    (a)                                                               (b) 

 

(c) 

Figure 1.20: SEM of (a) an electroplated diamond, (b) a sintered diamond and (c) a 

brazed diamond. 

 

Among the three methods, the brazing technique forms chemical bond of carbide 

at the diamond-matrix interface so the brazed diamond is joined with the metal substrate 

seamlessly. In addition, the brazed diamond features a massive support of braze profile 

around each diamond grit. In contrast, electroplated nickel or sintered alloy can not form 

such a profile of massive support.  
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Grit size is a major level of design consideration for pad conditioners. It typically 

ranges from coarse (16-24 grit), medium (36-60 grit), fine (80-120 grit) and superfine 

(150-325 grits). The abrasives with higher grit size number have the smaller average sizes. 

The approximate average diamond diameters corresponding to these grit numbers are 

summarized in Table 1.2. The coarser grits produce an aggressive pad surface 

regeneration at faster rates, while the finer grits cause pad surface regeneration at lower 

rates but with a better surface finish.  

 

Grit Number Average Diamond Diameter (μm) 

60 250 

100 150 

150 100 

200 70 

325 45 

 

Table 1.2: Grit number vs. average diamond diameter. 

 

Figure 1.21 shows the variation of pad surface topography using diamond 

conditioners with various grit sizes. In case of the 60-grit conditioner, the conditioning is 

too aggressive, resulting in destruction of the micro-structure of pores [see Fig. 1.21(b)]. 

This over-conditioning behavior will shorten pad life thus leading to higher COO. On the 

other hand, a higher grit conditioner (i.e., 200-grit) does not roughen the surface 
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completely, leading to under-conditioning of the pad. As a result, the polishing will not 

remain stale thus causing extensive rework or scrapped wafers. The 100-grit conditioner 

makes a good balance between degree of conditioning and extent of wear. It must be 

noted that diamond conditioner costs are significant, which are only exceeded by slurry 

and pad costs. Therefore, it is important to optimize the conditioning scheme to obtain a 

rough, porous surface with minimal disc wear. 

 

(a)                                                             (b) 

 

(c)                                                            (d) 

Figure 1.21: Effect of conditioning with various diamond grit sizes on pad texture: (a) 

new pad, (b) 60-grit, (c) 100-grit and (d) 200-girt (Charns 2003). 
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(a) 

 

(b) 

Figure 1.22: SEM of conditioners with two different patterns: (a) random pattern and (b) 

mesh patter (Sung and Sung 2009). 

 

Besides grit size, the placement pattern of the diamonds on the surface of the disc 

also has an important effect on the contact area and the distribution of the slurry on the 
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surface of the pad. Figure 1.22 shows surface topographies of two different patterns: 

random pattern and mesh pattern. It must be noted that each diamond on the surface is 

unique in shape and only a small percentage of the total diamonds have the sharp edge 

facing upward in the normal direction. During a CMP process, only the real active 

diamonds (i.e., with enough protrusion) are involved in pad conditioning (Borucki et al. 

20007). 

The contribution of a conditioner during polishing depends on many factors, such 

as pad type, grit size and patterns of the diamonds, sharpness of cutting edges, protrusion 

of diamonds and the polished substrate. Aside from conditioner design, operating 

parameters (i.e., conditioner down force, rotation rate, sweep frequency) greatly affect 

pad wear rate, removal rate and wafer-level uniformity.  

 

1.4.5 Retaining Ring 

Retaining ring is a critical component of CMP systems used in IC manufacturing. 

Typically, a CMP machine includes the wafer carrier head, whose function is to hold, 

rotate and transport the wafer during the polishing. In the carrier assembly head, the 

retaining structure that maintains the position of the wafer under the pressure during the 

polishing is usually named retaining ring. Figure 1.23 shows the top view of a typical 

300-mm polyetheretherketione (PEEK) retaining ring. The retaining ring is positioned 

around the wafer to secure it beneath the carrier head and to prevent the wafer from 

slipping out of the carrier head during polishing. It may be directly attached to the carrier 

head, or connected to the carrier head by a flexible connector, such as a flexible 
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membrane. Another benefit of using retaining rings is to achieve uniform material 

removal, especially at the wafer periphery, by extending the polishing interface to the 

outside of the substrate (Mikhaylich and Boyd 2002, Gitis et al. 2004).  

 

 

 
Figure 1.23: Top view of a 300-mm PEEK retaining ring. 

 

Generally, there are two types of retaining ring designs: non-contact retaining ring 

carrier (NRRC) and contact retaining ring carrier (CRRC) (see Fig. 1.24). In the case of 

NRRC, there is approximately 100-200 μm gap between the retaining ring and the pad. 

The CRRC design causes the retaining ring to contact the pad. As the retaining ring 

makes contact with the pad during polishing, it is essential to understand the frictional 

behavior, wear characteristics and chemical resistance of retaining ring with respect to 

the process parameters. For a typical polishing platform, such as Applied Materials 
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Mirra® and Reflexion® polishers, the retaining ring is pressed against the pad surface at a 

pressure equal to or higher than the wafer polishing pressure. As a result, frictional force 

is generated among the retaining ring, slurry and pad surface, leading to an increase in the 

pad temperature, which in turn impacts material removal rate and non-uniformity. 

 

 

(a)                                                               (b) 

Figure 1.24: Schematic of (a) non-contact retaining ring carrier and (b) Contact retaining 

ring carrier (Gitis et al. 2004). 

 

Construction material is a major design consideration for retaining ring. With 

proper material selection and design, the retaining ring can provide appropriate removal 

rate, uniform surface finish and flatness, high material stability and long working life. 

Besides performance, another concern about use of materials is cost. Because retaining 

ring is a consumable component, the semiconductor industry wants to reduce the cost per 

wafer by using low-cost materials in retaining ring fabrication. Metal, ceramic and plastic 

are the most popular materials used in the retaining ring fabrication. In fact, composite 

materials sometimes are also adopted. For example, Loughe and Vondra have developed 
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a simple shrink-fit ceramic/metal join for use as a new ceramic wafer retaining ring in 

CMP (Loughe and Vondra 2000). 

For metal retaining rings, the corrosion problem arises when they are exposed to 

acidic slurries. Another disadvantage of metal rings is that they are more easily abraded. 

The metal particles produced in polishing process cause serious contamination, result in 

short circuiting and reduce the number of viable ICs per wafer. Compared to metal, 

ceramic is less costly and can provide a longer-lasting consumable, but it is more brittle 

and costs more than its plastic counterpart. Similar to metal, ceramics also generate 

abrasive particles, which will scratch the wafer during polishing. In contrast with metals 

and ceramics, advanced plastics can be formulated to be inherently free of ionic 

impurities. This allow CMP to take place without trace contaminants such as sodium, 

aluminum, iron, copper, lithium and other inorganic elements that commonly leach out of 

conventional metal and ceramic retaining rings. 

Based on the reasons mentioned above, both metals and ceramics are not good 

choices for retaining rings, while advanced engineering plastics are increasingly 

becoming the dominating types of materials adopted in retaining ring fabrication. They 

can be easily modified to withstand variable chemicals associated with the oxide, copper 

and tungsten CMP processes. They also maintain their dimensions over a wide 

temperature range and provide enough stiffness for handling wafers. They extend the 

service life of the retaining rings and cut down on the time for replacing the retaining ring. 

It helps original equipment manufactures (OEMs) to reduce the cost significantly, 

because the true costs of replacing a retaining ring (i.e., the costs related to the labor of 
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replacing the rings, the re-qualifying for process and overall downtime of production) can 

be many times the cost of the retaining ring themselves. In a word, the advantages of 

advanced plastics include low ring cost per wafer, ease of processing, longer consumable 

service life and a good balance towards high chemical, mechanical, thermal and abrasion 

resistance. 

Numerous types of engineering plastics can be used in CMP retaining ring 

fabrication, such as polycarbonate (PC), polyphenylene sulfide (PPS), 

polyetheretherketone (PEEK), carbon filled PEEK, Teflon® filled PEEK, polyethylene 

terephthalate (PET), polybutylene terephthalate (PBT), polytetrafluoroethylene (PTFE), 

polybenzimidazole (PBI) and  polyetherimide (PEI). Hoffman compared the thermal, 

chemical and mechanical properties of several commercially advanced machinable 

plastics (Hoffman 2004). Moussa and Quartapella and Gitis et al. performed wear tests 

on three materials commonly used for CMP retaining rings (i.e., PPS, PEEK and PC), 

and reported values of coefficient of friction (COF) and wear rates (Moussa and 

Quartapella 2003, Gitis et al. 2004).  

In addition to materials of construction, slot design is another significant 

consideration in retaining ring design. A retaining ring for CMP has a generally annular 

body with a top surface, a bottom surface, an inner diameter surface and an outer 

diameter surface. The surface features of the bottom surface, which directly contact the 

pad surface during polishing, have a direct effect on removal rate and non-uniformity of 

the wafer. In fact, instead of simply using flat bottom surface in retaining ring design, a 

plurality of channels has been machined on bottom surface to enhance the CMP 
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performance. Typically, the channels extend from the inner diameter surface to the outer 

diameter surface. They are helpful to enhance the transport of CMP slurry into the 

polishing area within the periphery of retaining ring. Different slot designs have different 

abilities to transport the slurry into the pad-wafer interface, hence resulting in different 

fluid film thicknesses beneath the wafer (Wei et al. 2010). Two slot designs are shown in 

Fig. 1.25 in detail.  

 

       

(a)                                                               (b) 

Figure 1.25: Photos of two slot design with (a) sharp edge and (b) round edge. 

 

In Chapter 4 of this dissertation, the effect of retaining ring materials of 

construction and slot design on frictional force, pad surface temperature and pad surface 

microtexture during CMP has been investigated in detail. Chapter 5 studies the effect of 

retaining ring slot designs on the slurry film thickness within the pad-wafer interface 

during CMP using dual emission UV-enhanced fluorescence (DEUVEF) technique. As a 

continuation of Chapters 4 and 5, Chapter 6 focuses on the effect of retaining ring slot 

designs and polishing kinematics on slurry mean residence time (MRT) within the pad-

retaining ring interface during polishing.  
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1.5 Motivation and Goals 

CMP is a multi-disciplinary process involving colloidal and polymer chemistry, 

fluid mechanics, mechanical dynamics, surface science, tribology and material science. 

Polishing performance depends significantly on the properties of various consumables, as 

well as a variety of operating parameters. A slight variance in each of these parameters 

will cause a significant change in polishing results including removal rate, defects and 

uniformity and thus the overall performance of the microchip. Therefore, understanding 

of the kinetics, thermal and tribological characteristics has always been an austere 

challenge to IC manufacturing as feature sizes shrink, wafer sizes increase and number of 

metal layers continue to rise. 

This dissertation mainly focuses on the effects of consumables and dynamic 

parameters on polishing in terms of COF, lubrication mechanism, pad surface 

microtexture, temperature transient and slurry mean residence time. The whole 

dissertation is composed of the following investigations: 

 

1. The effect of retaining ring materials and slot designs on retaining ring wear 

rate, COF, pad surface temperature and pad surface microtexture, 

2. The effect of retaining ring slot designs on slurry film thickness beneath the 

wafer, 

3. The effect of retaining ring slot designs and operating parameters on slurry 

mean residence time, 
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4. The effect of pad groove width and polishing kinematics on slurry mean 

residence time. 

In addition, a method of determining and locating active and aggressive 

diamonds on conditioner discs is introduced. Furthermore, an accelerated wear test is 

designed and employed to evaluate the lifetime and performance of several types of 

diamond conditioners in terms of the quantities of aggressive diamonds that get pulled 

out or become fractured during accelerated tests that mimic the CMP process. 
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CHAPTER 2 

GENERAL THEORY 

 

This chapter describes the general theory of tribology and material removal 

mechanisms associated with CMP. Specific theoretical approaches will be discussed in 

each chapter separately. 

 

2.1 Tribology and Its Application to CMP 

Tribology is the science and engineering of interacting surfaces in relative motion. 

It includes the study and application of the principles of friction, lubrication and wear 

between solid surfaces. In 1886, during his study of tribology, Osborne Reynolds 

developed equations for a flooded bearing with no lubricant flowing out either end of the 

bearing. The action of lubricant surrounding the rotating shaft builds up a fluid pressure, 

through pulling the fluid in the bearing contact region. Assuming the fluid is 

incompressible (i.e., the fluid density ρ  is constant), the fluid flow is defined by the 

Reynolds equation (Eq. 2.1), which is derived by simplifying the Navier-Stokes equations 

as follows: 

 

( ) ( ) ( )bababa vvuu
x

h
x
huu

y
ph

yx
ph

x
−+−

∂
∂

+
∂
∂

−=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∂
∂

∂
∂

+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∂
∂

∂
∂ 1266

33

μμ
  Eq. 2.1 

 



 
 

75

where μ  represents the bulk fluid viscosity, ρ  is the fluid density, h  is the fluid film 

thickness, 
x
p
∂
∂  and 

y
p
∂
∂  are the pressure gradients, au  and av  are the lower surface 

velocity components, and bu  and bv  are the upper surface velocity components. The two 

terms on the left hand side of the Reynolds equation are Poiseuille terms which describe 

the net flow rates caused by pressure gradients within the lubricated area. The right hand 

side terms of Eq. 2.1 are the Couette terms which describe the net flow rates caused by 

surface velocities (Szeri 1999). Assumptions made for the Reynolds equation were as 

follows: 

 Gravitational and inertial forces are neglected, 

 Incompressible and Newtonian fluid, 

 Film thickness is negligible compared to other larger dimensions, 

 No slip boundary conditions at the liquid-solid or gas-solid interfaces. 

After the derivation, a dimensionless term called Reynolds number is obtained. 

Reynolds number (i.e., Re ) describes the ratio between inertial and viscous forces in the 

fluid (Bird et al. 2002). It is often used to characterize fluid flow as either laminar 

( Re ≤2200) or turbulent ( Re ≥2200) based on its absolute value.  

Equation 2.2 is the simplified expression for the Reynolds number in CMP 

processes: 
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76

where ρ  is the fluid density, V  is the fluid velocity, L  is the characteristic length, μ  is 

the fluid viscosity, and h  is the fluid film thickness. In the case of CMP, the velocity is 

defined as the relative sliding velocity and h  is also defined as the thickness of the fluid 

film between the wafer and the pad (Sundararajan et al. 2002). Typical film thicknesses 

observed during CMP fall within the range of 10 to 100 μm. This results in values of Re  

on the order of 10-2 to 10-3, allowing the usual assumptions in lubrication theory can be 

applied to the CMP system (Thakurta et al. 2000). 

 

2.2 Lubrication Mechanism 

 

2.2.1 Lubrication Mechanism of Two-body Contact 

The use of tribology to analyze the lubrication mechanisms presented during 

CMP requires knowledge of the Stribeck model. Earlier studies in tribology used a 

lubricated journal bearing with a rotating shaft inside as shown in Fig. 2.1. An applied 

load was added to one end of the shaft as the shaft spun in one direction relative to the 

stationary journal bearing. The shear force generated between the shaft and the inside 

wall of the journal bearing was recorded and used to calculate the coefficient of friction. 

The corresponding COF is defined as the ratio between the shear force and the applied 

normal force applied to the shaft. Stribeck curve is created by plotting the COF vs. the 

Hersey number, which is defined as follows: 
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                                               Hersey number
p

Vμ
=                                                 Eq. 2.3 

 

where V  is the relative linear velocity of the shaft to the journal bearing, μ  is the 

lubricant viscosity and p  is the applied pressure on the shaft. Unlike the Reynolds 

number, Hersey number is not a dimensionless parameter. The unit of Hersey number is 

length.  

 

 

Figure 2.1: Schematic of a journal bearing-shaft system. 

 

The amount of friction generated between the shaft and the journal bearing can be 

related to the lubrication regime or tribological mechanism based on the relationship 

between COF and Hersey number. The lubrication regime describes the level of contact 

between the bodies (Moore 1975). Figure 2.2 shows a typical Stribeck curve, where three 
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distinctive regions of lubrication can be observed. Moving from left to right, the curve 

can be divided into three different segments. The first segment is nearly horizontal, 

indicating almost no effect of Hersey number on COF. The lubrication mechanism in this 

region is called boundary lubrication, occurring where two solid surfaces are rubbed 

intimately intimation contact. In the extreme case, no fluid exists between the contact 

surfaces. The second segment corresponds to the partial lubrication regime and lies on the 

portion of the curve where the onset of a steeply decreasing slope in COF occurs. Partial 

lubrication occurs as the velocity increases and pressure deceases, causing a partial 

levitation of the shaft from the journal bearing. The third segment of the curve is known 

as the hydrodynamic lubrication regime. There is a complete separation between the shaft 

and the journal bearing by a film of lubricant (Ludema 1996) 

 

 

Figure 2.2: Stribeck curve of journal bearing-shaft system. 
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2.2.2 Sommerfeld Number 

During CMP, a three-body contact (i.e., pad, wafer, and slurry abrasive particles) 

is made instead of the two-body contact described in the Stribeck model. However, 

despite that CMP system appears to be more complicated than the model established by 

Stribeck, same principles of tribology can be applied as long as the Hersey number is re-

defined to adequately construct Stribeck curves representing the CMP system. The main 

issue with the Hersey number is that it results in units of length. A characteristic length 

can be incorporated to the denominator of the Hersey number to construct a new 

dimensionless parameter known as the Sommerfeld number (i.e., So ), which is defined 

as: 

 

                                                            
δ

μ
p
VSo =                                                       Eq. 2.4 

 

In the above equation, μ  is the slurry viscosity, V  is the relative sliding velocity, 

p  is the applied wafer pressure, and δ  is the effective slurry thickness in the pad-wafer 

region. Determination of μ  and V  are fairly straightforward as the latter can be 

measured experimentally for a given slurry, while the former depends on the tool 

geometry and angular velocities of the wafer and platen. 

The effective fluid film thickness between the wafer and the pad is a complicated 

function of pad porosity, pad compressibility, velocity, pressure, slurry viscosity, and 

wafer curvature (Runnel and Eyman 1994, Levert et al. 1997, Thakurta et al. 2000, Lu 
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2001, Mullany and Byrne 2003). For simplicity, slurry film thickness, which varies only 

slightly with pressure and velocity, may be assumed to be equivalent to the extent of the 

pad roughness ( Ra ). This approximation results in the calculated Sommerfeld number to 

shift to the right or to the left (i.e., increase or decrease with respect to the actual value of 

Sommerfeld number), however it has no effect on the overall trends of the individual 

Stribeck curves. In addition, dual emission UV-enhanced fluorescence (DEUVEF) 

experimental results have shown slurry film thicknesses at the pad-wafer interface in the 

range of 20 to 80 μm, and pad roughness measurements previously collected from a 

stylus surface profilometer fall within the same range (Olsen 2002, Li 2005). The relative 

standard deviation for surface roughness was less than 10% for all the values measured. 

 

2.2.3 Coefficient of Friction 

As the wafer and pad are engaged, shear force is generated between the pad and 

wafer. The shear force is measured and recorded by a load cell, and finally sent to a 

computer. The computer equipped with the National Instrument LabView® software 

synchronizes the force from the load cell to the polishing process so that the real-time 

shear force data can be obtained. 

Several important parameters related to the measurement of shear force include 

sampling frequency (i.e., total sampling number per second) and sampling time. In this 

dissertation, shear force data is typically recorded at a sampling frequency of 1,000 Hz. 

Once the wafer touches the pad, shear force data is recorded immediately for the entire 

polishing process, which enables real-time COF data to be collected during polishing. 
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The COF is defined by shear force divided by down force. Equation 2.5 shows that 

average COF can be calculated by average shear force divided by applied down force. 

Figure 2.3 shows the transient shear force of a blanket oxide wafer under 4 PSI pressure 

during a 70-second polishing. The average COF of this particular process is 0.46 

measured by dividing the average shear force with the applied down force. 

 

ForceDown
ForceShearCOF =                                            Eq. 2.5 

 

 

Figure 2.3: Transient shear force of blanket oxide wafer polishing under 4 PSI pressure. 

 

For both APD-500 and APD-800 systems (i.e., two polishers used in this 

dissertation), there are four load cells to directly measure the actual down force in 

addition to a load cell that measures the shear force. Figure 2.4 shows the shear force and 

down force of blanket oxide wafer polishing using the APD-500 polisher and tribometer. 

Because the actual down force and shear force are measured, the transient COF can be 

calculated using Eq. 2.6. 
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Figure 2.4: Transient shear and down force of blanket oxide wafer polishing using APD-

500 polisher and tribometer. 

 

i

i
i ForceDown

ForceShear
COF =                                             Eq. 2.6 

 

The corresponding transient COF is shown in Fig. 2.5. 

 

 

Figure 2.5: Transient COF based on Figure 2.4 

 

In this case, the average COF can be calculated using Eq. 2.7. 
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n
COF

COF i
n
i 1=∑

=                                             Eq. 2.7 

 

2.2.4 Lubrication Mechanism of the CMP Process 

By plotting COF vs. the Sommerfeld number, the resulting graph is known as the 

Stribeck-Gumbel curve. This plot gives direct evidence of the extent of wafer-slurry-pad 

contact. Three major modes of contact can be envisaged in Fig. 2.6 

 

 

Figure 2.6: Stribeck-Gumbel curve related to CMP process. 
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The first mode of contact is boundary lubrication where all solid bodies are in 

intimate contact with one another and COF does not depend on the Sommerfeld number. 

At the onset of boundary lubrication, the Stribeck curve acquires a flat shape. Further 

decreases in the Sommerfeld number do not change this shape because COF remains 

constant as the pad and wafer remain in intimate contact. In this regime, the minimum 

fluid film thickness and maximum COF are expected due to the minimum separation 

distance between the pad and wafer.  

The second mode of contact is typically known as partial or mixed lubrication 

occurring at intermediate values of the Sommerfeld number. As the Stribeck curve 

transitions from boundary lubrication to partial lubrication, the slope of the line 

measuring COF becomes negative. In this mode, the pad and wafer are not in intimate 

contact with one another. Instead, some abrasives are in contact with the pad or wafer, so 

a fluid film layer develops partially separating the pad and the wafer. 

Finally, the hydrodynamic lubrication mode of contact occurs at larger values of 

Sommerfeld number where the fluid film layer totally separates the pad and the wafer. 

Because the fluid film layer separating the pad and the wafer is much larger than the 

roughness of the pad, resulting in very little contact between the pad and the wafer, 

smaller values of removal rate and the COF are expected in this regime. The minimum 

COF occurs at the onset of hydrodynamic lubrication (i.e., the end of partial lubrication). 

As larger values of the Sommerfeld number increase, the slope of the line turns slightly 

positive and the COF begins to increase minimally. This nominal increase in the COF is 

most likely attributed to an occurrence of eddies in the flow field. 
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Several examples of Stribeck curves for CMP process are shown in Fig. 2.7 

(Philipossian and Olsen 2003). Six different types of pads are used for polishing: IC 1000 

k-groove, IC 1000 flat, IC 1000 perforated, IC XY, FX-9 perforated, and FX-9 flat (see 

Chapter 1 for pad surface texture details). Using the generic Stribeck curve shown in Fig. 

2.6 as a reference, the shapes of the individual curves indicate that IC1000 K-groove 

remains in boundary lubrication. For FX-9 perforated pads, the slope of the curve shifts 

from negative to positive at Sommerfeld number of 0.0005, indicating a transition to 

hydrodynamic lubrication. Similar transitions happen to IC 1000 perforated and XY pads, 

while the transition points of two Streibeck curves are at Sommerfeld number of 0.0007. 

The other two pads, both IC 1000 and FX-9 flat pads, exhibit decreasing COF while 

engaged in partial lubrication. 

 

 

Figure 2.7: Example Stribeck curves for CMP process. (Philipossian and Olsen 2003) 
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2.3 CMP Removal Mechanism 

The generalized concept for the removal mechanism is described in Fig. 2.8. Both 

chemical and mechanical reactions occur during either oxide or metal CMP processes. 

The chemicals in the slurry react with the substrate structure, weakening the surface 

bonds or forming a passivation layer that allows the material to be more easily abraded. 

This film is relatively thin as well as easily removed by mechanical forces. As shown in 

Fig. 2.8, there are two possible mechanical removal mechanisms associated with CMP. 

The first mechanism is that asperities on the pad directly contact the surface of the wafer 

to abrade the passivation film. The other one is that abrasive particles captured by the pad 

asperities abrade the passivation film formed on the substrate surface. Since metal CMP 

slurries include strong etching and oxidizing chemistries to attack the metal and dissolve 

them, passivation agents to protect the metal surface from etching in undesired areas need 

to be included in the metal slurry. 

 

 

Figure 2.8: Generalized concept for removal mechanisms. 
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For example, in copper CMP, the oxidizer, such as hydrogen peroxide, or 

ammonium persulfate (APS), first reacts with the copper surface to form an oxide film. 

At the same time, a passivating chemical (complexing agent) in the slurry also adsorbs or 

later on reacts with the copper surface, preventing further oxidation of the metal. Then, 

shear force due to contact and relative movement between the wafer, the pad, and the 

particles remove the passivation layer and oxide film from the copper surface. The fresh 

copper is consequently exposed and reacts with the slurry chemicals, and is worn off 

again, thus leading the gradual planarization of the wafer surface. However, there are 

some disadvantages to the CMP process. The main disadvantages include metal or 

dielectric scratching, metal or dielectric corrosion or penetration with chemicals, 

excessive metal removal from within trenches (dishing), excessive dielectric removal in 

dense arrays (erosion), and post-CMP slurry residual particulates. All these defects are 

fatal to the performance of the chips and extreme efforts are put forth to avoid such 

defects. 

 

2.3.1 Various Removal Models in CMP 

Removal rate modeling is very import to help predict the polishing performance 

such as removal rate and surface damage. The classical removal model for glass polishing 

was developed by Preston in 1927. He developed an empirical mechanically-based 

removal rate equation based on the glass polishing theory (Preston 1927). Equation 2.8 

shows Preston’s model, where the removal rate ( RR ) has a first order dependence on the 
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applied pressure ( p ) and relative sliding velocity ( V ). The constant k , known as 

Preston’s constant, account for the slurry and pad effects. 

 

                                                      kpVRR =                                                        Eq. 2.8 

 

Even though Prestonian behavior is found in many cases during polishing, 

different theories and modifications to the model have been developed to explain 

observed non-Prestoninan behavior. Zhang and Busnaina developed a removal rate model 

considering electrostatic particle adhesion and plastic deformation (Zhang and Busnaina 

1998). The innovation of this model was to identify the overall force responsible for 

material removal as a combination of the externally applied force on the wafer and the 

van der Waals force exerted between slurry particles and the wafer surface. This removal 

model is expressed as follows: 

 

( )2
1

pVkRR =                                                  Eq. 2.9 

 

Tseng and Wang proposed a mechanical model based on the normal and shear 

stresses occurring during CMP (Tseng and Wang 1997). This modified non-Prestonian 

equation is written as: 

 

2
1

6
5

VkpRR =                                                Eq. 2.10 
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In this model, the abrasive particles first were indented into the polished wafer to 

cause plastic deformation. The residues from the indentation were then carried away by 

the flowing slurry to complete a removal cycle. It is important to notice that the effect of 

pressure and velocity on the material removal is not equally weighed. The removal rate is 

nearly twice as dependent on pressure as it is on velocity. 

Shi and Zhao proposed a mechanical model for soft pads considering the rolling 

and embedding of slurry particles at the pad-wafer interface (Shi and Zhao 1998). They 

proposed that removal rate had a 3
2

p  dependence rather than just p . When the harder 

particles embed into softer pad, increasing the pressure will increase the wafer-to-pad 

contact area and not the contact pressure. 

The models mentioned above all provide different mechanical explanations for 

observed non-Prestonian removal rate trends. Although these models have, to some 

extent, sufficed in describing non-Prestonian behavior, it is evident that they do not 

consider all of the mechanisms involved in CMP, specifically the energetic and chemical 

attributes.  In order to accommodate all aspects of CMP, several recent models have 

combined chemical and mechanical approaches. Borst et al. proposed a general two-step 

mechanism for surface removal during CMP. Their model was initially introduced to 

describe low-k removal during polishing (Borst et al. 2002). However, the model was 

also applied to oxide due to the similarities to the removal mechanisms of Cook (Cook 

1990) and Tomozawa (Tomozawa 1997). As proposed by Borst et al., a two-step 

mechanism for surface removal rate can be described by a subset of the Langmuir-

Hinshelwood model, which will be discussed in detail in Section 2.3.2. 
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Regarding copper CMP, Paul et al. proposed a model based on chemical kinetics 

including both chemical and mechanical processes (Paul et al. 2005). The model could be 

applied to both hydrogen peroxide and nonperoxide oxidizers systems. The effect of 

oxidizer’s concentration on material removal rate was explained by the chemical kinetics 

of the series of reactions involved during copper CMP. It provides fundamentals in the 

formulation of slurries to evaluate the effects on removal rate of changes in oxidizer, 

ligand, and abrasive concentrations and of changes in polishing pressures and speeds. 

During polishing, the wafer makes contact with pad asperities, while the slurry is 

supplied at the pad-wafer interface. The wafer surface will be exposed to a combination 

of physical contact with the pad and the abrasive particles, and flow contact with the 

slurry. Since CMP is a complicated process, more complex models, based on fluid 

mechanics and contact mechanics, are required to capture the fundamental aspects of the 

CMP process.  

Runnels and Renteln firstly proposed that the wafer and the pad were in intimate 

contact during polishing, especially at high pressure and low velocity (Runnels and 

Renteln 1993). Then they developed another model based on the premise that there was a 

layer of fluid film under the wafer surface (Runnels and Eyman 1994). This flow model 

used the Navier-Stokes equations to solve the three dimensional pressure profile and fluid 

film thickness. Their results showed the existence of a fluid layer, as well as the 

sensitivity of the minimum film thickness to the relative sliding velocity, wafer curvature 

and viscosity of the fluid. Another model by Runnels predicted feature scale removal 
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rates and erosion profiles based on the pressure and velocity of the slurry film (Runnels 

1994).  

Sundararajan proposed one of the most complete fundamental treatments of the 

CMP process mechanism for copper CMP (Sundararajan et al. 1999). The models 

coupled effect of the chemistry and the hydrodynamics of the slurry flow. The two 

models developed incorporated the lubrication model for slurry flow and the mass 

transport model together. The lubrication model indicated how the parameters interacted 

to determine the velocity, pressure, and thickness in the slurry. The mass transport model 

predicted the average polish rate for copper CMP using the velocity field obtained.  

Tsai et al. proposed a physical model to combine the effects of slurry flow 

hydrodynamic lubrication, pad roughness, and asperity contact between wafer and pad 

(Tsai et al. 2008). This model applies the average lubrication equation with partial 

hydrodynamic lubrication theory and considers the elastic-plastic micro-contact theory. 

The applied pressure on the wafer is balanced by the slurry pressure in the non-contact 

area. In the contact area, it is balanced by the surface asperity contact force. Not only the 

general operating parameters such as applied pressure and relative sliding velocity but 

also other important consumable parameters including the polishing pad roughness and 

particle size are considered in the model.  

There are other mechanisms proposed to be responsible for oxide and metal 

polishing. These included the surface film formation (Kaufman et al. 1991), surface 

plasticity and dislocation (Rajan 1996), dissolution under the limit of mechanical 

assistance (Luo et al. 1997), passivation of surface in the metal CMP (Hernadez et al. 
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2001), colloidal behavior of particles (Ihnfeldt and Talbot 2007), and pad-abrasive 

interaction’s dependency on abrasive size (Paul et al. 2007) and more. 

 

2.3.2 Langmuir-Hinselwood Removal Rate Model 

Dr. Len Borucki, working with the Innovative Planarization Laboratory (IPL) 

group at University of Arizona, has developed a series of removal models for copper 

CMP process. In these models, copper removal follows a two-step process. The removal 

rate can be described well by a subset of the Langmuir-Hinshelwood model summarized 

below. First, n  moles of an unspecified reactant R  in the slurry react at a rate 1k  with the 

copper film on the wafer to form a product layer L  on the surface,  

 

                                                  LnRCu k⎯→⎯+ 1                                                     Eq. 2.11 

 

The reacted layer is then removed by mechanical abrasion with a rate 2k , 

 

                                                       LL k⎯→⎯ 2                                                          Eq. 2.12 

 

The abraded material L  is carried away by the slurry and is not re-deposited. The 

local removal rate in this sequential mechanism is 
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                                                    Eq. 2.13 

 

where wM  is the molecular weight of copper, ρ  is the density and C  is the local molar 

concentration of reactant. It is assumed that there is little reactant depletion so that C  

remains constant. This allows C  to be absorbed into 1k  and be set to unity, 1=C . 

Equation 2.13 can be rewritten as: 
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ρ
                                                     Eq. 2.14 

 

The chemical rate 1k  is taken to be of the Arehenius form,  

 

                                               ( )kTEAk /exp1 −=                                                 Eq. 2.15 

 

where E  is the activation energy of the rate limiting step and A  is an empirical pre-

exponential factor. 

The mechanical rate 2k  can be modeled in several ways. For simplicity, it is 

assumed to be proportional to the frictional power density ( Vp × ) as suggested by 

Preston’s law and experimental observations of a linear relation between removal rate 

and COF in mechanically limited removal,  
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pVck kpμ=2              Eq. 2.16 

 

where kμ  represents the COF and pc  is an empirical proportionality constant. In the 

mechanically-limited extreme, the polish rate is ( )pVcMRR kpw ρμ /=  and in the 

opposite limit it is ( ) 1/ kMRR w ρ= . 

 

2.3.3 Flash Heating Thermal Model 

Average removal rates during polishing can be modeled using a two-step 

Langmuir-Hinshelwood model (Eq. 2.14 to 2.16) that abstractly includes both a 

mechanical removal step and a rate-limiting chemical step. The chemical reaction step in 

this, or any other model that includes chemistry, requires a reaction temperature. The 

compact temperature formula (Eq. 2.17) was discovered to be a key part of the 

explanation for why very different rates are sometimes observed at fixed pV  but for 

different combinations of p  and V . 

 

                                                     pV
V

TT aa
β

+=                                               Eq. 2.17 

 

In Eq. 2.17, aT  is the ambient temperature, and β  and the velocity exponent a  

are fitting parameters. Extracted values of the exponent a  for oxide polishing using this 

model typically fall in the range 1.6-1.8 (Sorooshian et al. 2005) 
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Because of the relatively small contact area fraction and high actual contact 

pressure between a well-conditioned pad and the wafer under typical loading conditions, 

material removal at a fixed point on the wafer surface occurs during a series of brief 

encounters with pad asperities that last on the order of microseconds and are randomly 

separated in time (Shan 2000). A physical analysis of pad asperity tip heating suggests 

that as a particle-laden asperity passes over a point on the wafer, the temperature of the 

wafer surface momentarily rises or flashes above the local mean temperature. If the mean 

flash temperature increment is sufficiently large, then for activation energies in the 

typical range 0.4-1.4 eV, the surface reaction rate that occurs during and shortly after 

each flash event can dominate the mean rate between events. Thus, a detailed analysis of 

lubricated asperity heating is an important element for understanding reaction 

temperatures and how removal rates vary under different pressure and sliding velocities.  

Consider a pad asperity that is sufficiently tall to contact the wafer once per pad 

rotation. Between encounters, heat is removed from the asperity tip by the pad bulk and 

slurry and it therefore approaches the wafer at its lowest temperature in the current cycle. 

This may be considered a thermal initial condition for the next wafer encounter. When 

the asperity encounters the wafer, a thin lubrication layer forms at the asperity tip. The 

asperity tip lubrication layer is distinct from the fluid film under the wafer: it contains 

active slurry particles and therefore has an average thickness on the order of the mean 

particle diameter or less. Heat from friction and chemical reactions is generated in the 

nano lubrication layer and transferred to the pad, wafer surface, and slurry. As the 

asperity proceeds under the wafer, the tip heats up, becoming hottest when it exits the 
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wafer. If the nano lubrication layer is sufficiently thin, temperature continuity implies that 

the wafer and asperity tip will have approximately the same temperature. Assuming that 

the greatest part of the wafer surface chemical reaction occurs during an encounter, the 

mean reaction temperature on the wafer surface is the approximately 

 

                                                      fpa TTTT Δ+Δ+=                                            Eq. 2.18 

 

where Ta  
is the ambient temperature, pTΔ  is the mean pad temperature increment above 

ambient at the wafer leading edge and fTΔ  is the mean flash temperature increment due 

to asperity encounters. The mean pad temperature increment at the pad leading edge is 

proportional to the frictional power density,  

 
pVcT kbp μ=Δ                                                 Eq. 2.19 

 

where kμ  is the COF and bc
 
is a proportionality constant that depends on time. Here, the 

steady state value of bc
 
will be used and thus will slightly overstate the pad temperature 

increment. Values for bc
 
can be estimated empirically from Infrared (IR) temperature 

data or calculated with a thermal model. By applying a simple model for surface heating, 

the flash temperature increment, averaged over the wafer surface, can be shown to be 

approximately: 
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πκρ
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2/1

2
=Δ                                 Eq. 2.20 

 

where pCκρ  is the product of thermal conductivity, density, and heat capacity, ζ is a 

constant that depends on tool geometry and wafer size, ap  is the mean real contact 

pressure and pγ  is the fraction of frictionally-generated heat that enters the asperity tip. 

For polishing on a concentric groove pad, which mitigates hydrodynamic pressures that 

can affect ap , all of the parameters on the right side of Eq. 2.20 except for the pad heat 

partition factor pγ are independent of V . Given the mean reaction temperature T , the 

chemical rate 1k  on the surface is modeled with an Arrhenius expression shown in Eq. 

2.15. The mechanical rate 2k , shown in Eq. 2.16, is proportional to the frictional power 

density. If a two-step Langmuir-Hinshelwood removal model applies to the slurry system, 

then the final reaction rate has the same expression as shown in Eq. 2.14.  

 

2.3.4 Three-Step Model for Copper CMP 

After applying the previously mentioned two-step Langmuir-Hinshelwood model 

to predict removal rates during copper CMP, it was found that even though this model 

performed well and was able to explain observed removal rates behaviors (Li 2005), there 

were still room for improvement. The two-step Langmuir-Hinshelwood model served as 

a good platform in the study of the mechanisms involved in copper CMP. This model 

includes surface passivation (step-1) and mechanical removal (step-2); however, material 
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removal can also be achieved by another mechanism during copper and possibly other 

metals polishing. A novel three-step model, combined with previously mentioned 

flashing heating model, is proposed to theoretically evaluate removal rates during Cu 

CMP. 

Commercial slurries commonly include complexing agents that assist in the 

removal process by either dissolving mechanically abraded material, and/or directly 

removing copper from oxidized areas of the wafer (DeNardis et al. 2005). Accounting for 

the dissolution step in the overall removal process will allow a more accurate 

determination of the chemical and mechanical contributions of consumables sets. In 

addition, the passivation film formation process was also investigated to eliminate the 

extraction of model parameters from the removal rate data for this step. This means that 

the values needed to characterize the rate of copper oxide formation in the first step of the 

model will be known a priori. The proposed three-step model is represented in Fig. 2.9, 

where * designates a species on the surface of the wafer.  

 

 

Figure 2.9: Three-step model proposed by DeNardis et al. 
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During step-1, copper on the surface of the wafer is oxidized at a constant rate 1k . 

The oxidized copper is removed through both mechanical abrasion in step-2 at a constant 

rate 2k , and dissolution by complexing agents in the slurry in step-3 at a constant rate 3k  

(DeNardis 2006). The governing equation for the removal rate model is 
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                                              Eq. 2.21 

 

where wM  and ρ  are the molecular weight and density of copper. 
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CHAPTER 3 

EXPERIMENTAL APPARATUS 

 

Several characterization techniques and tools were employed during the studies 

presented in this dissertation. The CMP tools are described in Sections 3.1, 3.2 and 3.3. 

The three major CMP systems used in this work are the Innovative Planarization 

Laboratory (IPL)-Fujikoshi Machinery Corporation (FMC) 200-mm CMP system, the 

APD-500 polisher system, and the APD-800 polisher system. The analytical 

instrumentations utilized in the subsequent chapters are as follows: 

 Reflectometer 

 Sheet resistance/resistivity measurement system 

 IR thermography camera 

 Interferometer 

 Dual emission UV-enhanced fluorescence (DEUVEF) system 

General theoretical principles and techniques associated with these tools are 

explored in Section 3.4. 

 

3.1 IPL-FMC 200-mm Polisher System 

 

3.1.1 Polisher Overview 

The IPL-FMC 200-mm novel apparatus (see Fig. 3.1) is designed with the main 

purpose of performing process research and development on a platform that is closer to 
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the industrial scale. The main body of the IPL-FMC 200-mm apparatus consists of a 

FMC table top polisher with a variable speed platen (0 to 200 RPM). The wafer carrier 

(manufactured by Ebara® Technologies) is adapted to a DC motor to provide variable 

head rotation (0 to 180 RPM) and also adapted to a pneumatic system to provide down 

force control during polishing (6.9 to 41.4 kPa). The equipment includes a slurry 

injection system consisting of a peristaltic pump and a loc-line modular hose to hold the 

plastic tubing. The loc-line modular hose allows the accurate placement of the slurry 

delivery location. A conditioning system, consisting of a diamond disc, is mounted on the 

apparatus for in-situ or ex-situ use.  

In order to measure the shear force between the pad and the wafer during 

polishing, a sliding table consisting of three parallel plates is placed beneath the polisher 

(see Fig. 3.2). The parallel plates allow the IPL-FMC 200-mm polisher to measure the 

components of the friction force in X- and Y-directions, which are defined by the 

mechanical constraints of the pairs of plates (see Fig. 3.3). During measurement of the 

friction force, as the wafer and pad are engaged, the top plate of each pair will tend to 

slide with respect to the bottom plate in one direction only. By coupling the two plates to 

a force transducer with an accuracy of 0.03%, the tendency for sliding can be quantified. 

The force transducer resists the sliding movement of the top plate, generating a voltage 

reading that is sent to a strain gauge amplifier and then to a data acquisition board. The 

apparatus is calibrated to report the friction force associated with a particular voltage 

reading. 
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Figure 3.1: The IPL-FMC 200-mm CMP system. 
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Figure 3.2: The IPL-FMC 200-mm CMP system mounted on the two dimensional sliding 

friction tables. 

 

 

Figure 3.3: Illustration of the location of the wafer center relative to the pad center and 

the shear forces (Fx and Fy) measured on the IPL-FMC 200-mm CMP system. 
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Equation 3.1 is used to calculate COF  (time average coefficient of friction) and 

to explain the lubrication mechanism during polishing. However, for this system the 

friction force measured is the resultant shear force calculated from the separately 

measured X- and Y-components. Equation 3.2 shows the calculation of the shear force 

for the IPL-FMC 200-mm system. 

 

                                                     
normal

shear

F
FCOF =                                                        Eq. 3.1 

 

                                                  2
y

2
x FFFshear +=                                                     Eq. 3.2 

 

In the Eq. 3.2, shearF  represents the resultant shear force, xF  represents the shear 

force measured during polishing in the X-direction, and yF  represents the one measured 

in the Y-direction. 

In the IPL-FMC 200-mm polisher system the conditioner and slurry delivery 

systems are automated by a computer using National Instruments LabVIEW® integration 

software. This computer is also used to collect the shear force measurement and to 

calibrate the friction table, pneumatic system, conditioner rotations and oscillations and 

slurry delivery system. The rest of the equipment systems (pad rotation, wafer rotation 

and applied pressure) are manually setup before each polish. 
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3.1.2 Table Top Polisher 

The main body of the system consists of a table top manufactured by Fujikoshi 

Machinery Corporation in Japan and sent to IPL at the University of Arizona to be 

incorporated into the 200-mm polishing system. The machine is 800 (width) x 800 (high) 

x 800 (deep) mm and weights approximately 1000 kg. The system has variable platen 

speed in the range of 0 to 200 RPM. This is accomplished by a 2.2 kW reduction helical 

gear motor manufactured by Tsubaki Co. The platen is 500 mm in diameter and made of 

ductile cast iron (FCD-450) with a flatness precision of 5 μm. The platen temperature can 

be controlled by a cooling system incorporated to the platen.  

Figures 3.4-6 present side, top and front view drawings of the FMC table top 

polisher. A control panel shown in Fig. 3.6 is used to control the platen rotation. The set 

panel allows for a digital display of the platen rotating speed. Since the controller ensures 

proper rotation speed, no platen rotation speed calibration is necessary. However, the 

rotation speed was verified via tachometer before use. 
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Figure 3.4: Side view drawing of the FMC table top polisher. 

 

 

Figure 3.5: Top view drawing of the FMC table top polisher. 
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Figure 3.6: Front view drawing of the FMC table top polisher. 

 

3.1.3 Wafer Carrier and Polishing Head Mechanism 

A modified drill press is used to rotate the wafer during polishing, and pneumatics 

are used to apply the pressure on the wafer. Detailed description and calibration 

procedures of the pneumatics system will be provided in Section 3.1.6. The polishing 

head assembly mounted on the drill press is manufactured by Ebara® Technologies. A 

steel frame is built around the FMC table top in order to attach all the necessary 

mechanisms (drill press, pneumatics for wafer pressure, conditioning system etc.) of the 

polishing system. 

 The Ebara® head assembly consists of three parts: the shaft with a gimbal system, 

the ceramic head (wafer carrier) and the retaining ring (see Figure 3.7). The entire piece 

containing the shaft and gimbal system is made of stainless steal. The gimbal system on 
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the Ebara® head assembly is made up of three pivot points mounted on axes at right 

angles. The pivot points consist of three stainless steel screws and three springs of equal 

length and spring constant. The screws also secure the ceramic head to the shaft. This 

design allows the wafer mounted on it to remain in a horizontal plane regardless of the 

motion of its support, decreasing the within-wafer-nonuniformity (WIWNU). The 

diameter of the ceramic head is 230 mm with a backing film template made by PR 

Hoffman® attached onto the head. The backing film is a buffed porous material backed 

by a non-absorbent fabric. The buffed porous material, when wet, produces a sufficient 

adhesion force to securely hold the wafer in place. A plastic retaining ring, excluding 15 

mm of the total ceramic head diameter, allows 200 mm diameter wafers to fit within the 

template. The retaining ring is also used to create a wafer pocket between the backing 

film and the retaining ring. The depth of the pocket is less than the thickness of the wafer 

allowing only the surface of the wafer to interact with the pad. 

 

 

Figure 3.7: The Ebara® head assembly used in the IPL-FMC 200-mm CMP tool. 
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A DC controller integrated into the drill press is used to control the head assembly 

rotation speed, hence the wafer sliding velocity. The DC controller is also attached to the 

steel frame around the FMC table top. The possible wafer rotation speeds fall within the 

range of 0 to 150 RPM. The dial setting of the controller is periodically calibrated via a 

tachometer. 

 

3.1.4 Pad Conditioning System 

In this system pad diamond conditioning is also performed via a removable 

assembly mounted on the 200-mm polisher that allows in-situ and ex-situ conditioning. 

Down force is applied by stacking weights on the carrier as shown in Fig. 3.8. The figure 

shows that multiple weights can be stacked on the carrier to provide the desired pressure. 

In addition to the weights, the weight of the carrier must be considered in order to set up 

a specific down pressure during pad conditioning. Two motors allow the conditioning 

disc to rotate and sweep independently across the pad. 
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Figure 3.8: Weight carrier for the pad conditioning system used in the IPL-FMC 200-mm 

CMP tool. 

3.1.5 Slurry Delivery System 

The slurry delivery system consists of a peristaltic pump and a loc-line modular 

hose to hold the plastic tubing. The loc-line modular hose allows the accurate placement 

of the slurry delivery location. A Masterflex peristaltic pump is used to deliver the slurry 

from a container onto the center of the pad surface through a Tygon® corrosion resistant 

tubing. This type of pump was chosen because an open pump would be susceptible to 

clogging and corrosion from the slurry. Before polishing the pre-set flow rate control of 

the pump was verified based on tubing size. Then the relationship between the rotation 

rate of the pump drive shaft and flow rate was acquired and input into the LabVIEW® 

program. The pump was controlled by the computer via an RS-232 cable which enabled 

communication to the computer without amplification. 
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3.1.6 Pneumatics System 

In the IPL-FMC 200-mm CMP tool, the Ebara® head assembly is attached to an 

air cylinder manufactured by Motion Controls. The air cylinder not only allows the wafer 

carrier to move up and down, but also, provides applied wafer pressure during polishing. 

Figure 3.9 shows the schematics of the air cylinder used in the IPL-FMC 200-mm 

polisher to control the applied wafer pressure. 

 

 

Figure 3.9: Schematic of the air cylinder used to control the applied wafer pressure in the 

IPL-FMC 200-mm CMP tool.  

 

3.1.7 Operating Procedure 

This section describes IPL-FMC 200-mm polisher system operation in detail for 

performing CMP on 200-mm wafers or discs. These procedures refer to information 

presented in figures and tables from the previous sections. 
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1. Prior to experimentation, an overall inspection of the tool should be 

performed. If wear or malfunction of any part of the system is apparent, the 

parts should be replaced. 

2. The pad to be used should be cut to the appropriate diameter for the IPL-

FMC 200- mm tool platen and placed on the platen. 

3. The pad conditioning system must be mounted on the table top polisher and 

secured with four screws (one in each corner). The carrier must contain the 

conditioner disc to be used during polishing. 

4. Required weights must be added to the conditioner carrier to establish a 

desired conditioner disc pressure. 

5. The two stepper motors in the conditioning system must be connected to 

computer control box. Two connections are needed, one for the rotation and 

one for the oscillation of the conditioner disc. 

6. At this point the computer control box can be turned on. The operator must 

also log on into the computer in order to be able to operate the LabVIEW
®

 

software. 

7. The FMC table top polisher platen must be turn on by first releasing the 

security ‘STOP’ (red knob) and pressing the ‘ON’ button. This will not make 

the platen rotate. To rotate the platen one must press the ‘RUN’ button on the 

front panel and adjust the white knob to the desired RPM. The digital display 

will show the rotation speed in RPM. Once the desired RPM is established 

the ‘STOP’ button can be pressed. The velocity established will remain the 
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same until the next time ‘RUN’ button is pressed. 

8. Before experimentation, a new pad should be broke-in by conditioning with 

ultrapure water (UPW) for 30 minutes. In the case of this dissertation, only 

one dead-weight was added to the carrier resulting in a conditioner pressure 

of 0.5 PSI (3.45 kPa). 

9. The line connecting the compressor to the pneumatics system of the IPL-

FMC 200- mm polisher must be pressurized by opening the respective valve 

in front of the compressor. 

10. The DC volts meter box (gray box) to control the pressure in the line must be 

turned on. The pressure in the line can be adjusted by the black knob in the 

DC volts meter. Increasing the volts in the DC volts meter will increase the 

pressure in the line (indicated in the pressure gauge on top of the DC volts 

meter). 

11. The stop mechanism for the head assembly located at the back of the drill 

press must then be released. The security nut must be rolled all the way to the 

top of the rod and taken out. This will release the wafer carrier and allow 

pressure to be applied onto the pad. The head can be moved up and down 

using the black handle (moving the handle down can raise the head and 

moving the handle up can lower the head). 

12. The desired applied pressure can be set by adjusting the pressure in the line 

via the DC volts meter. This must be done before substrate polishing. 

13. The wafer carrier template must be wetted with UPW and the wafer or disc 
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(side to be polish facing down) must be adhered to the template. It is 

important to visually inspect that the wafer or disc is located within the 

retaining ring to prevent the wafer or disc from slipping out of the carrier 

during polishing. 

14. The laser digital tachometer is then used to establish the desired rotational 

velocity of the Ebara
®

 head. The DC speed control box is turn on to control 

the velocity of the head. The rotational velocity can be adjusted by turning 

the black knob. The maximum reachable velocity is 180 RPM. 

15. To polish a wafer, the ‘RUN’ button on the FMC table top front panel is 

pressed and the speed controller of the wafer carrier is turned on. 

16. Using the LabVIEW
®

 software in the computer, the desired slurry flow rate, 

as well as the conditioner disc rotations and oscillations are set. 

17. The wafer carrier is brought down smoothly. Once the pad and the wafer are 

in contact, the handle is pressed all the way to the top in order to quickly 

reach the desired pressure. At this time the stopwatch can be started to record 

the polishing time. 

18. The platen and wafer carrier rotation control switches are turned off after the 

desired polishing time, even though the wafer or disc continued to rotate a 

few seconds after the polishing time was completed. 

19. The slurry delivery and pad conditioning systems were stopped. 

20. The wafer or disc from the carrier was taken out and washed with UPW. 

Using a squirt plastic bottle the template on the Ebara
®

 head was washed with 
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UPW before the next wafer or disc could be mounted. 

21. For additional polishes Steps 13 to 19 were repeated. 

22. At the end of all experiments several parts of the system were cleaned. The 

template in the wafer carrier was cleaned with UPW. The conditioner stepper 

motors cables were disconnected and the conditioner was dismounted off the 

table top. The conditioner diamond disk was washed with UPW and gently 

cleaned with a toothbrush. The pad was dismounted from the template and 

rinsed with UPW (if necessary, the pad was left to dry for post CMP pad 

analysis). All slurry that splashed on the FMC table top was cleaned. The 

head was secured with the nut on the back of the drill press. The main air 

valve next to the compressor was closed and the suction/blowing valve was 

opened to purge the air from the line. All valves were closed and the control 

box was turned off. 

 

3.1.8 Polisher Control System Computer Automation 

In the case of the IPL-FMC 200-mm polisher system, the pad conditioning and 

slurry delivery systems were controlled by the computer via the National Instruments 

LabVIEW
®

 interface. The settings for operating parameters were directly input into the 

control panel of the LabVIEW
®
 program (see Fig. 3.10), and then converted into voltage 

outputs. The transfer of these voltage signals was accomplished by a shielded national 

Instruments connecter block, which connected the LabVIEW
®

 control interface with the 

operating components of the CMP system. LabVIEW® served not only as data 
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acquisition software, but also as a data analysis package. For example, acquired real-time 

load cell voltage outputs could be converted into real-time coefficient of friction (COF) 

values at once. 

 

 

Figure 3.10: LabVIEW® program control panel used in the IPL-FMC 200-mm polisher 

system. 

 

3.2 The Araca APD-500 Polisher and Tribometer 

The APD-500 tool is a single-platen polisher and tribometer designed for 200-mm 

CMP and silicon polishing applications. It is manufactured by Fujikoshi Machinery 
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Corporation with data collections and analyses hardware and software integrated by 

Araca, Inc. The tool has the unique ability to accurately measure shear force and down 

force in real-time during CMP. Force data are analyzed by integrated software programs, 

and force spectra are generated to provide fundamental characterizations of the 

tribological attributes of polishing processes. Figure 3.11 shows the hardware 

components of the tool. Their functions are listed in the Table 3.1.  

 

 

Figure 3.11: The APD – 500 polisher and tribometer. 
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Part Part Name Function 
A Wafer and conditioner carriers motors Operate wafer and conditioner carriers 
B Signal conditioners Reset and amplify force signal 
C Right panel See Figure. 3.13 for more details 
D Control panel Control hardware operation 
E Front panel See Figure 3.12 for more details 
F Platen, wafer and conditioner carriers See subsequent sections for more details
G Inside panel Operate manually 
H Platen base Support platen 
I Slurry/water tank and pump Store and pump slurry/water  

 

Table 3.1: Parts of the APD-500. 

 

The front panel of the APD-500 is shown in Fig. 3.12. Its components’ functions 

are listed in the Table 3.2. 

 

 

Figure 3.12: The front panel of the APD-500. 
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Part Part Name Function 

A Secondary ON switch Turn on tool power after the primary “On/Off” 
switch is turned on 

B Secondary OFF switch Turn off tool power before the primary “On/Off” 
switch is turned off 

C Emergency stop button Stop tool operations immediately in emergency 
D Manual/auto run switch Switch run mode between manual and auto 
E Auto run START button Start polishing sequence for auto run mode 

F Auto run STOP button Stop polishing sequence for auto run mode; reset 
tool after alarm deactivation 

G Tank agitator switch Mix slurry in the tank 
H Output data channels Output data to data acquisition board 

 

Table 3.2: Parts of the APD-500 front panel. 

 

The right panel of the APD-500 is shown in Figure 3.13. Its components’ 

functions are listed in the Table 3.3.  

 

 

Figure 3.13: The right panel of the APD-500. 
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Part Part Name Function 
A Signal amplifier Reset and amplify force signal 
 

B 
 
Operation status light 

Indicate tool operation status (green light 
indicates the tool is running without an error; red 
light indicates the tool is running with an error) 

C Control panel Control tool operation 
D Primary ON/OFF switch Turn on and off tool power 

 

Table 3.3: Parts of the APD-500 right panel. 

 

3.2.1 Polisher and Z-Direction Load Cells 

Figure 3.14 shows the body of the polisher and two load cells located in the front 

side (i.e., Fz 1 and Fz 2). Its components’ functions are listed in the Table 3.4. The 

polisher incorporates a stainless steel platen on to which a polishing pad is attached. 

Some CMP slurries contain oxidizers and can be in highly acidic or basic solutions; 

hence a stainless steel material is chosen to minimize corrosion.  The body of the polisher 

is set-up on top of four load cells. Figure 3.15 illustrates the location of the four load cells 

from the top view. The load cell converts the actual force during polishing into a voltage 

signal. The voltage signal is then transferred to an amplifier and the output signal is ready 

for data acquisition. The applied force is linearly correlated with the voltage signal and 

all load cells are pre-calibrated by the manufacturer.  
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Figure 3.14: Polisher and load cells of the APD-500. 

 

Part Part Name Function 
A Polisher base Support platen 
B Z-direction load cells Measure down force (4 units, one on each corner) 

 

Table 3.4: Parts of the APD-500 polisher base. 
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Figure 3.15: Location of the four load cells for down force measurement. 

 

Figure 3.16 shows an example of actual forces applied on four load cells during 

CMP. All load cells acquire the force measurement in a frequency of 1,000 Hz. Load 

cells installed in Fz 2 and Fz 3 are placed nearby the wafer carrier head. Therefore, load 

cells Fz 2 and Fz 3 have relatively higher actual forces than load cells in Fz 1 and Fz 4. 

 

 

Figure 3.16: Example of actual forces applied on the four load cells during CMP. 
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The actual down force applied on top of the polishing pad is reported as the 

summation of four load cells as shown in Figure 3.17. 

 

 

Figure 3.17: The overall actual down force during CMP. 

 

3.2.2 Wafer Carrier System and X- and Y-Direction Load Cells 

Figure 3.18 shows the wafer carrier system. A motor and a hydraulic piston are 

installed for the rotation and vertical movement of the carrier head (i.e., the brown 

circular head). Two separate vacuum-pressure lines are installed inside the wafer carrier 

system. One line is connected to holes in a ceramic template for holding the 

polycarbonate template (i.e., the wafer holder). The holes in the ceramic template allow 

the vacuum line to hold the polycarbonate template during polishing. The other line is for 

applying pressure to a chamber for the whole ceramic template, which applies the wafer 

down force during polishing.  
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Figure 3.18: Wafer carrier system of the APD-500. 

 

Figure 3.19 shows the ceramic template of the wafer carrier head. The ceramic 

template is secured by a circular rubber sheet along the perimeter to the outer part of the 

head (i.e., brown stainless steel). The rubber sheet acts as a gimbal system for the ceramic 

Vacuum-Pressure 
Lines 

Carrier Head 
Motor 

Hydraulic Piston

Pressure 
Chamber 

Carrier Head 



 
 

125

template to accommodate the dynamic process among the pad, wafer and slurry causing a 

dynamic tilting of the wafer during polishing.  

 

 

Figure 3.19: Ceramic template in the wafer carrier head. 

 

Figure 3.20 shows the polycarbonate template with a backing film attached to the 

polished side. The backing material used in this system is also made by PR Hoffman
®

 

with the same properties as the one described for the IPL-FMC 200-mm polisher system. 

The backing film consists of a sheet of carrier film and a retaining ring. The geometry of 

the retaining ring is 7.895 inches in inside diameter and 8.9 inches in outside diameter. 

The retaining ring secures the wafer, which is attached on the top of the carrier film, and 

prevents it from slipping away during polishing. In the meantime, it is also critical to 

have a retaining ring which has a pocket depth less than the thickness of the polished 
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wafer so that only the protruded surface of the wafer interacts with the pad. For this 

system, the pocket depth is 0.025 inches.  

 

 

(a)                                                           (b) 

Figure 3.20: (a) The polishing side and (b) back side of polycarbonate template with 

backing film installed in the polishing side.  

 

As shown in Fig. 3.20(b), there is a polycarbonate ring protruding along the 

perimeter of the back side of the polycarbonate template. The inner diameter of this ring 

is constructed slightly larger than the diameter of the ceramic template. The 

polycarbonate template is manually loaded to the ceramic template. The vacuum line is 

turned on to securely hold the polycarbonate template as shown in Fig. 3.21. 
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Figure 3.21: Polycarbonate template installed in wafer carrier head 

 

To measure the shear force during CMP, two load cells in an X- and Y- direction 

are installed in the wafer carrier system as shown in Fig. 3.22. The wafer carrier system is 

constructed on two parallel plates (i.e., stainless steel plate) attached on top of the rigid 

frame of the APD-500 (i.e., painted in white). Between the bottom plate and rigid frame 

of the APD-500, there are two parallel sliders that allow the bottom plate movement to 

stay in the same orientation as the center of the pad and the center of the wafer. A load 

cell called ‘Fx’ is installed, shown in Figure 3.22, to restrict such movement and to 

quantify forces in that particular direction. Between the top and bottom plates, there are 

two parallel sliders that allow the movement of the top plate to stay within a 

perpendicular orientation to the center of the pad and center of the wafer. A load cell 

called ‘Fy’ is installed, shown in Figure 3.22, to restrict such movement and to quantify 

forces in that particular direction. The shear force generated between the pad and wafer 
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during polishing is transferred to the top and bottom plates. The load cells convert the 

actual force during polishing into a voltage signal. The voltage signal is then transferred 

to an amplifier and the output signal is ready for data acquisition. The force is linearly 

correlated with the voltage signal and all load cells are pre-calibrated by the manufacturer. 

 

 

Figure 3.22: The load cells in X- and Y-direction of the APD-500. 

 

During polishing, it must be noted that the force in the X-direction is not 

significant. This is due to the particular configuration of the APD-500. The orientation of 

the wafer carrier, platen, Fy load cell and Fx load cell maximizes the shear force generated 

during polishing to the top plate, i.e., Fy load cell. The forces in the Fx load cell tightly 

fluctuate near the 0 lbf region as shown in Fig. 3.23. Therefore, in this dissertation, the 

forces in the Fy load cell are reported as the actual shear force. 

Fx 
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Figure 3.23: Example of 3-D forces during CMP using APD-500. 

 

3.2.3 Pad Conditioning System 

The pad conditioning system of the APD-500 is shown in Fig. 3.24. A motor is 

installed for the rotation of the conditioner disc. Connected to the rail, the conditioner is 

also sweeping the pad radially during polishing. The sweep schedule is sectioned into 10 

different zones. Users can input the length of the zone as well as the sweeping speed or 

the dwelling time in the defined zone.  

The conditioning down force depends solely on the dead weight of the conditioner 

head and the metal rod that connects the conditioner head to the conditioner system. To 

apply a different conditioning down force, additional dead weight can be placed on top of 

the conditioner head. Figure 3.25 shows a dead weight installed on top of the conditioner 

head. 

Figure 3.26 shows the side view of the conditioner head. There is a rubber sheet 

installed between the conditioner disc and its upper plates. A pressure line is connected to 

a chamber surrounded by the rubber sheet and during polishing it is able to accommodate 

the dynamic processes among the pad, disc and slurry that cause dynamic tilting of the 
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disc during polishing. The component of the conditioner head is shown in detail in Fig. 

3.27. Its components’ functions are listed in the Table 3.5. 

 

 

Figure 3.24: Conditioning system of the APD-500. 
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Figure 3.25: Conditioner head with a dead weight. 

 

 

Figure 3.26: Side view of the conditioner with the annular case being dissembled. 
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Figure 3.27: Components of the conditioner set. 

 

Part Part Name Function 
A Conditioner casing Contain conditioner  

B Flex plate Seal base plate to attachment plate and provide 
gimbal mechanism  

C Diamond disc (one) Condition pad surface  
D Attachment screws Attach diamond disc to base plate 
E Base plate Anchor diamond disc to attachment plate 
F Inner plate Attach flex plate to base plate 

 

Table 3.5: Parts of the APD-500 conditioner system. 
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3.2.4 Slurry Distribution System 

The APD-500 has three independent slurry tanks as shown in Fig. 3.28. Each tank 

is equipped with an agitator to constantly mix the slurry. The slurry is pumped to the pad 

surface using an electromagnetic pump. The tubing of the slurry is directed to the pad 

surface using a slurry delivery nozzle with a blue and orange color shown in Fig. 3.29. 

 

Figure 3.28: Three slurry tanks for the APD-500. 

 

Figure 3.29: Slurry delivery nozzle. 
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3.2.5 Data Acquisition Program 

The data acquisition program designed for the APD-500 is written in LabVIEW®. 

The data acquisition program has two sub-programs: a conditioning down force program 

and a polishing measurement program. If in-situ conditioning is performed during 

polishing, it is necessary to measure the conditioning down force before polishing tests. 

This is due to the fact that the down force measured during polishing includes the 

conditioning down force. Therefore, the conditioning down force must be subtracted 

from the measured down force to obtain the actual wafer polishing force. The actual 

down force is used to calculate the coefficient of friction. Figure 3.30 shows the interface 

of the conditioning down force program. 

 

 

Figure 3.30: Data acquisition program for the APD-500: Conditioning down force. 
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The polishing measurement program, shown in Fig. 3.31 is used to acquire the 

polishing parameters in real-time during the actual wafer polishing.  

 

Figure 3.31: Data acquisition program of the APD-500: Polishing measurement. 

 

The interface displays the collected data in real-time that includes: 

• Forces 

The graph shows Fx, Fy and Fz measurements. Data for Fx, Fy, Fz are 

shown in blue, red and green, respectively. 

• Slurry flow rate 

The graph shows the flow rates of Tank #1, Tank #2 and Tank #3 in blue, 

red and green, respectively. 
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• Velocity 

The graph shows the rotational velocity of the pad, wafer and conditioner 

in blue, red and green, respectively. 

• Conditioner position 

 The graph shows the conditioner position relative to the edge of the platen. 

• Conditioner oscillation 

 The graph shows the conditioner sweep velocity. 

 

3.2.6 Tools Specifications 

Tool and major hardware specifications for the APD-500 polisher and tribometer 

are listed in Table 3.6. 
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Dimension 
L (1.10 m) 
W (0.66 m) 
H (1.80 m) 

Weight Approximately 1000 kg 
Power supply AC 200 V, 3 phases, 60 Hz, 10 kW

APD - 500 

Air supply 0.5 MPa, 550 l/min 
Diameter 500 mm 
Material SUS410 

Rotation direction Counter-clockwise 
Rotation range 15 - 200 rpm 

Flatness Convex 10 μm 
Platen 

Cooling water supply 0.3 MPa, 15 l/min 
Wafer diameter 200 mm (or smaller) 

Down force range 0.7 – 5.7 PSI 
Down force control Pneumatic, + 0.4% 
Rotation direction Counter-clockwise 

Wafer Carrier 

Rotation range 10 - 200 rpm 
Conditioner diameter 108 mm Conditioner 

Carrier Rotation direction Counter-clockwise 
Rotation range 10 - 100 rpm 
Sweep distance 147 mm 
Sweep velocity 0 - 500 mm/sec 

Conditioner 
Carrier 

Down force 3.3 – 13.2 lbf 
Rotation range 10 - 100 rpm 
Sweep distance 147 mm 
Sweep velocity 0 - 500 mm/sec 

Conditioner 
Carrier 

Down force 3.3 – 13.2 lbf 
Number of tanks and pumps 3 

Tank volume 20 liters 
Pump type Electromagnetic pump 

Slurry/Water 
Delivery System 

Flow rate range 10 - 300 ml/min 
Number of load cells 6 

Maximum load 1 kN Load Cell 
Temperature range -10 - 50 ºC / 14 - 122 ºF 

 

Table 3.6: The APD-500 components specifications (Source: APD-500 user manual). 
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3.3 The Araca APD-800 Polisher and Tribometer 

The APD-800 is a single-platen polisher and tribometer designed for CMP and 

polishing of substrates as large as 300 mm. It is manufactured by Fujikoshi Machinery 

Corporation and powered by Araca Inc.’s FSX-800 hardware and software for signal 

generation, acquisition and analysis system.  

Intended for process research and development, APD-800 provides flexible and 

robust capability for a variety of polishing applications. Like the APD-500, the APD-800 

can accurately measure shear force and down force in real-time during CMP and 

polishing. Force data are analyzed by integrated software programs, and force spectra are 

generated to provide fundamental characteristics of the tribological attribute of polishing  

 



 
 

139

 

Figure 3.32: The APD-800 polisher and tribometer. 
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processes. Figure 3.32 shows the hardware components of the tool. Their functions are 

listed in the Table 3.7. Some individual hardware components and their functions are 

described in more detail in subsequent sections. 

 

Part Part Name Function 

A Wafer carrier motor Operate rotation and pressure 
application of wafer carriers 

B Shear force load cell Measure shear force 

C Conditioner carrier motor Operate rotation and oscillation of 
conditioner 

D Control panel Control hardware operation 
E On/Off switch Turn on/off the APD-800 

F Emergency stop switch Turn off APD-800 immediately in case 
of emergency 

G Automatic run switches Run polishing with automatic set up 

H Manual switches Attach/release wafer and raise/lower 
carrier 

I Signal conditioners and amplifiers Reset, amplify and calibrate force signal 
from load cells 

J Platen, wafer and conditioner carriers See more details in subsequent sections 

K Down force load cells 
Measure down force. There are two 
more load cells on the rear side (not 
shown) 

L Tank and slurry delivery system Deliver slurry or water to the system 
 

Table 3.7: Parts of the APD-800. 

 

The front panel of the APD-800 is shown in Figure 3.33. Its components’ 

functions are listed in the Table 3.8. 
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. 

Figure 3.33: The front panel of the APD-800. 
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Part Component Function 

A Control panel Control hardware operation 

B Secondary ON switch Turn on APD-800 after the primary “On/Off” 
switch is turned on 

C Secondary OFF switch Turn off APD-800 before the primary “On/Off” 
switch is turned off 

D Emergency stop switch Stop polisher operations immediately in case of 
emergency 

E Auto run STOP switch Stop polishing sequence for automatic run set-
up; reset tool after alarm deactivation 

F Auto run START switch Start polishing sequence for automatic run set- 
up 

G Manual/auto run switch Switch run mode from manual to auto and vice 
versa 

H USB connector Connect APD-800 to the PC 

I Shear force conditioner and 
amplifier 

Reset, amplify and calibrate shear force signal 
from load cell 

J Down force conditioner and 
amplifier No. 1 

Reset, amplify and calibrate down force signal 
from load cell No. 1 

K Down force conditioner and 
amplifier No. 2 

Reset, amplify and calibrate down force signal 
from load cell No. 2 

L Down force conditioner and 
amplifier No. 3 

Reset, amplify and calibrate down force signal 
from load cell No. 3 

M Down force conditioner and 
amplifier No. 4 

Reset, amplify and calibrate down force signal 
from load cell No. 4 

 

Table 3.8: Parts of the APD-800 front panel. 

 

The primary ON/OFF switch is located at the right side of the APD-800. It is 

shown in Fig. 3.34. 
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Figure 3.34: Primary ON/OFF switch. 

The left panel of the APD-800 is shown in Fig. 3.35 and its components’ 

functions are listed in Table 3.9. This panel is used for manual operation of the tool by 

bypassing the control panel computer. It is not recommended to use the left panel unless 

the control panel is not functional. 
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Figure 3.35: The left panel of the APD-800. 

 

Part Part Name Function 
A Wafer Vacuum Ejector Release vacuum of wafer 
B Wafer Vacuum Attach wafer to carrier plate 
C Wafer Blow Release wafer from carrier plate 
D Carrier Plate Vacuum Ejector Release vacuum of carrier plate 
E Carrier Plate Vacuum  Vacuum carrier plate 
F Carrier Plate Press Apply pressure from carrier to pad 
G Conditioner DOWN Put conditioner on the pad 
H Conditioner UP Lift conditioner 

 

Table 3.9: Parts of the APD-800 left panel. 
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The switches on the front side of the APD-800 are shown in Fig. 3.36 and their 

functions are listed Table 3.10. These switches are used for manual operation and operate 

independently from the control panel. 

 

 

Figure 3.36: Manual switches. 

 

Part Part Name Function 
A Carrier UP Lift wafer carrier 
B Carrier Down Lower wafer carrier 
C Wafer VAC Attach wafer to carrier 
D Wafer BLOW Release wafer from carrier 

 

Table 3.10: Parts of the manual switches. 

 

3.3.1 Polisher and Z-direction Load Cells 

Figure 3.37 shows the platen and platen motor of the polisher and two Z-direction  
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Figure 3.37: Polisher and Z-direction load cells of the APD-800. 

 

load cells in the front side. The platen is 800 mm in diameter and made of ceramic 

material SUS410 with a built-in heat exchanger underneath. It is driven by the platen 

motor with variable rotation rate in the range of 20 to 180 RPM. Similar to the APD-500, 

the APD-800 has four load cells under the polisher body (one at each corner) to record 

the down force. The mechanism of down force measurement has been described in detail 

in previous section (Section 3.2.1). 

 

3.3.2 Wafer Carrier System and Y-Direction Load Cells 

Figure 3.38 shows the wafer carrier system of the APD-800. Similar to that of the 

APD-500, a motor is installed for the rotation movement of the carrier head, providing 

Front Z-Direction 
Load Cells 

Platen 

Platen 
Motor 
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variable rotation rate in the range of 15 to 120 RPM. However, different from the wafer 

carrier system of the APD-500, a stepper motor, instead of a hydraulic piston, is used to 

control the vertical movement of the carrier head. This allows the accurate control of 

carrier head movement in vertical direction.  

The mechanisms of holding wafer and applying pressure in the APD-800 are 

same with those in the APD-500 (described in Section 3.2.2). Compared to the APD-500, 

the APD-800 has a larger wafer carrier head which allows 300 mm diameter wafers to be 

mounted on the ceramic template using a 300-mm polycarbonate template. In addition, a 

retaining ring adaptor (courtesy of Araca Inc. and Entegris Inc.) enables the use of the 

300-mm industry standard retaining ring [i.e., for the Applied Materials (AMAT) 

Reflextion® polisher] on the APD-800. Figure 3.39 shows the aluminum retaining ring 

adaptor. On the polishing side, a 300 mm diameter plastic disc is mounted on the adaptor 

by 12 screws. Along the periphery of the center plastic disc, there are 18 drills for 

mounting the retaining ring on the adaptor with screws. On the back side, an O-ring is 

embedded along the perimeter of the retaining ring adaptor to keep the vacuum constant 

in the pocket contacting the ceramic template, avoiding the separation of the adaptor from 

the carrier head during polishing. 
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Figure 3.38: Wafer carrier system of the APD-800. 
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   (a)                                                    (b) 

Figure 3.39: (a) The polishing side and (b) back side of retaining ring adaptor. 

 

Figure 3.40 shows the adaptor with retaining ring installed. It should be noted that 

the thickness of the center plastic disc is less than the thickness of the retaining ring so 

that only the retaining ring contacts the pad. Figure 3.41 shows the retaining ring 

assembly mounted on the APD-800 carrier head. 

 

 

Figure 3.40: Adaptor with retaining ring installed. 
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Figure 3.41: Retaining ring assembly mounted on the APD-800 carrier head. 

 

Unlike the APD-500, the APD-800 only has one load cells installed in Y-direction 

to record the shear force generated during polishing, as shown in Fig. 3.42. Because the 

APD-800 has the same configuration with the APD-500, which maximizes the shear 

force generated in the Y-direction during polishing, no load cell in the X-direction is 

required (i.e., the shear force in the X-direction is not significant as shown in Section 

3.2.2). 

 

 

Figure 3.42: Frictional table and Y-direction load cell in the APD-800. 

Friction Table 

Y-Direction 
Load Cell 
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3.3.3 Pad Conditioning System 

Figure 3.43 shows the pad conditioning system of the APD-800. A motor and a 

hydraulic piston are installed for the rotation and vertical movement of the conditioner. A 

stepper motor is used to control the horizontal movement of the conditioner. This allows 

the conditioner of the APD-800 to sweep the pad radially during conditioning. The sweep 

schedule is sectioned into 10 different zones as well. Operators can input the length of the 

zone as well as the sweeping speed or the dwelling time in the defined zone to change the 

conditioning scheme easily. 

 

 

Figure 3.43: Conditioner system of the APD-800. 
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A vacuum-pressure line is installed inside the conditioner system to apply 

pressure on the conditioner via a pressure chamber (see Fig. 3.44). User can input the 

down force on the conditioner from 3.3 to 13.2 lbf using the control panel. 

 

 

Figure 3.44: Conditioner of the APD-800. 

 

The configuration and components of the conditioner set of the APD-800 are 

same with those of the APD-500. The description in detail is presented in Section 3.2.3. 

 

3.3.4 Slurry Distribution and Temperature Measurement Systems 

The APD-800 has three independent slurry tanks. Each tank is equipped with an 

agitator to constantly mix the slurry as shown in Fig. 3.32. The slurry is pumped to the 

pad surface using an electromagnetic pump. The tubing of the slurry is directed to the 

pad surface using the slurry delivery nozzles (see Fig. 3.45). Three delivery nozzles are 

connected to the three slurry tanks respectively.  
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Chamber 
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The temperature sensor shown in Fig. 3.45 is a single-point pad surface infrared 

(IR) detector. It is set up on an arc rail surrounding the carrier head, which makes it 

possible to adjust the projection point of the temperature sensor on the pad surface. 

 

 

Figure 3.45: Slurry delivery nozzles and temperature sensor. 

 

3.3.5 Data Acquisition Program 

The data acquisition program designed for the APD-800 is written in LabVIEW® 

8.0. The data acquisition program has two sub-programs: a conditioning down force 

program and a polishing measurement program. The reason of measuring the 

conditioning down force before polishing tests is explained in Section 3.2.5. Figure 3.46 

show the interface of the conditioning down force program. 
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Figure 3.46: Data acquisition program of the APD-800: Conditioning down force. 

 

The polishing measurement program consists of two sub-programs: a transient 

measurement program and a current measurement program. The transient measurement 

program displays data collected in a period of time during tests (see Fig. 3.47). Its 

interface displays the collected data in real-time that includes five categories: 

• Forces 

The graph shows shear force and down force measurements in red and 

green, respectively. 

• Temperature 

The graph shows temperature of a point on the pad. 

• Flow rate 

The graph shows the flow rates of tank 1, tank 2 and tank 3 in blue, red 
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and green, respectively. 

• Velocity 

The graph shows the rotational velocity of pad, wafer and conditioner in 

blue, red and green, respectively. 

• Conditioner position and oscillation 

The graph shows the conditioner position relative to the edge of the platen 

and oscillation rate in blue and red, respectively. 

• Motor current 

The graph shows the conditioner, platen and carrier motor current in blue, 

red and green, respectively. 

 

 

Figure 3.47: Data acquisition program of the APD-800: Polishing measurement, 

Transient measurement. 
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The current measurement program displays the instant values of data that are 

being collected during tests (see Fig. 3.48). Its interface presents 14 numeric bars to 

display instantaneous values of measured parameters during tests: 

• Temperature (ºC) 

Temperature of a certain point on the pad surface. 

• Shear force (lbf) 

Forces with positive values represent forces pushing the load cell. Forces 

with negative values represent forces pulling the load cell. 

• Down force (lbf) 

Forces with positive values represent forces pressing on the load cell. 

Forces with negative values represent forces lifting the load cell. 

• Flow rate 1 (ml/min) 

• Flow rate 2 (ml/min) 

• Flow rate 3 (ml/min) 

• Pad velocity (RPM) 

• Wafer velocity (RPM) 

• Conditioner velocity (RPM) 

• Conditioner position (mm) 

Conditioner position indicates the distance between the center of the 

conditioner and the edge of the platen. 

• Conditioner oscillation (count/min) 

Conditioner oscillation shows how many times the conditioner reaches the 



 
 

157

center and the edge of the platen per minute. When the conditioner reaches 

the center or the edge of the platen, the value is zero because the 

conditioner stops before going into the opposite direction. 

• Conditioner motor current (A) 

• Platen motor current (A) 

• Carrier motor current (A) 

 

 

Figure 3.48: Data acquisition program of the APD-800: Polishing measurement, Current 

measurement. 

 

3.3.6 Tools Specifications 

Tool and major hardware specifications for the APD-800 polisher and tribometer 

are listed in Table 3. 11. 



 
 

158

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Table 3.11 The APD-800 components specifications (Source: APD-800 user manual). 

 

 

Dedicated high flow rate water rinse injector 
Flow rate up to 3,000 cc/min 

Pad Water Rinse 

Adjustable single-point pad surface IR detector Temperature Sensor 
Shear force (1 sensor) and down force (4 multiplexed sensors)  Force Sensors 

Three computer-controlled, 20-liter, chemical-resistant, 
removable tanks with impeller mixers, roller pumps and level 
sensors. Flow rate = 10 to 450 cc/min.

Chemical Delivery   
Systems  

Scheme = ex-situ or in-situ 
Down force = 3.3 to 13.2 lb 

Sweep velocity = 0 to 500 mm/sec through 10 independently 
controlled zones

Stroke length = 320 mm
Rotation rate = 12 to 120 RPM 
Φ = 108 mm Conditioner  
Built-in heat exchanger (requires external coolant) 
Material = SUS410
Rotation rate = 20 to 180 RPM 
Φ = 800 mm  Platen  
Rotation rate = 15 to 200 RPM  
Pressure = 0.6 to 8.0 PSI (1.4 to 8.0 PSI for 200-mm) 
Down force control = Pneumatic                                                 Wafer Carrier  
300-mm (or smaller) Wafer Size  
Fujikoshi Machinery Corporation and Araca Incorporated Manufacturers 

Flow rate = 15 liters per minute 
Maximum pressure = 43 PSI (300,000 Pa)Platen Coolant Water  
Flow rate = 550 liters per minute
Minimum pressure = 72 PSI (500,000 Pa) CDA  
50 × 150 × 81 cm (three chemical delivery systems) 
80 × 38 × 190 cm (electrical cabinet) 
100 × 140 × 203 cm (polisher) W × L × H  
Notebook computer for process monitoring and data analysis 
Programmable touch-screen controller for polisher operation  Control, Monitoring 

and Analysis  

COF vs. pad temperature 
COF vs. Sommerfeld number  
Shear force and down force Fast Fourier Transform (FFT) Advanced Data 

Analysis and 
Correlation  

Average and variance for the entire (or a subset of the) polishing 
period for all parameters being captured

Basic Data Analysis  
Pad surface temperature
Coefficient of Friction (COF) 
Shear force and down force
Tanks 1, 2 and 3 chemical flow rates

Conditioner rotational velocity, position, oscillation speed and 
motor current

Carrier rotational velocity
Platen rotational velocity Data Capture vs. 

Time (capture 
frequency up to 

2,300 Hz; display 
frequency = 1 Hz)  
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3.4 Analytical Instrumentation 

 

3.4.1 Film Thickness Measurement 

In order to determine removal rates, film thickness measurements were performed 

on ILD wafers pre- and post-CMP. A Film Thickness Probe (FTP) advance reflectometer 

manufactured by SENTECH® was used for all measurements. This instrument is capable 

of measuring the spectral reflectance of substrates, single films and layer stacks in the 

UV-VIS-NIR spectral range with an error of less than 1%. The basic principle of the 

reflectometer is as follows: The substrate to be measured (SiO2 on Si in this case) is 

exposed to a light beam having a certain wavelength. When light is reflected from the 

thin film, the spectrum of the light is dispersed depending on the optical properties (i.e., 

absorption coefficient and refractive index) and thickness of the thin film. By capturing 

the reflected spectrum and comparing it with theoretical models (obtained from a 

previously measured reference) based on the optical properties of the thin-film material, 

the thickness of the film can be calculated. Figure 3.49 shows the SENTECH® FTP 

advance reflectometer used in this dissertation.  

In the case of copper polishes, removal rates were determined through pre- and 

post-CMP film thickness measurements. Two sheet resistance/resistivity measurement 

systems (i.e., CMT-SR2000N and CMT-SR5000) manufactured by AIT Co., LTD. were 

used to measure the copper film thickness. The CMT-SR2000N can measure wafers up to 

8 inch, while the CMT-SR5000 can measure wafers up to 12 inch due to having a 12 inch 

stage. The sheet resistance measurement is done by contacting the wafer surface with a 4 
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point probe for both systems. The copper film thickness is calculated using the measured 

sheet resistance values. Figure 3.50 shows the CMT-SR2000N and CMT-SR5000 sheet 

resistance/resistivity measurement systems. 

 

 

Figure 3.49: SENTECH® film thickness probe advance reflectometer. 

 

 

(a)                                                      (b) 

Figure 3.50: (a) The CMT-SR2000N and (b) CMT-SR500 sheet resistance/resistivity 

measurement systems. 
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3.4.2 IR Temperature Measurement System  

Pad thermal analysis during polishing was conducted using an Agema 

Thermovision® 550 infrared camera. The camera is mounted on an adjustable arm and 

positioned to image the CMP process at the leading edge of the wafer with a temperature 

resolution of 0.1°C (see Fig.3.51). A computer equipped with ThermaCAM Researcher® 

2001 software is used to control the camera and capture the temperature data. Figure 3.52 

shows a schematic of the interface connection of the PC card. This software allows the 

selection of individual spots or areas in the captured images. These data points are then 

either averaged or examined as a function of time. It should be noted that pad thermal 

data and friction data cannot be recorded simultaneously using one computer, therefore 

two computers were used during polishing (one controlling the IR camera and one 

measuring friction data). 

 

 

Figure 3.51: Schematic of the pad thermal analysis during polishing. 
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During polishing, the camera recorded the thermal images at frequency of 1 Hz at 

five points around the leading edge of the wafer. Since direct thermal readings could not 

be acquired in the pad-wafer interface, the above five points along the periphery of the 

wafer allowed for a suitable estimation of the mean process temperature experienced 

during polishing. 

 

 

Figure 3.52: Schematic of the IR camera interface connection. 

 

3.4.3 Dual Emission UV-Enhanced Fluorescence system 

Due to the very small length scale at which CMP take place, it becomes extremely 

difficult to measure the fluid film thickness between the pad and the wafer without the 

aid of optical techniques. DEUVEF technique is a non-intrusive optical measurement 

technique which is used to measure the fluid thickness at the pad-slurry-wafer interface. 

This technology uses fluorescent dyes to relate the intensity of the light to the fluid film 

thickness. The principle of DEUVEF is described in detail in Chapter 5. 
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Figure 3.53 shows the camera system. The two cameras are aligned orthogonally 

and rotationally to assure that each of them can see the same projection. This is necessary 

since the measurement technique requires the division of the digital pixel values of one 

camera’s image by that of the other’s in order to obtain a ratio. A rotation stage is used to 

adjust one camera relative to the other rotationally. Orthogonal alignment is 

accomplished through imaging software. The camera system is accurate to within 1 pixel, 

which is roughly 38 microns. 

 

 

Figure 3.53: Schematic of dual camera system (Courtesy of Professor Chris Rogers at 

Tufts University). 

 

Photometrics Sensys cameras with a 768 x 512 pixels CCD array are used in this 

dissertation. The cameras have a linear response to light intensity of less than 0.1 percent 

of the 12-bit dynamic range. The shutters have a response time of 5 ms to open and 10 ms 

to close. Exposure time is typically 3000 ms and is controlled by shuttering the cameras. 
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Data is temporally averaged over the entire exposure time. Prior to data acquisition, the 

enlarger lens needs to be focused. To accomplish this, a sheet of printed paper is placed 

beneath the glass wafer and images are then taken. A region of interest is selected and the 

images from each camera [see Fig. 3.54(a)-(b)] are cropped. These cropped images are 

moved relative to each other in the horizontal and vertical directions until they are 

perfectly aligned. The ratio of the images [see Figure 2.43(c)] shows the proper 

alignment of the text.  

 

 

Figure 3.54: Cameras alignment. (a) Image taken by camera 1; (b) image taken bay 

camera 2; (c) ratio of these two images. 
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3.4.4 Interferometry 

A Veeco NT9800 (see Fig. 3.55) white light interferometer is used to optically 

probe the pad surface microtexture. The interferometer passes white light through a beam 

splitter, which directs the light to the sample surface and a reference mirror (see Fig. 

3.56). When the light reflected from these two surfaces recombines, a pattern of 

interference “fringes” forms that reveal the sample surface, similar to the way 

topographic lines show elevation on a map. The X, Y range of the contour map is 

determined by the size of the microscope objective used, and the Z range (height) is 

determined by mechanical movement of the sample stage. This technology can measure 

feature surface heights, planarity, bow and pad roughness from 0.1 nm to several 

millimeters. Figure 3.57 shows an example of the collected interferometry image. 

 

 

Figure 3.55: Veeco NT9800 interferometer. 
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Figure 3.56: The light path through an interferometer. 

 

 

Figure 3.57: Example interferometry image of CMP pad surface. 
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CHAPTER 4 

TRIBOLOGICAL, THERMAL AND WEAR CHARACTERISTICS OF 

POLYPHENYLENE SULFIDE AND POLYETHERETHERKETONE 

RETAINING RINGS IN INTER-LAYER DIELECTRIC CMP 

 

 

Retaining rings made of polyphenylene sulfide (PPS) and polyetheretherketone 

(PEEK) with two different slot designs (i.e., Design-1 and Design-2) were subjected to a 

4 hour wear test under a pressure of 7 PSI (48.3 kPa) and a sliding velocity of 1.22 m/s. 

Frictional force and pad temperature were measured in real-time during the wear test. 

Retaining ring wear rates were measured using both white light interferometry and 

micrometry. Results showed that the PPS retaining ring induced higher coefficient of 

friction (COF) by approximately 0.1 than the PEEK retaining ring. In addition, the PPS 

retaining ring exhibited a higher wear rate than the PEEK retaining ring by approximately 

28%. This study indicated that the retaining ring slot design did not significantly affect 

the COF, pad temperature and wear rate. On the other hand, the pad surface 

interferometric analysis indicated that the retaining rings with sharp slot edges resulted in 

higher pad surface abruptness. 
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4.1 Introduction 

During chemical mechanical planarization (CMP) processes, retaining rings are 

used to secure wafers from slipping out of the wafer carrier head. For a typical polishing 

platform, such as Applied Materials Mirra® and Reflexion® polishers, the retaining ring is 

pressed against the pad surface at a pressure equal to or higher than the wafer polishing 

pressure. As a result, frictional force is generated among the retaining ring, slurry and pad 

surface, leading to an increase in the pad temperature, which in turn impacts material 

removal rate and nonuniformity. In recent years, advanced engineering plastics have 

become materials of choice for constructing retaining rings because they can be easily 

modified to withstand various chemicals in CMP slurries while maintaining dimensional 

stability over a wide range of temperatures and pressures and extending the service life of 

retaining rings. Furthermore, compared with metal and ceramics, advanced engineering 

plastics can be formulated to have a very low level of ionic impurities and inorganic 

element contamination. 

There are several patents and publications associated with retaining rings and 

their applications. For example, Chen and Zuniga and Chen et al. showed new retaining 

ring slot designs in 2005 (Chen and Zuniga 2005, Chen et al. 2005). Zuniga et al. 

invented a multilayer retaining ring and Wang and Zuniga improved the design afterward 

(Zuniga et al. 2001, Wang and Zuniga 2003). Chen et al. invented a specific retaining 

ring consisting of two different parts (Chen et al. 2005). Hoffman compared the thermal, 

chemical and mechanical properties of several commercially advanced machinable 

plastics (Hoffman 2004). In that study, the wear results were simulated without any 
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experimental confirmation. Moussa and Quartapella and Gitis et al. performed wear tests 

on three materials commonly used for CMP retaining rings [polyphenylene sulfide (PPS), 

polyetheretherketone (PEEK) and polycarbonate (PC)] and reported coefficient of 

friction (COF) and wear rates (Moussa and Quartapella 2003, Gitis et al. 2004). However, 

the wear tests were conducted using a small piece of substrate that was substantially 

different in size and design compared to the actual retaining rings used in the 

semiconductor industry.  

In this study, three retaining rings designed for 200 mm wafer polishing were 

subjected to a 4 hour wear test. The retaining rings were made of two different materials 

(PPS and PEEK) with two different slot designs. Frictional force generated among the 

retaining ring, slurry and pad surface was measured in real-time during the wear test. Pad 

surface temperature was also measured by an IR camera during the wear test. Retaining 

ring wear rates were measured using both white light interferometry and micrometry. Pad 

surface topography was analyzed through white light interferometry. Results were 

compared among the three retaining rings to illustrate the effect of retaining ring 

materials and slot designs on the tribological, thermal and wear attributes, as well as pad 

surface topography in the interlayer dielectric CMP process. 

 

4.2 Experimental Procedure 

Wear experiments were performed on a 200 mm polisher and tribometer (Araca 

APD-500), which is equipped with the unique ability to acquire shear and down forces in 

real-time during polishing. The polisher and the associated accessories have been 
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described in detail elsewhere (Sampurno 2008). Three retaining rings with two different 

materials and two slot designs manufactured by Entegris, Inc. were tested in this study. 

The first retaining ring made of PPS with slot Design-1 was referred to as the PPS-1 

retaining ring, the second retaining ring made of PEEK with slot Design-1 was referred to 

as the PEEK-1 retaining ring and the third retaining ring made of PEEK with slot Design-

2 was referred to as the PEEK-2 retaining ring. Figure 4.1 shows the two retaining ring 

slot designs tested in this study. Design-1 had sharp edges at both entrance and exit of the 

slots and Design-2 had rounded edges at both the entrance and exit of the slots. The slot 

angle (i.e., the acute angle shown in Fig. 4.2 between the retaining ring outer periphery 

and slot edge) was 52 and 38° for Design-1 and Design-2, respectively. For both designs, 

the width of the retaining ring land area was 24 mm. 
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(a) 

 

(b) 

 Figure 4.1: Retaining rings with (a) slot Design-1 and (b) slot Design-2. 
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Figure 4.2: Schematic of retaining ring and location of pre-machined circular cavities. 

 

During the wear tests, the retaining rings were polished on IC1010 M groove pads. 

A 100 grit diamond disc manufactured by Mitsubishi Material Corporation with a triple 

ring dot design was used to condition the pad during polishing at a down force of 25.8 N. 

The diamond disc rotated at 95 rpm and swept across the pad 10 times per minute. A 

Fujimi PL-4217 slurry with 10 wt% of fumed silica abrasives was injected on the pad 

center at a flow rate of 150 mL/min. The pressure and sliding velocity of the retaining 

24 mm

α 
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ring were kept constant at 7 PSI (48.3 kPa ) and 1.22 m/s, respectively. For each retaining 

ring, the total wear time was 4 hour. During the 4 hour wear test, shear and down forces 

were measured in real-time at a frequency of 300 Hz. 

Equipped with the load cells to directly measure the actual shear and down forces, 

the APD-500 polisher and tribometer was able to measure and record shear and down 

forces during a polishing in real-time. Figure 4.3 shows the shear and down forces of a 10 

min polishing using the APD-500 polisher and tribometer. Because the COF is defined as 

the shear force divided by the down force, the transient COF can be calculated using Eq. 

2.6, and then the average COF can be calculated using Eq. 2.7. 

 

                                        
i

i
i Force

Force
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ShearCOF =                                            Eq. 2.6 
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i i∑== 1                                                Eq. 2.7 

 

 

Figure 4.3: Transient shear and down forces of a 10 min polishing using the APD-500 

polisher and tribometer. 
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An Agema Thermovision® IR camera was used to capture the pad temperature 

(Sampurno et al.2005). The camera was mounted on an adjustable arm and positioned to 

image the pad surface at the leading edge of the retaining rings. In the first 10 min of 4 

hour, an image was recorded every second. From 15 to 240 minute, the image was taken 

at a frequency of 0.033 Hz. A computer program was used to extract the pad surface 

temperature from the thermal images, as shown in Fig. 4.4. Bow wave and pad leading 

edge temperatures reported were found by averaging the values at points SP01 through 

SP05. Based on emissivity of the material and the distance from the lens to the sample, a 

temperature resolution of 0.1 °C could be achieved. 

 

 

Figure 4.4: Infrared image of system temperature. 

 

As the polisher had only one single mechanical control on the down force, it 

could not apply separate pressures to the retaining ring and wafer. Therefore no wafer 
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was polished during the retaining ring wear tests. Three small circular cavities with 1.5 

mm diameter and 0.5 mm depth were premachined in the land area for each ring, as 

shown in Fig. 4.2. The cavities were located at the center of the retaining ring land area 

with the same radius away from center, and the angle between any two radius were equal 

to 120°. Before and after the wear test, an image was taken of the cavity using a Wyko 

NT9800 white light interferometer to calculate the retaining ring wear rate. White light 

interferometry was used to accurately measure surface topography and step height 

(Devillez et al. 2004, Holme and Lunder 2007, Conroy 2009). In addition, the thickness 

of the retaining rings was measured by a micrometer (readable to 2.5 μm) before and 

after the wear test and the results were compared with white light interferometric 

measurements. 

A pad sample was taken from the center of the pad radius after the wear test for 

each retaining ring. White light interferometric analysis was performed on the pad sample 

(2.1 × 2.1 mm) to determine the pad surface height probability density function (PDF) 

and to elucidate different pad topographies generated by different retaining rings. 

 

4.3 Results and Discussion 

 

4.3.1 Wear Rate 

As an example, Fig. 4.5 shows the interferometric images of the cavity on a 

retaining ring surface before and after the wear test. Figure 4.5(a) shows that the retaining 

ring land area and the bottom of the cavity have a similar surface roughness of 5 μm, 
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resulting from machining work before the wear test. Following the 4 hour wear test, the 

surface roughness of the land area decreases to 0.5 μm, whereas the surface roughness of 

the bottom of the cavity does not change, indicating that the bottom of the cavity is not 

polished during the 4 hour wear test. Therefore, the bottom of the cavity can be used as a 

reference surface for determining the retaining ring wear rate. The retaining ring wear 

rate can be calculated by dividing the step height difference between the retaining ring 

land area and the bottom of the cavity measured before and after the wear test over the 

wear time (4 hour).  

 

 

(a) 

 

(b) 

Figure 4.5: White light interferometric image of a pre-machined circular cavity (a) before 

and (b) after the wear test. 
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________________________________________________________________________ 
 

Retaining Ring                 Wear Rate from              Wear Rate from               Difference 
Interferometry                   Micrometry 

(μm/hour)                       (μm/hour)                          (%)                              
________________________________________________________________________ 

 
PPS-1                            28.6 ± 0.5                          28.6 ± 0.0                          0.0 

PEEK-1                         20.6 ± 1.6                          21.8 ± 1.4                          5.8 

PEEK-2                         20.5 ± 2.2                          21.8 ± 1.6                          6.3 

 

Table 4.1: Retaining ring wear rate comparison. 

 

Table 4.1 lists the averaged wear rate results with the standard deviation obtained 

from white light interferometry and micrometry. The results indicate that the PEEK 

(PEEK -1 and PEEK-2) retaining rings exhibit lower wear rates than the PPS (PPS-1) 

retaining ring by 28%. These results are consistent with the previous studies, which 

showed that PEEK materials were more wear resistant than PPS materials (Hoffman 2004, 

Moussa and Quartapella 2003, Gitis et al. 2004). The PEEK-1 and PEEK-2 retaining 

rings exhibit similar wear rates, indicating that the slot design does not significantly 

affect the wear rate. Table 4.1 also shows that the retaining ring wear rate results obtained 

from the white light interferometry and micrometry methods are similar, indicating that 

white light interferometry is suitable for extracting retaining ring wear rates. The 

micrometry and white light interferometry methods have a resolution of 2.5 and 0.1 μm, 

respectively. Consequently, the significantly higher resolution provided by white light 

interferometry makes it possible to accurately measure the retaining ring wear rate in a 
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much shorter wear test. Compared with the conventional micrometry method, which may 

generate appreciable scratches on the retaining ring surface during the wear rate 

measurement, white light interferometry uses a non-contact optic mode and, therefore, it 

does not generate any surface scratches during the measurement.  

 

4.3.2 Coefficient of Friction 

Figure 4.6 shows the COF as a function of wear time for each retaining ring. COF 

is calculated by dividing the measured shear force over the applied down force. Each data 

point shown in Fig. 4.6 is the average COF collected during the corresponding 10 min 

period. The error bar represents the standard deviation. As the shear force and down force 

data acquisition frequency was 300 Hz, 180,000 COF data were collected during each 10 

min period. Figure 4.6 shows that the COF ranges from 0.59 to 0.68 for the PPS-1 

retaining ring and 0.51 to 0.57 for the PEEK-1 and PEEK-2 retaining rings. As the PPS 

retaining ring has a higher COF than the PEEK retaining rings, it generates a higher wear 

rate than the PEEK retaining rings, as shown in Table 4.1. Figure 4.6 shows that the COF 

of the PEEK-1 retaining ring is very close to that of the PEEK-2 retaining ring, indicating 

that the retaining ring slot design does not have a significant effect on COF. Under 

similar polishing conditions used in this study, Zhuang et al. showed that the COF during 

200 mm blanket silicon dioxide wafer polishing ranged from 0.3 to 0.4 (Zhuang et al. 

2007). In that study, wafers were held by a retaining ring that did not contact the pad 

during polishing. This indicates that shearing caused by the retaining ring is significantly 

higher than that typically encountered in the pad-slurry-wafer region. Such high COF 
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values generated by the above retaining rings underscore the significant effect that 

retaining rings have on the pad surface during polishing.  
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Figure 4.6: COF as a function of retaining ring wear time. 

 

4.3.3 Pad Temperature 

Figure 4.7 shows the pad temperature as a function of wear time for each 

retaining ring. For all retaining rings, the initial pad temperature is ~ 21 °C before the 

wear test. During the wear test, the pad temperature increases due to frictional forces 

generated among the retaining ring, slurry and pad surface. As the PPS-1 retaining ring 

generates higher COF than the PEEK-1 and PEEK-2 retaining rings, it also results in 

higher pad temperatures than the PEEK retaining rings. There is no significant difference 
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in the pad temperatures between the PEEK-1 and PEEK-2 retaining rings. This is 

consistent with their similar COF values, as shown in Fig. 4.6. As higher pad 

temperatures can lead to higher material removal rates, thermal effects need to be taken 

into account when retaining rings made of new materials are qualified for CMP processes. 
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Figure 4.7: Pad temperature as a function of retaining ring wear time. 

 

4.3.4 Pad Surface Microtexture 

Figure 4.8 shows the pad surface white light interferometric images for the three 

retaining rings tested in this study. Figure 4.9 shows the pad surface PDF extracted from 

the white light interferometric images. When a wafer is pressed against a pad during 
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polishing, only the protruding pad asperities in the right tail of the pad surface PDF curve 

make contacts with the wafer surface. Pad surface abruptness, defined as the 

characteristic distance over which the right tail of the pad surface PDF drops by a factor 

of e, is extracted for each retaining ring. When λ is large, there are less asperity summits 

in the unit surface area, and the surface appears to be less abrupt. On the contrary, when λ 

is small, the surface appears more abrupt due to more asperity summits in the unit surface 

area. Pad surface abruptness has been shown as a key measure of the pad surface micro-

texture that affects material removal rates (Zhuang et al. 2007, Sun et al. 2010, Borucki 

et al. 2009). The extracted pad surface abruptness for the PPS-1 and PEEK-1 retaining 

rings are 4.5 and 4.6 μm, respectively. This indicates that retaining ring materials have no 

significant effect on the pad surface abruptness. In contrast, the extracted pad surface 

abruptness for the PEEK-2 retaining ring is 3.3 μm.  This indicates that the retaining ring 

slot design impacts the pad surface abruptness as Design-2 (PEEK-2 retaining ring) 

results in a smaller pad surface abruptness than Design-1 (PPS-1 and PEEK-1 retaining 

rings). Compared with the rounded edges of the PEEK-2 retaining ring slots, the sharp 

edges of the PPS-1 and PEEK-1 retaining ring slots cut the pad surface and create 

additional pad conditioning, rendering higher pad surface abruptness. 
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(c) 

Figure 4.8: White light interferometric image of the pad surface for (a) PPS-1 (b) PEEK-

1 and (c) PEEK-2 after the wear test. 
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Figure 4.9: Pad surface height PDF comparison. 

 

4.4 Conclusions 

A 4 hour wear test was performed on three retaining rings made of PPS and 

PEEK materials with two different slot designs. Frictional force and pad temperature 

were measured in real-time during the wear test. Retaining ring wear rates were measured 

by both the conventional micrometry method and white light interferometry. The results 

showed that the PPS retaining ring generated a higher COF than the two PEEK retaining 

rings, resulting in higher pad temperature and retaining ring wear rate. The results also 

showed that the retaining ring slot design did not significantly affect COF, pad 
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temperature and retaining ring wear rate. The pad surface interferometric analysis 

indicated that the retaining ring slot design affected the pad surface abruptness. This 

study underscored the importance of material selection and slot design optimization of 

retaining rings for improved polishing performance. 
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CHAPTER 5 

EFFECT OF RETAINING RING SLOT DESIGN ON SLURRY FILM 

THICKNESS DURING CMP 

 

 

This chapter studied the effect of retaining ring slot designs on the slurry film 

thickness within the pad-wafer interface during chemical mechanical planarization 

(CMP). A 200 mm quartz wafer was assembled with a polyetheretherketone (PEEK) 

retaining ring. Two retaining rings, one with a “standard” and the other with an 

“alternative” slot design, were tested. Slurry film thickness between the wafer and the 

pad was measured in situ during polishing using dual emission UV-enhanced 

fluorescence at different slurry flow rates, pressures and sliding velocities. Results 

showed that the slurry film thickness generally increased with the slurry flow rate due to 

more slurry availability for entering the pad-wafer interface, while higher polishing 

pressure and faster sliding velocity generally reduced the slurry film thickness. The 

former observation is due to greater tortuosity encountered in the pad-wafer interface at 

high pressures, while the latter is due to higher centrifugal forces acting on the slurry at 

high sliding velocities. As the “alternative” ring had a greater number as well as larger 

slots, it exhibited, on average, a 30% thicker slurry film compared to the “standard” ring 

under the same polishing condition. As a result of the uneven pressure distribution 

beneath the wafer, in all cases, the quartz wafer assemblies tilted down towards the wafer 

leading edge during polishing. 
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5.1 Introduction 

Retaining rings are widely used during CMP in integrated circuit manufacturing. 

One of the primary functions of retaining rings is to contain and position the wafer under 

the carrier during polishing. Another benefit of using retaining rings is to achieve uniform 

material removal, especially at the wafer periphery, by extending the polishing interface 

to the outside of the substrate (Mikhaylich and Boyd 2002, Gitis et al. 2004). With a 

plurality of slots on the contact surface, retaining rings also facilitate slurry distribution 

between the inner and outer sides of the rings to channel the slurry into the pad-wafer 

interface. The effect of retaining ring materials of construction and slot design on 

frictional force, pad surface temperature, pad surface microtexture and slurry residence 

time during CMP has been investigated in detail by Philipossian et al. (Philipossian et al. 

2007). As a continuation of the research, this work focuses on the effect of retaining ring 

slot design on slurry film thickness within the pad-wafer interface during polishing.  

To investigate this effect, a 200 mm quartz wafer is attached onto 

polyetheretherketone (PEEK) retaining rings with “standard” or “alternative” slot designs 

and then tested during polishing. The slurry film thickness between the wafer and pad 

was measured in situ using dual emission UV-enhanced fluorescence (DEUVEF) at 

different slurry flow rates, pressures and sliding velocities. 
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5.2 Theoretical Approach 

 

5.2.1 Principle of DEUVEF 

Dual emission UV-enhanced fluorescence (DEUVEF) technique is a non-

intrusive optical measurement technique to measure a passive scalar such as slurry film 

thickness, temperature or pH. The detailed description of this optical measurement 

technique can be found elsewhere (Coppeta 1999, Lu 2001, Hidrovo and Hart 2001, Lu et 

al. 2004). In the case of CMP, the fluid consists of the subject slurry and two dyes. When 

a UV light is projected on the fluid, each dye will be excited and emit fluorescent light at 

a different wavelength. Two high-resolution cameras are used to capture the light emitted 

from the slurry in two different bandwidths, respectively, and the fluorescence intensities 

1fI  and 2fI  are recorded. The intensity ratio 
1

2

f

f

I
I

 can be related to the fluid film 

thickness after proper calibration. The entire DEUVEF measurement technique consists 

of excitation, intensity detection, normalization and calibration steps. Schematic 

representation of this technique is presented in Figure 5.1. The amount of light detected 

by the camera is proportional to several factors, including the amount of UV light 

absorbed, the excitation and emission extent of the dyes, the concentration of the dyes, 

the amount of the dyes exposed. 
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Figure 5.1: Schematic of mechanism of DEUVEF measurement technique. 

 

5.2.2 Fundamental Theory of Fluorescence 

Fluorescence is the emission of light by a substance that has absorbed light or 

other electromagnetic radiation of a different wavelength. It is a process consisting of 

three steps, i.e., excitation, excited state lifetime and fluorescence emission. During 

excitation, the fluorescent dye absorbs a photon of energy υh  provided by an external 

source (UV light or laser) rising electrons from their ground electronic state, 0S , to a 

higher vibrational level of excited electronic state, nS  ( 1≥n ). Once excited, the 

molecules will undergo nonradiative relaxation processes, such as internal conversion 

and vibrational relaxation. In the excited state, electrons fall from the higher vibrational 

level to the excited electronic state, nS  ( 1≥n ). The excited state exits for a finite time, 

which is approximately between 1 to 10 ns (Hidrovo and Hart 2001). In the final step (i.e., 

fluorescence emission), the remaining excitation energy in the molecules is released by 

the excited electrons returning to their ground electronic state, resulting in the photon 
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emission. The following graphic, Fig. 5.2, termed a Jabolnski diagram, shows the 

processes involving the absorption and emission of light for a diatomic molecule. 

 

 

Figure 5.2: Jabolnski energy level diagram for a diatomic molecule. 

 

When light from the excitation source travels through a fluorescent solution with 

thickness h , the fluorescence intensity at any small differential element dx  along the path 

of the light can be represented as 

 

                                         )()( dxCIdI ef λεφ=                                             Eq. 5.1 

 

where fdI  is the incremental fluorescence intensity emitted from the dye; and φ  is the 

conversion or quantum efficiency of the dye, i.e., the ratio of the energy emitted to the 
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energy absorbed; eI  is the intensity of the excitation energy source; )(λε  is the molar 

absorptivity as a function of wavelength or pH; C is the molar concentration of the dye. 

Equation 5.1 is applicable in a dilute solution. Based on Lambert’s law of absorption, eI  

in Eq. 5.1 can be described as 

 

                                                 ])(exp[0 CxIIe λε−=                                                Eq. 5.2 

 

where 0I  is the intensity of the incident light. 

Equation 5.1 can be rewritten as 

 

                                    )()(])(exp[0 dxCCxIdI f λελεφ −=                                     Eq. 5.3 

 

After integrating Eq. 5.3 from a fluid thickness of zero to a given thickness h  and 

solving for the total intensity collected )(hI f results in 

 

                                            ]})(exp[1{)( 0 ChIhI f λεφ −−=                                      Eq. 5.4 

 

When the film thickness h  is very small, Eq. 5.4 can be simplified to 

 

                                                     ChIhI f )()( 0 λεφ≈                                                 Eq. 5.5 
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According to Eq. 5.4 and Eq. 5.5, the fluorescence dependence on film thickness 

is exponential for optically thick systems and is quasi-linear for optically thin systems. 

The system analyzed in this study can be considered as optically thin system because the 

film thickness of the slurry in the system is only tens of microns. In a single dye system, 

the fluorescence intensity can be sensitive to many parameters such as fluctuations in the 

excitation source intensity, light reflections, background noise, light uniformity, or any 

other variation along the light path. For a dual dye system, the fluorescence ratio of the 

two dyes can be written as 

 

                                      Fluorescence ratio
)(
)(

112

222

1

2

λεφ
λεφ

C
C

I
I

f

f ==                                 Eq. 5.6 

 

By normalizing the fluorescence intensity of one dye to that of the other, the 

fluctuations of factors can be eliminated because both dyes undergo the same variation. 

However, the fluorescence ration obtained in Eq. 5.6 is not dependent on film thickness. 

Additional thickness information can be integrated into one of the dyes by taking 

advantage of reabsorption of one dye by the other one. In a dual dye system including 

two dyes (i.e., dye 1 and dye), if the emission spectrum of dye 1 overlaps with the 

absorption spectrum of dye 2, whereas the absorption spectrum of dye 1 does not change 

with the passive scalar measured, dye 2 will absorb the emitted light of dye 1 before it is 

captured by the camera. When the path length of the light through the fluorescent 

solution increases, dye 2 has a greater probability to absorb the emitted light of dye 1, 
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thus causing a larger fluorescence intensity of dye 2, while the fluorescence intensity of 

dye 1 become smaller. Therefore, the fluorescence intensity ratio of dye 2 and dye 1 is 

related to the light path length, i.e., the thickness to be measured. The relationship 

between the fluorescence ratio and the film thickness can be written in Eq. 5.7 as follows 

(Jablonski 1935). 

 

                          Ratio
]})(exp[1){(
]})(exp[1){(
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==                        Eq. 5.7 

 

where ε  is effective two-dye molar absorption coefficient, and C  is the effective two-

dye molar concentration. When the thickness is small, the ratio is approximately linear 

with the fluid thickness h . 

 

5.2.3 DEUVEF Measurement Technique 

Two dyes, 4-methyl-umbelliferone (coumarin) and fluorexon (calcein), at 

concentrations of 0.25 g/L and 1 g/L, respectively, were mixed into the Fujimi PL-7102 

slurry for measuring the slurry film thickness in the experiment. The absorption and 

emission spectra of both dyes are shown in Fig. 5.3. The emitted lights of two dyes were 

captured by the two cameras respectively. The camera for coumarin emission detection 

was filtered at 450 to 500 nm, because the emission spectrum of coumarin directly 

overlaped with the absorption spectrum of calcein. The camera for calcein emission 

detection was filtered at 550 to 600 nm, which minimized the influence of the coumarin 
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emission tail. It should be noted that when the film thickness increases, the emission of 

both dyes increases. However, due to the absorption by calcein of a fraction of the 

fluorescence emitted by coumarin, the calcein fluorescence 2fI  increases and the 

coumarin fluorescence 1fI  decreases before being captured by the cameras. As a result, 

the fluorescence ratio, as defined by Eq. 5.7, increases with film thickness. The amount 

of fluoresced light by coumarin that is absorbed by calcein is thus used as an indicator of 

fluid film thickness. Therefore, coumarin is used as the emitter and calcein is used as the 

absorber. The specific optical configuration allowing both cameras to record exactly the 

same spatial image is necessary because the measurement technique requires the division 

of the digital pixel values of one camera’s image by that of the other’s to obtain a 

fluorescence ratio. 
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Figure 5.3: Emission and absorption spectra of coumarin and calcein. 

The camera system used for the DEUVEF experiments was comprised of two 768 

× 512 pixel charge-coupled device (CCD) cameras. The cameras have a linear response 

to light intensity of less than 0.1% of the 12-bit dynamic range. The camera shutters have 

a response time of 5 ms to open and 10 ms to close.  Exposure time is typically 3000 ms 

and is controlled by shuttering the cameras. 

The apparatus used for DEUVEF calibration is shown in Fig. 5.4. The apparatus 

consists of two microscope slides attached together with a layer of 70-μm double-sided 

tape on one side along the longitudinal direction of the slide. This creates a gap with a 

thickness variation across the width of the two slides. Two essential assumptions are 

considered for this calibration technique: uniform thickness and parallel cross gradient 

direction of the slides. 
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Figure 5.4: Slurry film thickness calibration apparatus. 

 

During calibration, the apparatus is placed on the focus area of a dry pad. A pipet 

is used to transfer enough dyed slurry to fill the gap between the slides. The slurry 

distribution in the gap is kept uniform and care is taken to avoid air bubble formation, 

which can be a source of error during this measurement. It is important to prevent fluid 

transfer between the pad surface and the gap, so that the intensity collected by cameras is 

due only to the slurry in the gap region. Once the gap between the slides is filled with the 

dyed slurry, several images are record to establish the correlation between film thickness 

and intensity ratio. In order to prevent photodegradation of the dyes during the calibration 

process, the exposure time of the slurry to UV light is minimized. Typical calibration 

images are shown in Fig. 5.5. The left image corresponds to calcein, and the right one 

corresponds to coumarin. In the images, the x axis represents length in the form of a pixel 

count, which later is converted into physical length by imaging a transparent ruler, as 

shown in Fig. 5.6. 
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Figure 5.5: DEUVEF images of calcein (left) and coumarin (right). 

 

 

Figure 5.6: Relationship between pixels in image and length along the horizontal 

direction of the slide.  

Fig. 5.7(I) shows the fluorescence ratio of the area of interest. Figure 5.7(II) 

indicates the variance of the intensity ratio along the gradient direction. From pixel 100 to 

pixel 600, the intensity ratio gradually decreases with the narrowing of the gap because 

the intensity ratio is strongly dependent on the fluid film thickness. The measured 
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intensity ratio can be related to the fluid film thickness after calculating the slope of the 

curve. Due to an edge effect at the initial and final ends of the gap, intensity ratios do not 

change perfectly linearly with the height of the gap. As such, these areas should be 

avoided in the calibration calculation. Figure 5.7(III) shows that intensity ratio remains 

almost unchanged in the vertical direction, suggesting uniform dyed slurry distribution 

across the entire area of interest in the gap area. Figure 5.8 shows a typical calibration 

result where the variation in the intensity ratio and the fluid film thickness of area A is 

clearly presented. Both intensity ratio and fluid film thickness gradually decrease along 

the gradient direction of the microscope slides. 

 

 

Figure 5.7: Relationship between slurry film thickness and fluorescent light intensity 

within area A. 
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Figure 5.8: 3D variance of intensity ratio and film thickness of selected area A during the 

calibration. 

 

5.3 Experimental Procedure 

All experiments were performed on a 200 mm polisher and tribometer, details of 

which are described elsewhere (Rosales-Yeomans et al. 2006, Rosales-Yeomans 2007). 

Two PEEK retaining rings, one with a standard slot design and the other with an 

alternative slot design, were tested on Cabot Microelectronics Corporation D100 

concentrically grooved polyurethane pads. The retaining ring was attached to a polishing 

head consisting of a 200 mm quartz wafer (Fig. 5.9). The retaining ring with the standard 

slot design (as shown in Fig. 5.9) had 12 equidistant 3 mm wide parallelogram slanting 

slots on its contact surface, while in contrast, the alternative slot design had 36 

equidistant 11 mm wide trapezoidal slanting slots. 

 

Film thickness contour Intensity contour 
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Figure 5.9: Contacting surface of the standard retaining ring-quartz wafer assembly. 

 

The thickness of the slurry film between the land area of the pad and wafer was 

measured using the DEUVEF technique. During the test, UV light was projected on the 

area of interest under the quartz wafer to excite the dyed slurry underneath, and then, the 

emitted fluorescence was captured by two Photometrics Sensys™ cameras. The cameras 

were filtered to record the light in different bandwidths emitted by the two dyes and were 

orthogonally aligned to ensure that each of them could capture the same projection. The 

emitted light captured by the two CCD cameras from the same location, but in different 

bandwidths, was correlated with fluid film thickness. A detailed description of this 

technique can be found elsewhere (Coppeta and Rogers 1998, Lu et al. 2000, Lu et al. 

2004 and Li et al. 2006). 

Before data acquisition, the pad was conditioned at 3.45 kPa for 30 min with 

deionized (DI) water using a 4 in. diamond disc which rotated at 30 rpm and oscillated at 
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0.33 Hz. The same rotational velocity and oscillation frequency were used for in situ pad 

conditioning. 

The slurry for the experiments consisted of 1 volume part of Fujimi PL-7102 

slurry, 9 volume parts of DI water, 1 g/L of calcein and 0.25 g/L of coumarin. Both dyes, 

calcein and coumarin, emitted fluorescence light when excited by a UV source. As the 

emission spectrum of coumarin overlaps with the absorption spectrum of calcein, the 

fluorescence intensity ratio of calcein over coumarin was correlated with the film 

thickness. The ratio was approximately linear with the fluid thickness after proper 

calibration (Li et al. 2006, Rosales-Yeomans 2007).  

The retaining ring-quartz wafer assembly was polished at applied pressures of 1.8 

and 3.6 psi and sliding velocities of 1.0 and 1.5 m/s (i.e., 80 and 120 rpm). Both the 

retaining ring-quartz wafer assembly and platen rotated counterclockwise at the same rate 

during polishing. Slurry was injected on top of the center of the pad at a flow rate of 150 

or 220 mL/min. Under each polishing condition, 10 consecutive images were taken in 3 s 

intervals. Figure 5.10 shows a sample image taken during polishing. In this figure, the x 

and y axes represent the number of pixels. The size of each pixel is approximately 38 × 

38 μm. The color bar in Fig. 5.10 gradually changes from black to white, indicating the 

corresponding fluorescence intensity ratio that is proportional to the slurry film thickness. 

The white areas in the image correspond to concentric grooves, and the black areas 

correspond to pad land areas between grooves. Slurry film thickness in the land areas 

highlighted with spots (A and B) in the figure was calculated from the extracted 

fluorescence intensity ratio averaged from 10 images.  The area of interest was divided 
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into two 1.0 × 1.4 cm regions, where region A was near the wafer edge and region B was 

toward the pad center, as shown in Fig. 5.10 and 5.11.  

 

 

Figure 5.10: DEUVEF image of pad-wafer interface. 

 

 

Figure 5.11: Top view of polishing system and region A and region B locations. 
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5.4 Results and Discussion 

Figures 5.12 and 5.13 show the measured slurry film thickness between the pad 

and the quartz wafer for the standard and alternative retaining rings, respectively. The 

error bars in each figure represent the standard deviation. Results indicate that for both 

retaining rings, slurry film thickness generally decreases with an increase in the platen 

rotational rate. This is due to the centrifugal force acting on the slurry. At the higher platen 

rotational rate, more slurry is spun off toward the outside of the pad. As a result, less slurry 

is available to fill the gap between the retaining ring-quartz wafer assembly and the pad 

surface. The video taken during polishing shows brighter slurry images at the edge of the 

pad at the higher platen rotational rate, confirming that the thicker slurry film is formed at 

the pad edge due to the higher centrifugal force.   
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Figure 5.12: Slurry film thickness measurement for the retaining ring with standard slot 

design at the platen rotational rate of 80 and 120 rpm. 
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Figure 5.13: Slurry film thickness measurement for the retaining ring with alternative slot 

design at the platen rotational rate of 80 and 120 rpm. 

 

Figures 5.12 and 5.13 also indicate that for both retaining rings, slurry film 

thickness generally decreases with an increase in the retaining ring-wafer pressure. Higher 

pressure squeezes out the slurry within the pad-wafer interface region, resulting in a 

thinner slurry film thickness. The effect of pressure on the slurry film thickness is more 

significant at the lower platen rotational rate (i.e., 80 rpm). Because the slurry film within 

the pad-wafer interface region is thicker at the lower platen rotational rate, more slurry is 

available to be squeezed out at the higher polishing pressure, rendering a larger decrease in 

the slurry film thickness.  

Figures 5.12 and 5.13 also show that for both retaining rings, the slurry film thickness 

generally increases with an increase in the slurry flow rate. However, the increase in slurry 

film thickness is not proportional to the increase in the slurry flow rate. Philipossian and 

Mitchell showed that only a small percentage of slurry actually enters the pad-wafer 

interface region and participates in the polishing, and the slurry utilization efficiency, 
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defined as the ratio of slurry flow rate beneath the wafer to the total slurry flow rate 

introduced onto the pad, gradually decreases with an increase in the slurry flow rate 

(Philipossian and Mitchell 2003). Therefore, the non-proportionality between the measured 

slurry film thickness in the pad-wafer interface region and the slurry flow rate is consistent 

with the previous study on the slurry utilization efficiency.  

A comparison between Fig. 5.12 and 5.13 shows that the alternative ring achieves a 

thicker slurry film than the standard ring by an average of 30%. As the alternative ring has 

a greater number as well as larger slots than the standard ring, the alternative ring is 

thought to facilitate more slurry flow into the pad-wafer interface region, achieving higher 

slurry utilization efficiency than the standard ring. Assuming that the mean residence time 

of slurry under the wafer does not change with the ring design, the slurry utilization 

efficiency with the alternative ring is approximately 30% higher than that with the 

standard ring. 

For both retaining rings, the slurry film thickness in region B is consistently larger 

than that in region A, suggesting that the quartz wafer tilts down toward the leading edge 

of the wafer. Ng et al., Ng and Borucki et al. discussed the wafer tilt mechanism, which is 

caused by the uneven pressure distribution in the pad-wafer interface in their studies (Ng 

et al. 2004, Ng 2005 and Borucki et al. 2005). They showed that a negative pressure 

region develops and locates close to the wafer leading edge, while a positive pressure 

region locates close to the wafer trailing edge. Figure 5.14 illustrates the tilting position 

where region A is closer to the leading edge of the wafer than region B. The slurry film 
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between the pad and the wafer is the thinnest at the leading edge and is progressively 

thicker toward the trailing edge.  

 

 

Figure 5.14: Sectional view of wafer carrier and pad. 

 

5.5 Conclusions 

Two PEEK retaining rings with different slot designs (i.e., standard and 

alternative) were tested at different slurry flow rates, pressures and pad-wafer rotational 

rates. The slurry film thickness within the pad-wafer interface region was measured in 

situ using DEUVEF. Results showed that the slurry film became thicker under a higher 

slurry flow rate. Higher pressure reduced the slurry film thickness by squeezing the slurry 

out of the pad-wafer interface. Slurry film thickness decreased under a higher platen 

rotational rate due to stronger centrifugal forces acting on the slurry. The average slurry 

film thickness of the alternative ring was approximately 30% higher than that of the 

standard ring. Because the alternative ring had a greater number, as well as larger slots, it 

allowed more slurry to be channeled into the pad-wafer interface region. Results also 
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showed that the quartz wafer tilted down toward the leading edge of the wafer in all tests, 

which was believed to be caused by the nonuniform pressure development under the 

wafer. 

In CMP processes, slurry cost may contribute to almost half of the total cost of 

ownership (COO) of the process module. In addition, environmental concerns can be 

significant because CMP slurries contain hazardous chemicals. Using the retaining ring 

with the alternative slot design increased slurry utilization, reduced the COO of the CMP 

processes, and made CMP processes more environmentally benign. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

209

CHAPTER 6 

EFFECT OF RETAINING RING SLOT DESIGN AND POLISHING 

KINEMATICS ON SLURRY MEAN RESIDENCE TIME IN CMP 

 

As a continuation of Chapters 4 and 5, this chapter focuses on the effect of 

retaining ring slot designs and polishing kinematics on slurry mean residence time (MRT) 

within the pad-retaining ring interface during chemical mechanical planarization (CMP). 

Two polyetheretherketone (PEEK) retaining rings with different slot designs (i.e., 

Design-1 and Design-2) were subjected to a series of polishing tests at various pressures 

(i.e., 2.0 and 4.0 psi), slurry flow rates (i.e., 100 and 200 mL/min) and sliding velocities 

(i.e., 0.6 and 1.2 m/s). Due to difference in how slot designs affected pad surface 

abruptness, Design-2 had, on average, 13% higher MRT compared to Design-1. Results 

showed a positive correlation between sliding velocity and slurry MRT. This trend is due 

to higher centrifugal forces which reduce the amount of slurry entering the pad-retaining 

ring interface at high sliding velocities. Higher pressures reduced the slurry MRT because 

the volume bounded between the pad and the retaining ring decreased. Increasing slurry 

flow rates reduced MRT by accelerating the rate of new slurry entrainment at the pad-

retaining ring interface. 
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6.1 Introduction 

In semiconductor manufacturing, retaining rings made of advanced engineering 

plastics are widely used to facilitate wafer polishing during CMP. One of the basic 

functions of the retaining ring is to prevent wafers from slipping out of the carrier head at 

high rotational speeds. Other beneficial functions of retaining rings include achieving 

higher wafer removal rates due to pad heating effect, and reducing the wafer non-

uniformity due to extending the polishing interface to the outside of wafers. There are 

few publication related to retaining rings focusing mainly on the properties of several 

advanced plastics commonly used for CMP retaining rings (Hoffman 2004, Moussa and 

Quartapella 2003 and Gitis et al. 2004).  

A typical retaining ring has a plurality of slots on its contacting surface to channel 

the slurry from the outside of the ring to the inside of the ring. This facilitates the slurry 

transport during polishing. Retaining ring slot design has become a research interest 

recently because it influences slurry transport. The effect of retaining ring materials of 

construction and slot design on coefficient of friction (COF), pad surface temperature and 

pad surface microtexture has been investigated in detail (Wei et al. 2010). In addition, the 

effect of retaining ring slot design and process parameters on slurry film thickness has 

been studied by Wei et al. (Wei et al. 2010). As a continuation of the above studies, this 

work focuses on the effect of retaining ring slot design and polishing kinematics on slurry 

MRT. 

To investigate this effect, two 200 mm PEEK retaining rings with different slot 

designs were tested at various sliding velocities, pressures and slurry flow rates. At a 
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given polishing condition, the slurry MRT in the pad-retaining ring interface was 

experimentally determined using the residence time distribution (RTD) technique. The 

slurry MRT with two PEEK retaining rings obtained at same process conditions was 

compared to study the effect of slot design. For each retaining ring, the effect of polishing 

kinematics on slurry MRT was also investigated and discussed. 

 

6.2 Theoretical Approach 

 

6.2.1 Residence Time Distribution 

The bulk of this research is based on understanding the fluid dynamics of the 

CMP through slurry residence time distribution studies. For a typical CMP process, the 

MRT can be extracted from the corresponding RTD curve by employing classical reactor 

design principles to CMP as described by Levenspiel (Levenspiel 1972). According to 

the reactor design theory, we can assume an imaginary reactor whose volume is bounded 

between the pad and polished substrate, as shown in Fig. 6.1. The slurry may enter or exit 

the reactor anywhere along its circumference. The slurry remains within the reactor for a 

finite amount of time, and the average period that the fluid remains in the system is 

quantified using reactor design theory. It is assumed that the solid abrasive particles 

present in the slurry follow the same flow field as the bulk fluid. Based on this 

assumption, the RTD found for the CMP process is considered to be representative of 

both the fluid and the suspended solids. 
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Figure 6.1: Cross-section of a CMP reactor. 

 

To understand and predict the fluid dynamics in a reactor, it is important to 

determine how long fluid elements reside in the system. The distribution of residence 

times of the flowing fluid can be determined by introducing a stimulus in the form of a 

tracer and then measuring the response. Due to the fact that fluid elements take different 

routes through the reactor, they require different lengths of time to exit the reactor. The 

distribution of these times for the fluid leaving the vessel is referred to as the residence 

time distribution, which represents the exit ages of individual fluid elements.  

The RTD measurement is done by abruptly introducing a tracer into a system 

previously running at steady state. The tracer may be introduced into the reactor in the 

form of a step of fluid. Beginning with the introduction of a tracer input, a series of steps 

are required to construct an RTD or E-curve and to calculate MRT values.  

With no tracer initially present, a step input of tracer of concentration ( 0C ) is 

imposed on the fluid stream entering the system. At the moment of introducing the tracer 
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into the system, the concentration of tracer in the exit stream ( C ) is measured. The 

results are normalized so that time is zero ( 00 =t ) when the tracer is introduced. The 

concentration of tracer in the exit stream is compiled as 0/ CC , thus the resulting curve 

rising from 0 to 1 over time. This normalized plot is known as the F-curve. Furthermore, 

the E-curve can be plotted by differentiating the F-curve with time: 

 

                                                                    
dt
dFE =                                                   Eq. 6.1 

 

The mean of the E-curve ( Et ) is found from: 

 

                                                                  ∫
∞

=
0

tEdttE                                                 Eq. 6.2 

 

where Edt  represents the fraction of the fluid leaving the reactor with an age between t  

and tt Δ+ . In Eq. 6.2, Et  is equal to the mean residence time (τ ), which is defined as: 

 

                                                                     
q
V

=τ                                                     Eq. 6.3 

 

where V is the volume of the reactor, q  is the slurry volumetric flow rate. Therefore, 

mean residence time is calculated directly from the E-curve. For a closed reactor: 
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                                                                MRT τ== Et                                              Eq. 6.4 

 

Another important parameter is the spread of the distribution. This is measured by 

the variance ( 2σ ), which can be calculated directly from the F-curve for closed vessels 

by the following expression: 

 

                                                            ∫
∞

−=
0

22 )( Edttt Eσ                                         Eq. 6.5 

The variance is used to calculate the dispersion. 

 

6.2.2 Importance of MRT during Polishing 

In a typical polishing process, the wafer is rinsed with water both before and after 

the polish when it is pressed against the pad. As such, the polish time includes the time it 

takes for the polishing slurry to displace the existing fluid under the wafer and for the 

water to subsequently displace the polishing slurry. During the displacement periods, the 

slurry concentration under the wafer changes constantly. The wafer removal rate depends 

on the slurry concentration under the wafer and how long the system stays under the 

transient conditions. For purpose of developing planarization and removal rate models for 

CMP processes, it is crucial and necessary to determine the time for fresh incoming 

slurry to displace the existing fluid in the system.  
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Figure 6.2 illustrates various MRT of a 1-minute polish process using a silica 

slurry with a solids content of 20 percent by weight, as presented by curves (a) and (b) in 

the figure. If the slurry replaces the water in the reactor instantaneously (i.e., MRT 0= ), 

the wafer is subjected to 20 wt% slurry for the entire polishing time, Pt , as presented in 

curve (c). In reality, transient conditions that depend upon the relative magnitude of the 

polishing time and the slurry MRT must be accounted for in any removal rate model, as 

demonstrated by curves (d), (e) and (f). For example, curve (d) shows that it takes some 

time for the slurry concentration to reach 20 wt% during the polishing period when the 

slurry MRT is less than the polishing time. Curve (e) shows that the slurry concentration 

reaches 20 wt% only at the end of polishing period because the slurry MRT become 

equal to the polishing time. While curve (f) shows that the slurry concentration never 

reaches 20 wt% during the 1-minute polishing period. Because of the fact that the slurry 

MRT is longer than the polishing time, the slurry tends to stay in the reactor more than 1 

minute. Such long transients influence the removal rate in at least two ways. First, 

because removal rate depends on the amount of solids and chemicals in the slurry, the 

slurry on the wafer surface undergoes extended dilution during the transient period. 

Second, the presence of extended transients allows the slurry to stay between the wafer 

and the pad after the slurry source has been shut off, causing the polishing process to 

continue during the rinsing step. Such complex dependencies make it necessary to 

understand MRT and the factors that influence it during polishing.  
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Figure 6.2: Various scenarios of slurry output transients encountered during a 1-minute 

polish process. 

 

6.2.3 COF Method of Measuring MRT 

This section discusses the COF method of measuring MRT for the CMP process. 

This technique uses transient COF data induced by a shift in slurry concentration to 

measure MRT. The COF method takes advantage of the change in COF with slurry 

concentration. First, a fluid with a particular concentration is introduced into the system 

during polishing. Then the process is allowed to reach steady state. Throughout the entire 

polish time, the COF is measured and recorded as a function of time every second at a 
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rate of 1000 measurements per second. Once a stable COF reading is achieved, the slurry 

delivery line is switched to a reservoir containing slurry of a markedly different 

concentration, hence producing a step input. The time point, 0t , is considered to be the 

time when the first drop of the slurry with new concentration comes into contact with the 

pad. The change in concentration serves as a tracer, since COF changes as the new slurry 

replaces the old slurry and finally levels off when only the new slurry is present in the 

system. 

The COF of the system at any given moment is directly related to the 

concentration of the slurry in the system. Upon introduction of the step input, slurry 

concentration moves from the concentration of the initial slurry (i.e., old slurry) to that of 

the final slurry (i.e., new slurry), passing through intermediate concentrations. When the 

final slurry is added, the COF responds to the change in concentration and produces a 

signal dependent on the instantaneous concentration of the slurry in the system. The COF 

continues to change until the slurry concentration in the system remains constant at the 

concentration of the final slurry. The shape of the COF versus time curve depends upon 

how COF changes with slurry concentration for the particular slurry. The COF versus 

time curve can be converted to a slurry concentration versus time curve. The data is 

normalized and fit to a curve to produce the F-curve. Once an F-curve is constructed, 

classical reactor theory can be applied to the data fit to produce an E-curve and to 

calculate the corresponding MRT. 
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6.2.4 The Advantages and Disadvantages of the COF Method 

There are advantages and disadvantages to using COF to determine MRT. An 

advantage of the COF method is that there is no need for additional equipment other than 

the force sensors to measure COF compared to the dual emission UV-enhanced 

fluorescence (DEUVEF) method. The later technique requires two spatially aligned high-

resolution charge-coupled device (CCD) cameras and the accompanying acquisition 

hardware and software. The greatest advantage to the COF method is that actual 

polishing conditions are mimicked during MRT measurements. The COF method can use 

an actual wafer, as in the case of an actual industrial polishing process. On the contrary, a 

transparent glass wafer, not an actual wafer, is required for the DEUVEF method because 

the camera is not able to acquire images from under an actual wafer. In addition, the COF 

method uses unmodified conventional pads, whereas the DEUVEF method requires using 

dyed pads. Dyed pads may have different mechanical properties compared to un-dyed 

pads. 

Besides the advantages of COF method, there are a few disadvantages as well. 

One disadvantage of the COF technique is that the F-curve oscillates at a high frequency 

due to the stick-slip phenomena. However, the fit to the F-curve generally matches the 

trend very closely and fits the average of the oscillations. For this reason, the oscillations 

in the data do not significantly lower the accuracy of the calculation. The primary 

disadvantage of the COF technique is that it requires a change in slurry concentration to 

produce a tracer input. Therefore, the MRT calculated is the mean time to replace the old 

slurry with the new slurry in the system, not the mean time that a fluid element remains in 
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the system when the type of fluid is constant. However, the MRT induced by a change in 

fluid is an adequate approximation to the MRT under steady state conditions, because the 

fluid properties such as density and viscosity are similar in both fluids. Therefore, the 

MRT calculated in the COF method is a close approximation of the actual MRT. 

 

6.3 Experimental 

All tests were performed on the Araca APD-500 polisher, which is capable of 

measuring shear force and down force in real-time. The polisher and its associated force 

sensors have been described in detail elsewhere (Sampurno 2008). The pad used in the 

study was a 20-inch concentrically grooved IC 1020 M-groove pad manufactured by 

Dow Electronic Materials. Two PEEK retaining rings with two different slot designs 

manufactured by Entegris, Inc. were used in this study. The first PEEK retaining ring 

with Design-1 was referred to as the PEEK-1 retaining ring, the second PEEK retaining 

ring with Design-2 was referred to as the PEEK-2 retaining ring. As shown in Fig. 6.3, 

Design-1 had sharp edges at both entrance and exit of the slots. In contrast to Design-1, 

Design-2 had rounded edges at both the entrance and exit of the slots. These two designs 

have been described in detail elsewhere (Wei et al. 2010). The two retaining rings had the 

same surface roughness of the land area (i.e., 0.5 μm) and the same slot depth (i.e., 0.8 

mm). 
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(a) 

 

(b) 

 Figure 6.3: Retaining rings with (a) Design-1 and (b) Design-2. 
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A 4-inch 3M diamond disc was used for the conditioning work. Before the tests, 

the pad was conditioned at a down force of 25.8 N for 30 minutes using deionized (DI) 

water at a flow rate of 150 mL/min. The platen rotational speed was kept at 80 rpm. 

During the pad conditioning, the conditioner rotated at 95 rpm and oscillated at 0.33 Hz. 

The same rotational velocity, oscillation frequency and down force for conditioner were 

used for in situ pad conditioning.  

As the polisher had only one single mechanical control on the down force, it 

could not apply separate pressures to the retaining ring and wafer. Therefore no wafer 

was polished during the RTD tests. During polishing, Cabot Microelectronics 

Corporation (CMC) iCue600Y75 slurry was injected on top of the pad center at flow 

rates of 100 mL/min and 200 mL/min, and retaining rings were polished at applied 

pressure of 2.0 and 4.0 psi and sliding velocities of 0.6 and 1.2 m/s (i.e., 40 and 80 rpm). 

Both carrier head and platen rotated counterclockwise at the same rate. 

For each experiment, the system was first allowed to reach steady state in 50 

seconds using CMC iCue600Y75 slurry without dilution as the initial fluid. Then the 

initial fluid was switched instantaneously to CMC iCue600Y75 slurry diluted at the ratio 

of slurry:water equal to 1:9 as the final fluid. Another 60-second polishing had been 

performed after the switching to allow the system achieving a new steady state. 

Throughout the entire process, COF was measured at 1000 Hz in real-time and recorded 

as a function of time. 

The top figure in Fig. 6.4 showed an example of the COF response (COF vs. time). 

The oscillations in the COF data were due to the conditioner moving back and forth. The 
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fit to the COF response generally matched the trend very closely and fits the average of 

the oscillations, thus was used to construct the corresponding concentration response 

(concentration vs. time) shown in Fig. 6.4 on the bottom. Figure 6.5 is an example of 

calibration curve obtained at a sliding velocity of 0.6 m/s, an applied pressure of 4.0 psi 

and a flow rate of 200 mL/min for PEEK-2. Four different volumetric concentrations 

were used in the calibration tests. The slurry was diluted at the ratio of slurry:water equal 

to 1:0, 1:3, 1:6 and 1:9 respectively. The calibration curve constructed shows the linear 

relationship between COF and slurry concentration (i.e., 10, 14.3, 25 and 100 volume %).  

The F-curve was obtained by normalizing and fitting the concentration response 

starting at the switching point (i.e., 50 seconds). Then, E-curve was obtained by 

differentiating F-curve. Each MRT value under given applied wafer pressures, sliding 

velocities and flow rates was determined by using RTD technique. The specific 

procedure and method were described and explained in detail elsewhere (Philipossian and 

Mitchell 2003, Philipossian and Mitchell 2004). 
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Figure 6.4: COF (top) and slurry volume concentration (bottom) corresponding to final 

slurry replacing initial slurry during a polishing.  
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Figure 6.5: Calibration curve relating slurry concentration to COF. 

 

6.4 Results and Discussion 

Figure 6.6(a) and Figure 6.6(b) show MRT as a function of sliding velocities, 

pressures and flow rates for PEEK-1 and PEEK-2 respectively. Comparison between Fig. 

6.6(a) and Fig. 6.6(b) indicates that PEEK-2 has higher mean residence time than PEEK-

1 at 7 out of 8 tested conditions. At the higher sliding velocity (i.e., 1.2 m/s), the lower 

pressure (i.e., 2.0 psi) and the lower flow rate (i.e., 100 mL/min), the slurry MRT of 

PEEK-2 is 5.6 second more than that of PEEK-1, thus resulting in the highest difference 

between the MRT values of two retaining rings. On the contrary, at the higher sliding 
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velocity, the lower applied pressure and the higher flow rate (i.e., 200 mL/min), the MRT 

of PEEK-2 is 0.7 seconds less than that of PEEK-1, achieving the lowest difference 

between the MRT values of two retaining rings. Results show that the PEEK-2 has on 

average 13.4% higher MRT compared to PEEK-1. This is likely attributed to the effect of 

slot design on pad abruptness. Design-2 results in a smaller pad surface abruptness 

compared to Design-1 (Wei et al. 2010), so the pad surface polished by PEEK-2 is more 

abrupt. As a result, slurry transport resistances in the pad-retaining ring interface with 

PEEK-2 are larger than that with PEEK-1, rendering longer slurry mean residence time. 
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Figure 6.6: MRT as a function of sliding velocity, applied pressure and flow rate for (a) 

PEEK-1 and (b) PEEK-2. 

 

Figure 6.6 also indicates that for both retaining rings, the slurry MRT increases 

with an increase in sliding velocity. This is related to the centrifugal force acting on the 

slurry during the polishing. At the higher platen rotational rate, less slurry is available in 

the bow wave around the retaining ring circumference due to the fact that more slurry is 

cast off toward the outside of the pad (Wei et al. 2010). Because the less slurry 

availability at the bow wave to facilitate the slurry exchange at the pad-retaining ring 
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interface, the slurry MRT extends with higher sliding velocities. It should be noted that 

two designs have quite different effects on the MRT extending with sliding velocities. At 

four given conditions, which are the combinations of two flow rates and two pressures 

(i.e., 100 mL/min and 2.0 psi, 100 mL/min and 4.0 psi, 200 mL/min and 2.0 psi, 200 

mL/min and 4.0 psi), the slurry MRT for PEEK-1 increases by 2.8, 4.7, 2.5 and 2.8 

second respectively. Compared to PEEK-1, the slurry MRT for PEEK-2 increases by 6.1, 

7.4, 0.8 and 2.1 second respectively at the same four given conditions. 

Figure 6.6 also shows a negative trend between MRT and pressure for both 

retaining rings. The phenomenon is due to the fact that higher pressures compress the pad 

surface more, thus reducing the ‘reactor’ volume in the pad-retaining ring interface. Wei 

et al. have shown that the slurry film thickness in the pad-wafer interface decreases with 

higher pressures in their study using DEUVEF technique (Wei et al. 2010). With the less 

reactor volume between the pad and retaining ring, less MRT is achieved by reducing the 

time of slurry displacement processes. When the pressure increases from 2.0 psi to 4.0 psi, 

the slurry MRT values of PEEK-1 decrease by 3.7, 1.8, 2.9 and 2.6 second at four given 

conditions (i.e., combinations of two sliding velocities and two slurry flow rates), while 

the slurry MRT values of PEEK-2 decrease by 5.0, 3.7, 2.3 and 1.0 second at the same 

four given conditions. There is no significant difference between the sums of these two 

sets of values, indicating that the influence of slot designs on MRT changes due to 

pressure changes is not significant.  

Comparison between the length of white columns and that of grey columns in Fig. 

6.6 shows that the slurry MRT reduces with an increase in the slurry flow rate. However, 
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the decrease in slurry MRT is not proportional to the increase in slurry flow rate. This is 

due to the fact that only a small percentage of slurry actually enters the land area and 

participates in the polishing, and this percentage gradually decreases with an increase in 

the slurry flow rate (Philipossian and Mitchell 2003). When the slurry flow rate rises 

from 100 mL/min to 200 mL/min at four given conditions (i.e., combinations of two 

sliding velocities and two pressures), the slurry MRT values of PEEK-1 decrease by 2.3, 

1.5, 2.6 and 3.4 second, while the slurry MRT values of PEEK-2 decrease by 3.6, 0.9, 8.9 

and 6.2 second. The results show that for PEEK-2, the slurry MRT decreases much more 

at the high sliding velocity (i.e., 8.9 and 6.2 second) than at the low sliding velocity (i.e., 

3.6 and 0.9 second) with an increase in the flow rate. On the other hand, there is no 

significant difference between the slurry MRT changes obtained at the low sliding 

velocity (i.e., 2.3 and 1.5 second) and the slurry MRT changes obtained at the high 

sliding velocity (i.e., 2.6 and 3.4 second) for PEEK-1. 

 

6.5 Conclusions 

Two PEEK retaining rings with different slot designs were tested at different 

sliding velocities, pressures and slurry flow rates. Using the residence time distribution 

technique and classical reactor design theory, the slurry MRT of each test was 

experimentally determined by taking advantage of the change in COF with slurry 

concentration. Using the calibration curves obtained in advance, the slurry MRT of the 

two retaining rings at given conditions can be extracted from the corresponding COF data.  
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Comparison of results show that the slurry MRT of PEEK-2 is on average 13.4% 

longer than that of PEEK-1 due to the difference in effect of slot designs on the pad 

abruptness. PEEK-2 leads to a more abrupt pad surface, thus increasing the slurry 

transport resistance in the pad-retaining ring interface and extending the MRT. In 

addition, the effects of process parameters including sliding velocity, pressure and flow 

rate on MRT were also investigated in this study. Due to the occurrence of faster slurry 

advection to the edge of pad (due to centrifugal forces) and thus less slurry availability at 

the bow wave to facilitate the slurry exchange at the pad-retaining ring interface, 

increasing sliding velocity increases the slurry MRT for both retaining rings. At higher 

pressures, the slurry MRT reduces because of decreasing reactor volume in the pad-

retaining ring interface. The negative relationship between flow rate and MRT is quite 

intuitive as we would have expected the actual slurry exchange rate at the pad-retaining 

ring interface to increase with total flow rate thus leading to lower MRT values. 
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CHAPTER 7 

EFFECT OF PAD GROOVE WIDTH AND POLISHING KINEMATICS ON 

SLURRY MEAN RESIDENCE TIME IN CMP 

 

 

This chapter investigates the effect of pad groove width and polishing kinematics 

on slurry mean residence time (MRT) in the pad-wafer interface during chemical 

mechanical planarization (CMP). Three concentrically grooved IC pads with different 

groove widths were tested at various wafer pressure and sliding velocities, respectively, 

to experimentally determine the corresponding MRT by employing the residence time 

distribution (RTD) technique and classical reactor design theory. Results showed that the 

slurry MRT increased with wider groove width due to the increase of the void volume 

under wafer. Results also showed that both higher wafer pressure and faster sliding 

velocity reduced the slurry MRT for all three pads.   
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7.1 Introduction 

Studies have shown that the presence of slurry in the pad-wafer interface region is 

critical to CMP process (Stein et al. 1996, Kim et al. 1999 and Sikder et al. 2001). 

Understanding and optimizing the interactions between the pad and slurry are essential 

for achieving and maintaining a stable and predictable CMP process as they relate to the 

fluid dynamics of the process. Commercially available pads typically have concentric or 

spiral grooves, whose main functions include: (i) providing channels for efficient and 

uniform slurry distribution across the pad surface and pad-wafer interface, (ii) 

discharging polish debris, heat and spent slurry from the pad-wafer interface, (iii) 

preventing hydroplaning of the wafer on the pad. In the previous studies, the effect of 

different groove designs on the coefficient of friction (COF), pad surface temperature and 

wafer removal rate in interlayer dielectric (ILD) and copper CMP have been investigated 

(Doy et al. 2004, Rosales-Yeomans et al. 2005 and Rosales-Yeomans et al. 2008). 

Furthermore, G. P. Muldowney has developed a 3D fluid flow and kinetics model to 

research the influence of essential pad features, including pad depth and width, on 

transient slurry mixing in the pad-wafer interface (G. P. Muldowney 2008). However, 

based on our knowledge, no one has experimentally studied the effect of pad groove 

width on the slurry transport in the pad-wafer interface region, which can be treated as an 

approximate closed-system reactor. The mean residence time of slurry in this region is 

the average time it takes for the fresh incoming slurry to replace the existing slurry in the 

reactor, which can be easily determined by employing classical RTD techniques 
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(Levenspiel 1972, Froment and Bischoff 1979). This research focuses on the effect of the 

pad groove width and polishing kinematics on the slurry MRT. 

In this study, three concentrically grooved IC pads by Dow Chemical with 

different groove widths were tested at various applied wafer pressures and sliding 

velocities to investigate how groove width affects the slurry MRT in the pad-wafer 

interface. Furthermore, the extent of slurry MRT as a function of pad-wafer sliding 

velocity and applied wafer pressure was studied and discussed. 

 

7.2 Experimental 

All polishing tests were performed on an Araca APD-500 polisher, which is 

capable of measuring shear force and down force in real-time. The polisher and its 

associated force sensors have been described in detail elsewhere (Sampurno 2008). The 

three pads tested in the study were concentrically grooved IC pads manufactured by Dow 

Electronic Materials. They all had the same land area width and groove depth, but 

different groove widths (Fig. 7.1 and Table 7.1). The parameter α  listed in Table 7.1 is 

defined as the ratio of the ‘up-features’ surface area (i.e., land area) of a pad to the flat 

pad surface area. Since pad 1 had the narrowest groove among all three pads, it has the 

highest α  value. In contrast to pad 1, pad 3 had the lowest α  value due to its largest 

groove width.  
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Figure 7.1: Schematic of pad dimensions. 

 

________________________________________________________________________ 

Pad             Groove Width            Groove Depth            Land Area Width            α  
(μm)                           (μm)                             (μm)                      (%)        

________________________________________________________________________ 
 
Pad 1                  300                             400                              1200                     80.2 

Pad 2                  600                             400                              1200                     66.9 

Pad 3                  900                             400                              1200                     57.7 

 

Table 7.1: Pad dimensions and parameter α  comparison. 

 

A 200 mm blanket silicon wafer was used in all of the experiments. For each pad, 

a fresh 3M A165 4 inch diamond disc was used for the conditioning work. Prior to 

polishing, each pad was conditioned at a down force of 25.8 N for 30 min using 

deionized (DI) water by the conditioner which rotated at 95 rpm and oscillated at 0.33 Hz. 

The same rotational velocity and oscillation frequency were used for in situ pad 

conditioning. During polishing, Hitachi Chemical ceria slurry was injected on top of the 

pad center at a fixed flow rate of 200 mL/min, and the silicon wafer was polished at 

Groove Width Land Area Width 

Groove Depth 
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applied pressure of 3.0 and 5.0 psi and sliding velocities of 0.83 and 1.36 m/s (i.e., 55 and 

90 rpm). Both carrier head and platen rotated counterclockwise at the same rate.  

For each experiment, the system was first allowed to reach steady state in 60 

seconds using 1.0 wt% ceria slurry as the initial fluid. Then the initial fluid was switched 

instantaneously to 0.1 wt% ceria slurry used as the final fluid. Another 70 s polishing had 

been performed right after “switching” to allow the system to achieve a new steady state. 

Throughout this entire process, COF was measured at 1000 Hz in real-time and recorded 

as a function of time.  

The top figure in Fig. 7.2 showed an example of COF response (COF vs. time). 

The oscillations in the COF data were due to the conditioner moving back and forth. The 

fit to the COF response generally matched the trend very closely and fits the average of 

the oscillations, thus was used to construct the corresponding concentration response 

(concentration vs. time) shown in Fig. 7.2 on bottom. Figure 7.3 is an example of 

calibration curve obtained at applied pressure of 5.0 psi and sliding velocities of 0.83 m/s 

for pad 1. The calibration curve is the polynomial fit with order 2 based on the COF 

results of the slurry with four different ceria concentrations (i.e., 0.1, 0.25, 0.5 and 1.0 

wt%), indicating a nonlinear relationship between COF and ceria concentration in the 

slurry concentration range from 0.1 to 1.0 wt%. This nonlinear relationship makes it 

necessary to convert the COF response to the concentration response first, instead of 

constructing F-curve directly from the COF response.  
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Figure 7.2: COF (top) and ceria concentration (bottom) corresponding to final slurry 

replacing initial slurry during a polishing. 

 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

50 60 70 80 90 100 110 120 130

Time (sec)

C
er

ia
 C

on
ce

nt
ra

tio
n 

(w
t%

)

0.41

0.42

0.43

0.44

0.45

0.46

0.47

50 60 70 80 90 100 110 120 130
Time (sec)

C
O

F

COF Data
Fit

Time of slurry 

 

 

 Time of slurry switching

Time (sec)

C
O

F 
C

on
ce

nt
ra

tio
n 

(v
ol

um
e 

%
) 

 

Time (sec)

COF Data 
Fit 



 
 

236

 

Figure 7.3: Calibration curve relating ceria concentration of the slurry to COF. 

 

The F-curve, as shown in Fig. 7.4(a), was obtained by normalizing and fitting the 

concentration response starting at the switching point (i.e., 60 seconds). Then, E-curve 

was obtained by differentiating the F-curve, which was shown in Fig. 7.4(b). Each MRT 

value under a given applied wafer pressure and pad-wafer sliding velocity was 

determined by the RTD technique. The specific procedure and method have been 

described and explained in detail elsewhere (Philipossian and Mitchell 2003, Philipossian 

and Mitchell 2004). 
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(a) 

 

(b) 

Figure 7.4: (a) F-Curve and (b) E-Curve corresponding to data sets shown in Fig. 7.2. 
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7.3 Results and Discussion 

Figure 7.5 shows MRT as a function of wafer pressure for two sliding velocities. 

Each reported value presented is the average of two experimental results obtained under 

the same process conditions. Results indicate a general increase in MRT with increasing 

groove width at a given wafer pressure and sliding velocity. In all cases, the pad with the 

widest groove (i.e., pad 3) results in the highest MRT, while the pad with the narrowest 

groove (i.e., pad 1) leads to the lowest MRT.  
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(b) 

Figure 7.5: MRT as a function of wafer pressure at sliding velocity of (a) 0.83 m/s and (b) 

1.36 m/s. 

 

The positive correlation between MRT and groove width can be explained by 

classical reactor design theory. In a typical CMP process, the reactor volume can be 

approximated by the slurry holding capacity underneath a wafer (Philipossia and Mitchell 

2003). The total volume totalV  consists of two parts, landV  and grooveV , as shown in Fig. 7.6. 

These two parts are defined as: 

 

                                                           landland hrV ×= 2απ                                            Eq. 7.1 
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                                                      groovegroove hrV ×−= 2)1( πα                                    Eq. 7.2  

 

 

Figure 7.6: Reactor volume analysis illustration. 

 

In Eq. 7.1 and 7.2, r represents the wafer radius and α , as mentioned previously, 

is the ratio of the land area to the projecting area of the pad. landh  is the thickness of  the 

slurry film on the land area, while grooveh  is the thickness of the slurry inside the groove 

(i.e., the groove depth if the groove is fully filled with slurry). The film thickness of 

slurry between the wafer and pad is dependent on various factors including applied wafer 

pressure, sliding velocity, slurry flow rate and the surface curvature of the wafer. For 

purposes of estimating the contribution of landV  and grooveV  to totalV , a reasonable 

assumption is made by assuming the film thickness to be 15 μm at 3 psi and 10 μm at 5 

psi (Sun et al. 2010). Using the pad parameters listed in Table 7.1 and Eq. 7.1 and 7.2, 

the estimated volumes for three pads are calculated and listed in Table 7.2. At each 

applied wafer pressure, all three total volumes are normalized based on the total volume 

of pad 1. 

V groove

V land

h groove

h land 

Wafer
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3 psi                                                          5 psi 

              Vland           Vgroove         Vtotal        Normalized    Vland           Vgroove         Vtotal        Normalized 
              (cm3)       (cm3)      (cm3)           Vtotal              (cm3)       (cm3)      (cm3)           Vtotal 

  
Pad 1      0.39         2.57        2.96            1.00           0.26         2.57        2.83            1.00 

 
Pad 2      0.33         4.29        4.62            1.56           0.22         4.29        4.51            1.59 

 
Pad 3      0.28         5.49        5.77            1.95           0.19         5.49        5.67            2.01 

 

Table7.2: Reactor Volume Analysis. 

 

Considering the fact that grooveh   is much larger than landh  (i.e., 400 μm vs. 10 ~ 15 

μm), the contribution of grooveV  may be assumed to be dominant. As a result, the grooveV  

and totalV  of pad 3 are larger than those of other two pads. Since MRT is equal to the ratio 

of reactor volume ( totalV ) to the actual slurry flow rate beneath the wafer, the pad with 

larger totalV  exhibits longer MRT at a given slurry flow rate. This explains why MRT 

increased with increasing groove width under all four conditions (i.e., combinations of 

two wafer pressure and two sliding velocities) as shown in Fig. 7.5. At a given pressure 

and a given sliding velocity, the three MRT values are normalized by taking the MRT 

value of pad 1 under that specific condition as 1. Four sets of normalized experimental 

MRT ratios are listed in Table 7.3 to be compared with the normalized totalV  ratios. Table 
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7.3 shows that all experimental MRT ratios are only qualitatively, not quantitatively 

proportional to the theoretical MRT ratios (i.e., normalized totalV  ratios), suggesting that 

there is back flow in the pad-wafer interface during polishing. The numerical simulation 

results have shown the existence of backmixing region near the pad center in the pad-

wafer gap (G. P. Muldowney 2008). 

 

 
3 psi                                                            5 psi 

                                Normalized     Normalized                         Normalized    Normalized 
           Normalized   experimental  experimental   Normalized   experimental  experimental 
                 Vtotal             MRT               MRT              Vtotal              MRT              MRT 

at 0.83 m/s       at 1.36 m/s                          at 0.83 m/s      at 1.36 m/s 
  
Pad 1      1.00               1.00                  1.00               1.00               1.00                1.00 

 
Pad 2      1.56               1.14                  1.08               1.59               1.06                1.03 

 
Pad 3      1.95               1.52                  1.13               2.01               1.54                1.20 

 

Table 7.3: Comparison between theoretical and experimental MRT. 

 

Figure 7.5 also indicates a negative trend between MRT and sliding velocity for all 

three pads. When the sliding velocity increases (i.e., the rotational rate increases), the 

velocity of slurry on the pad surface increases due to a higher centrifugal force. At a result, 

the slurry exchange at the pad-wafer interface become faster at a higher sliding velocity,   
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reducing the total time to replace spent slurry with fresh slurry. Comparison between Fig. 

7.5(a) and Fig. 7.5(b) shows that when the sliding velocity increases, the slurry MRT 

decreases for all three pads. Under low pressure, the MRT values of three pads reduce by 

0.7, 1.3 and 4.3 s respectively. While under high pressure, the MRT values of three pads 

reduce by 1.3, 1.6 and 4.3 s. The results show that the slurry MRT of pad 3, the pad with 

largest groove width, is more sensitive to the sliding velocity than those of the other two 

pads. This is likely due to the fact that the amount of spent slurry to be exchanged in large 

grooves is more than that in small grooves. 

Regarding the effect of wafer pressure, MRT slightly decreases with increasing 

wafer pressure. At the low sliding velocity, MRT values with pad 1, pad 2 and pad 3 

reduce by 0.8, 1.6 and 1.1 s as wafer pressure increases by 2 psi (i.e., from 3 psi to 5 psi). 

At the high sliding velocity, the MRT values of three pads reduce by 1.4, 1.9 and 1.1 s 

when the wafer pressure increases from 3 psi to 5 psi. There are no significant changes 

between the two sets of reduced time at low and high sliding velocities. This negative 

trend between MRT and wafer pressure was also shown in previous study on MRT using 

similar conditions (i.e., sliding velocities were 0.93 and 1.24 m/s, and wafer pressures 

were 4 and 6 psi) (Philipossian and Mitchell 2004). It is due to the decreasing of slurry 

film thickness under a higher wafer pressure. With the thinner slurry film between the 

wafer and pad, less time is required to replace the spent slurry with the fresh slurry. 
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7.4 Conclusions 

Using the residence time distribution technique and classical reactor design theory, 

this study has shown that slurry MRT in the pad-wafer interface region is highly 

dependent on the groove width. The pad with wider grooves has more “reactor volume” 

bounded between the pad and wafer, thus causing larger value of MRT compared to the 

pad with narrower grooves. However, due to the existence of back flow and the mixing of 

spent slurry with fresh slurry, the normalized experimental MRT ratios are less than the 

normalized theoretical MRT ratios. Experimental results show that both sliding velocity 

and applied wafer pressure have negative effects on slurry MRT. A higher sliding 

velocity leads to a lower MRT for all three pads. This is believed to be due to the fact that 

higher sliding velocities accelerate slurry exchanges at the pad-wafer interface. The slurry 

film thickness varies with the applied wafer pressure. A higher polishing pressure results 

in a thinner slurry film beneath the wafer, hence reducing slurry MRT. 
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CHAPTER 8 

METHOD OF DETERMINING THE NUMBER AND POSITION OF ACTIVE 

AND AGGRESSIVE DIAMONDS ON CONDITIONING DISCS 

 

 

This chapter describes in detail a method for determining the number of active 

diamonds on a given conditioning disc. The method (Borucki et al. 2008) is generally 

comprised of three steps: (a) contacting the diamond-containing face of a conditioning 

disc with a hard surface, (b) moving the diamond conditioner disc under a certain load 

across the hard surface to leave scratches corresponding to the active diamonds, (c) 

counting the marks on the hard surface to determine the total number of active diamonds 

on the diamond conditioner. Among the active diamonds, a few diamonds that do most of 

the deep bulk cutting are recognized as aggressive diamonds. Using optical microscopy 

and an undamaged polycarbonate sheet, based on this method, it is possible to find 

indentations on the polycarbonate sheet created by the aggressive diamonds which can 

then be traced back to the position of the corresponding aggressive diamonds in the 

observation area. The position of the aggressive diamond can be recorded by marking the 

target aggressive diamond on a scanned image of the amplified observation area which 

includes the target aggressive diamond. 
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8.1 Introduction 

Pad conditioning is necessary for maintaining the pore structure and the 

roughness of the pad surface thereby keeping the polishing performance stable during 

CMP. Due to its hardness, resistance to wear and inertness to chemical attack, diamond is 

the material preferred by pad conditioner manufacturers. Artificial industrial diamonds 

with selected grit size, morphology and quality are used to construct pad conditioners 

through a variety of methods such as bonding, plating, sintering or brazing to metal or 

ceramic substrates. In general, diamond conditioner manufacturers evaluate diamond 

conditioner discs simply based on the total number of diamonds present on the disc 

surface and the number of diamonds remaining after certain specified periods of use or 

environmental testing. On a typical diamond disc, having a nominal diameter of 100 mm, 

the total number of diamonds can range from 10,000 to 80,000 depending on the size, the 

packing density and the geometric arrangement of the diamonds. However, the 

performance of the diamond conditioner disc actually does not strongly depend on the 

total number of diamonds present on the disc surface. Rather it depends on the number of 

diamonds that actually contact and cut the pad surface during CMP process. Those 

diamonds that actually do the “cutting” work under specific polishing conditions are 

known as active diamonds. 

The number of active diamonds present in any given situation depends on many 

factors, including the total number of diamonds on the disc surface, the local and global 

flatness of the disc substrate material, the diamond grouping patterns, the surface 

topography and the load on the diamond conditioner. For example, the diamonds on more 
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topographically prominent areas of the disc surface and/or the upper-most diamond in a 

diamond cluster will be closer to the pad surface when a pad is brought into contact with 

the conditioner. As such, these diamonds can be considered as active as they touch and 

cut the pad surface. In fact, only a very small fraction of total diamonds are active while 

others remain inactive either by not touching the pad or simply by helping to support the 

load placed on the diamond disc. The difference in the number of active diamonds to total 

diamonds is at least two to three orders of magnitude. However, even among the active 

diamonds, only a few, known as aggressive diamonds, do most of the deep bulk cutting, 

while other active diamonds contribute much less to cutting. As a result, the aggressive 

diamonds’ contribution to the total cut rate is dominant and about 50% of  total cut rate 

can be accounted for by the top ten most aggressive diamonds (Borucki et al. 2007).  

Since only a few aggressive diamonds do most of the heavy cutting during 

conditioning process, wear of the small number of aggressive diamonds may account for 

most of the observed changes in the pad cut rate. When pad cut rate declines to a certain 

low level due to the failure of aggressive diamonds to perform deep bulk cutting, the pad 

conditioner’s life is considered to be over. This explains why the lifetime of a 

polyurethane pad conditioner in most CMP processes is measured in tens of hours at best.  

Due to the prominent influence of active and aggressive diamonds on cut rate and 

conditioner lifetime, it is important and beneficial to establish a simple, reliable, and cost 

effective method to measure the population and locations of the active and aggressive 

diamonds. Such a method will allow conditioner manufacturers to better control and 

maintain the quality of the diamond disc, and provide users of diamond conditioners an 
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easy way to characterize and compare the product. In this chapter, a method for 

determining the number of active diamonds and positioning the aggressive diamonds has 

been thoroughly described. 

 

8.2 Materials 

Due to the fact that diamond furrows on commercial polyurethane pads are hardly 

visible and recognized, a pad substitute material with similar mechanical characteristics, 

but more favorable optical properties, is required for detecting and counting the scratches 

left by the active diamonds on the hard surface. In our studies, General Electric (GE) 

Plastics XL10 LexanTM polycarbonate sheets with dimensions of 8×10” by 0.093” thick 

as shown in Fig. 8.1 are used as the pad substitute material. Because the polycarbonate 

sheet is transparent, it is easy for a moving and contacting diamond to leave a visible 

scratch on the polycarbonate surface. By dragging the loaded diamond conditioner across 

the polycarbonate surface, we can easily find and count the marks created by the active 

diamonds.  
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Figure 8.1: 0.093” thick GE Plastics XL10 LexanTM 8×10” polycarbonate sheet with the 

protective covers (to be removed during testing) on both sides. 

 

Polycarbonate sheets and polyurethane-based polishing pad materials may have 

wide ranges of mechanical properties depending on the component, formulation and the 

process used. Since the XL10 polycarbonate has comparable tensile and compressive 

yield strengths to commercially available hard polyurethane pads (such as those in the IC 

family of pads by Dow Chemical or D100 family of pads by Cabot Microelectronics) but 

higher Shore D hardness than that of commonly used hard pads as shown in Table 8.1, 

one could expect that a test using the XL10 polycarbonate sheet would somewhat 

undercount the number of active diamonds assuming that all scratches made by active 

diamonds are detectable on the hard polyurethane pad. Nevertheless, considering the fact 

the faint furrows produced by active diamonds are undetectable on hard polyurethane 

pads, while they are detectable on XL10 polycarbonate, the number of active diamonds 
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based on XL10 polycarbonate should be similar and comparable with the number of 

active diamonds based on hard polyurethane pads.  

 

 Polycarbonate Hard Polyurethane Pads 

Ultimate Tensile Strength (MPa) 66 45 – 96  

Shore D Hardness 80 52 – 70 

 
Table 8.1: Mechanical properties of polycarbonate and hard polyurethane pads. 

 

A test was conducted to compare the XL10 polycarbonate sheet against the 

IC1000 pad. The scratches left on the surface of both materials were made by dragging 

the same diamond disc using the same vertical load. On the surface of the IC1000 pad, a 

chromium film with a thickness of approximate 50 – 100 nm was deposited to ‘decorate’ 

the scratches so that the scratches were detectable. The origins of the scratches were 

carefully marked as shown in Fig. 8.2. to facilitate the counting of the scratches. Results 

showed that the number of scratches on the XL10 polycarbonate sheet was 10% less than 

that of the IC1000 pad, indicating the results of two materials were comparable.  
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    (a)                                                                       (b) 

Figure 8.2: Photograph of (a) the polycarbonate sheet and (b) the chromium deposited 

IC1000 pad with scratches marked. 

 

Thickness non-uniformity of the XL10 polycarbonate sheets is a crucial factor in 

the test results. The thickness non-uniformity should be as small as possible to ensure that 

results actually reflect the topography of the conditioner contact surface, and not the 

geometry of the test material. In practice, two or three mils thickness variations for XL10 

sheets are acceptable if they are approximately linear over the testing area since the 

polycarbonate sheet with such thickness variations stacking on a flat optical mirror under 

load can present a nearly flat surface to the conditioner. 
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8.3 Apparatus 

Figure 8.3 shows the main apparatus used in the ‘short’ and ‘long’ draw tests, 

both of which involve sliding the diamond conditioner over a polycarbonate sheet 

positioned on a precision optical mirror. Two clamps are used to fix the working panel on 

a stable and flat surface. On the working panel, a frame consisting of two horizontal 

wood bars and one vertical aluminum bar is screwed tightly to prevent the horizontal and 

vertical motion of the optical mirror and the polycarbonate sheet that is place on the 

mirror. The precision optical mirror has the same size as that of the polycarbonate sheet, 

8 inches in width and 10 inches in length, and has been slid into the frame against the left 

bottom corner. It provides a flat and rigid surface to support the polycarbonate sheet 

during the draw test. As such, it ensures that the polycarbonate sheet conforms to the flat 

mirror surface under a certain load when lateral forces are applied. 
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Figure 8.3: Main experimental apparatus used in the draw tests. 

 

The disc holder is basically a plastic disc with an angle scale having the same 

diameter of the diamond conditioner tested. It can be attached to the backside of a 

conditioner via two screws as shown in Fig. 8.4. Using the angle scale at the back side of 

the disc, it is easy to mark every 45°on the conditioner’s side wall.  Starting with the 

sliding direction, labels 1 through 8 have been assigned to those marks in a counter-

clockwise fashion.  
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Figure 8.4: Diamond conditioner and disc holder assembly. 

 

The carrier head is made of a round machined polycarbonate disc and a steel dead 

weight, which are bonded together by a double sided tape. A deep slot through the 

diameter of the polycarbonate disc is made for accommodating the aluminum cantilever. 

On the bottom of the slot, a shallow trench matching with the pin of the cantilever is 

machined at the carrier head center [Fig. 8.5(a)]. At each side of the protruding pin, there 

is a drill on the cantilever away from the pin with same distance [Fig. 8.5(b)]. When the 

carrier head and cantilever are assembled, the two drills on the cantilever plus the six 

drills on the polycarbonate disc form a circle with the same radius between the screw and 

the diamond disc center [Fig. 8.5(c)]. The angle between two adjacent radius connecting 

the drill and pin is 45°, which allows one to change the orientation of the diamond 

conditioner relative to the sliding direction in equal increments of 45°. In Fig. 8.6, 

orientation 1 of the diamond conditioner is parallel to the sliding direction (i.e. the 

cantilever), so the test result obtained is the result with sliding direction along orientation 

1. By inserting the screws into the different pair of drills along diameter, it is easy to 

align eight orientations with the sliding direction. 
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         (a)                                                     (b) 

 

 
(c) 

Figure 8.5: Top view of the (a) carrier head, (b) cantilever and (c) combination. 
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Figure 8.6: Assembly of the diamond conditioner, disc holder, cantilever and carrier head. 

 

The function of two “L” shaped stands is to prevent the conditioner from turning 

while it is being tested. The distance between two vertical plates of the stand is only 

slightly wider than the width of the cantilever, so that when both ends of the cantilever 

are put into the stands, only smooth sliding, and thus no rotating, can happen while the 

assembly is being pulled. The block is a rectangular aluminum bar used for pulling the 

loaded assembly. It is inserted between the cantilever and the bars of the frame (see Fig. 

8.7) to draw the assembly by equally pulling both ends of the block during the test. The 

contact edge of the block is always tangential to the perimeter of the carrier head and 

perpendicular to the sliding direction.  
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Figure 8.7: Set-up of the block during test. 

 

8.4 Experimental Procedure 

 

8.4.1 Short Draw Test 

In a short draw test, the optical mirror and polycarbonate sheet are usually put in 

the frame with their long edge perpendicular to the sliding direction. In this way, the 

polycarbonate sheet can be used again after the first test by rotating it 180°. Before 

overlapping the polycarbonate sheet on the mirror, both protective films are peeled off. 

When the diamond conditioner is set on the polycarbonate sheet as shown in Fig. 8.7, the 

desired load is then applied on the carrier head using dead weights. Then the perimeter of 

the conditioner is marked on the polycarbonate sheet by using a permanent marker. The 

loaded conditioner is slowly pulled (at a speed of about 4 millimeters per second) for a 

distance of about 1 cm parallel to the sliding direction to make the scratches on the 

transparent polycarbonate sheet. If the velocity is too low, scratching may not be 

accomplished effectively, but if the velocity is too large, the underlying material may be 
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distorted in the direction of the movement. The scratches are caused by the active 

diamonds on the contact face, and each of them corresponds to an active diamond under 

the specific load.  

An example of a tested polycarbonate sheet is shown in Fig. 8.8. The sliding 

direction is orientation 1 since the adjacent two orientations are orientation 8 and 2 

respectively. The total number of scratches is then taken as the active diamond count. 

However, some of the scratches are faint and hard to recognize. In order to find and 

distinguish those scratches, backlighting is used to highlight them. During the counting, 

the origin of each scratch is also carefully marked to avoid miscounting. An example of 

polycarbonate sheet with marked scratches is shown in Fig. 8.9, indicating the positions 

of the active diamonds circled within the red perimeter. 

 

 

Figure 8.8: Photograph of polycarbonate sheet from short draw test. 
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Figure 8.9: Photograph of polycarbonate sheet with marked scratches. 

 

In order to acquire accurate results, operators responsible for counting the number 

of active diamonds need to pay attention to two points. First, no matter how faint it is, a 

scratch should be counted as long as it is visible. Second, overlapping scratches should be 

counted as multiple scratches, not just as one scratch. In the case that some diamonds are 

so close that the scratches created by them are indistinguishable in one orientation, 

operators can refer to the polycarbonate sheets with orthogonal orientations. It is 

important to apply the same criterion in the counting work to keep the counting results 

constant and repeatable. The counts obtained by this method are very reproducible, 

usually with a variation substantially less than 10%. For the sake of easy verification and 

tracking at some later time, the test information including the name of the conditioner, the 

applied load, the orientation, and the date the test was conducted should be recorded on 
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the polycarbonate sheet. The non-transparent protective film is attached back to the 

scratched surface to protect it from new scratches and other possible damage during 

handling and storage. 

 

8.4.2 Long Draw Test 

The procedure for the long draw test is similar to that of short draw test, but the 

optical mirror is now placed within its long edge parallel to the sliding direction, and the 

conditioner is pulled over a distance that exceeds its diameter. This guarantees that all 

furrows will cross a common region perpendicular to the sliding direction. This region is 

shown in Fig. 8.10 between the black lines marked on the aluminum bar of the frame. 

 

 

Figure 8.10: Set-up for long draw test. 
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Prior to pulling the conditioner, two deep furrows are marked along the inside 

edge of the aluminum bars. The deep furrow near the left edge of the polycarbonate sheet 

is used as a reference mark for later scanning using a profilometer. During the draw test, 

the conditioner is pulled until the top edge of the conditioner across the bottom line of the 

scanning region. Besides the two highlighted furrows, four points are also marked on the 

polycarbonate sheet to indicate the scanning region. A typical polycarbonate sheet used 

for the long draw test is shown in Fig. 8.11. After recording the related test information, 

the polycarbonate sheet is covered with the protective film and saved for later analysis. 

 

 

Figure 8.11: Photograph of polycarbonate sheet from long draw test. 
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8.4.3 Profilometry and Analysis 

A scanning stylus profilometer (Dektak V200 SI, Veeco Corp.) is used to scan the 

surface of the polycarbonate sheet from the long draw test. The stylus profilometer has a 

three micron radius probe tip, a horizontal step of 2.778 microns and a vertical resolution 

of 0.26 microns.  The scanning starts from the deep furrow marked near the left edge of 

the polycarbonate sheet and ends at the deep furrow marked near the right edge of the 

polycarbonate sheet. This guarantees that the stylus profilometer crosses all the scratches 

caused by the active diamonds on the conditioner surface.  

The raw profilometry file consists of the coordinate and furrow shape data for 

each scanning point and can be processed to remove slow, long wave length height 

variations due to manufacturing distortions in the shape of the polycarbonate sheet. 

Figure 8.12 is an example of leveled profilometry scan of the surface of a polycarbonate 

sheet across the scratches produced in the long draw test. Each furrow shown in the 

figure corresponds to a scratch detected by the stylus profiler on the surface of the 

polycarbonate sheet. As shown in the inset in Fig. 8.12, each furrow evidences both 

subsurface cutting and plastic displacement of the polycarbonate to the sides of the 

furrow. 
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Figure 8.12: Leveled profilometry scan of the surface of a polycarbonate sheet across the 

scratches produced in the long draw test. (Borucki et al. 2007) 

 

All furrows can be sorted in terms of furrow area in descending order. The furrow 

area is defined as the cross sectional area of the subsurface portion of each furrow. 

Considering the fact that the furrow with the larger furrow area is created by more 

aggressive active diamond, we can identify the top ten most aggressive diamonds by 

finding the top ten furrows in the profilometry scan shown in Fig. 8.13. Previous studies 

indicate that the top ten most aggressive diamonds usually account for about half of the 

total cut rate (Borucki et al. 2007). 
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Figure 8.13: Profilometry scan with the top ten furrows labeled. 

 

8.4.4 Identifying and Positioning the Aggressive Diamonds 

By reading the distance between a labeled furrow and the reference mark from the 

profilometry scan, we are able to find the corresponding scratch on the polycarbonate 

sheet from long draw test using a ruler. In the event that multiple deep scratches are 

adjacent to each other, or even overlap each other, we can resolve the ambiguities using 

the tested polycarbonate sheet from the orthogonal sliding directions. After the scratches 

are indentified, the origin of the scratches should be marked and circled in a small loop. 

By carefully aligning the marked polycarbonate sheet on the tested diamond disc, we can 

mark the locations on the disc corresponding to the loop on the polycarbonate sheet [Fig. 

8.14(a)]. As such, each location contains one of the top ten most aggressive diamonds. 

The location area of the aggressive diamonds is only couple of square millimeter, which 
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is sufficient to restrict a search for each aggressive diamond to just one or a few potential 

candidates. 

 

 

(a)                                                                        (b) 

Figure 8.14: Locations of the top ten most aggressive diamonds marked on (a) the 

diamond disc and (b) the profilometry scan. 

 

In order to distinguish an aggressive diamond from other diamonds at the marked 

location, we have to use a low magnification optical microscope and an undamaged piece 

of polycarbonate to create a test indentation. To do so, we need to first put the 

undamaged polycarbonate on the conditioner surface lightly. Then we need to put the 

microscope on the polycarbonate and carefully focus on the target location containing the 
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aggressive diamond. Third, we must apply a certain down force on the target location to 

create the indentation caused by the aggressive diamond. Fourth, we need to slightly lift 

the polycarbonate to find the indentation created on the polycarbonate sheet. If there are 

multiply indentations at the location, we need to compare them and choose the deepest 

one. Fifth, we need to check the position of the indentation and find the corresponding 

diamond at the location. After the aggressive diamond is identified, we can easily record 

its position by marking it in an amplified scan of the location including the aggressive 

diamond (see Fig. 8.15). This scanned image is also used as the reference to find and 

identify the aggressive diamond during the SEM analysis. 

 

 

Figure 8.15: Amplified scan of location including marked aggressive diamond. 

 

8.5 Summary 

This chapter demonstrated a method for determining the number of active 

diamonds on a diamond conditioner disc under a certain vertical load. By drawing the 
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loaded disc across a hard surface, scratches were created on the surface by the active 

diamonds (i.e. those that touch the pad and do the cutting work during the conditioning 

process). The number of the scratches was counted through optical observation, 

microscopy, profilometry or any other suitable observation. This corresponded to the 

number of active diamonds. The new method provided a simple, reliable and repeatable 

way to determine the number of active diamonds. This number is much more important 

than the total number of diamonds present on the surface of the conditioner, because the 

conditioning performance of the diamond disc actually depends on only a small fraction 

of diamonds that really cut the pad in the CMP process. Using optical microscopy and a 

brand new polycarbonate sheet, the aggressive diamonds (i.e. the most aggressive active 

diamonds among all active diamonds) were identified and located on the conditioner 

surface based on analysis of the profilometry scans. This made it possible to compare a 

single aggressive diamond before and after an extended marathon wear test using SEM or 

other optical methods. 

The method presented in this chapter provided a way to better control and 

maintain the quality of diamond discs during manufacturing by the suppliers. The 

technique also helped characterize and compare various conditioners for the end users. 
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CHAPTER 9 

SEMI-QUANTITATIVE ANALYSES OF DIAMOND PULLOUT AND 

FRACTURE IN CHEMICAL MECHANICAL PLANARIZATION 

 

 

A new method and apparatus for accelerated wear and pullout of aggressive 

diamonds on diamond conditioning discs in chemical mechanical planarization (CMP) 

were described in this chapter. Five types of diamond conditioner discs (Disc A, Disc B, 

Disc C, Disc D and Disc E) made by four different manufacturers were subjected to a 30 

minute accelerated wear test respectively to investigate how many aggressive diamonds 

pull out or fracture among the top ten most aggressive diamonds on the diamond 

conditioner disc. Scanning electron microscopy (SEM) images were taken on the same 

ten most aggressive diamonds and also two randomly selected inactive diamonds before 

and after the tests. SEM analysis demonstrated that diamond pullout and/or fracture 

happened to all five types of diamond conditioner discs, but to different extents. 

Comparison between the results of the five discs showed that under the same polishing 

conditions applied in this study, the number of aggressive diamonds that pulled out 

and/or fractured was 7, 8, 6, 8 and 6 for Disc A, Disc B, Disc C, Disc D and Disc E 

respectively. The SEM images also showed that the two inactive diamonds remained 

intact, confirming that the inactive diamonds did not participate in regenerating pad 

asperities during conditioning. 
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9.1 Introduction 

Diamond conditioner discs have been used in CMP processes to regenerate pad 

asperities and remove slurry and pad debris from the pad surface. During pad 

conditioning, diamonds on the diamond conditioner disc keep cutting and plowing the 

contact surface to maintain the pore structure and the roughness of the pad surface. It is 

required to replace a disc when its cutting effectiveness significantly drops after a certain 

amount of use. In general, the life time of a diamond conditioner disc is about 50 hours.  

Diamond conditioner discs are generally evaluated based on the total number of 

diamonds present on the surface of the diamond disc and the number of diamonds 

remaining after a specific period of use or conditioning. However, the effectiveness and 

performance of the diamond conditioner disc actually depends on neither of these two 

metrics, but rather on the number of diamonds that actually cut and abrade the pad 

surface during conditioning. Those diamonds that actually do the “cutting” work are 

referred to as active diamonds. It has been shown that among the several tens of 

thousands of diamonds present on the disc surface of a typical conventional diamond 

conditioner, the percentage of active diamonds is typically less than 1% (Borucki et al. 

2007, Borucki and Rikita 2008). The remaining diamonds, which either do not touch the 

pad surface or merely support the load on the disc, are referred to as inactive diamonds. 

Among the active diamonds, only a few of them do the deep bulk cutting work. These 

diamonds are referred to as aggressive diamonds. Borucki et al. has shown that top ten 

most aggressive diamonds were usually responsible for up to 50% of total cut rate 

(Borucki et al. 2007). 



 
 

270

In the semiconductor manufacturing industry, diamond conditioners are designed 

to dress the pads, which are used to polish expensive wafers containing delicate layers of 

integrate circuits (ICs). Because any diamond debris and fragments may cause 

catastrophic scratches on the wafer surface, no diamond pullout and fracture can be 

tolerated. As such, it is necessary to investigate and quantify diamond pullout during 

conditioning for understanding pullout mechanism and obtaining optimal conditioning 

parameters. To our best knowledge, two methods have been predominantly used in 

quantifying diamond pullout by diamond conditioner manufacturers (Goers et al. 2000). 

The first method demonstrates the failure mechanism of the diamond bond and quantifies 

the effective strength of the diamond bond by subjecting the disc to a high-pressure water 

jet wash test. The second method quantifies the force necessary for release of diamond 

from the bond matrix by subjecting individual diamonds to a “pick” test. However, 

neither of these two methods discriminates the aggressive diamonds from regular active 

diamonds and inactive diamonds, thus limiting the usefulness of test to diamond 

conditioner manufacturers and users.  

In this study, a new method of accelerating wear and pulling of aggressive 

diamonds on a CMP diamond conditioner disc was employed to quantify the extent of 

diamond pullout and fracture during conditioning for various types of diamond 

conditioner discs at the same processing condition. Instead of using a CMP polishing pad, 

a plate of hard materials containing discrete structures on its surface was used to 

accelerate the wear and pulling process of the diamonds present on the diamond 

conditioner surface. During conditioning, the aggressive diamonds, to a far greater degree 
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than regular active diamonds and inactive diamonds, were subjected to lateral forces 

continuously as the diamond conditioner disc rotates and moves back and forth over the 

hard plate surface. Eventually the bond holding the aggressive diamond to the matrix 

failed due to having endured lateral stress over a long period of time or having endured 

periods of force with a too great intensity. As a result, the aggressive diamond pulled out 

from the matrix. In some case, the bond between aggressive diamond and matrix held but 

the aggressive diamond broke due to the structural flaws in itself.   

For each type of diamond conditioner disc, top ten most aggressive diamonds 

were identified using the method described in chapter 8 in detail (Borucki and Rikita 

2008). In addition, two inactive diamonds were randomly selected for purposes of 

comparing to the aggressive diamonds. Each one of five types of diamond conditioner 

discs was tested on a 34-inch aluminum plate using deionized (DI) water for 30 minutes 

to allow pullout and/or fracture happening on the aggressive diamonds. The SEM images 

of top ten most aggressive diamonds and two inactive diamonds were taken before and 

after the accelerated wear test to demonstrate diamond pullout and fracture. The numbers 

of the aggressive diamonds that pulled out and fractured for each diamond conditioner 

disc were analyzed and compared. 

 

9.2 Experimental Procedure 

All wear tests were performed on an Araca APD-800 polisher, which is capable of 

real-time measurement, analysis, correlation and reporting of shear force and down force, 

as shown in Fig. 9.1. The polisher and the associated accessories have been described in 
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chapter 2 in detail. The metal plate used as a “pad” in the accelerated wear test was a 34-

inch aluminum plate having four radial shallow slots on its surface with an equiangular 

configuration, as shown in Fig. 9.2. Four angles between the two adjacent slots were all 

equal to 90°. The function of the shallow slots was to create “bumps” to knock off active 

diamonds during the accelerated wear tests. 

 

 

Figure 9.1: Illustration of the Araca APD-800 polisher used in this study. 
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Figure 9.2: Top view of the aluminum plate used in the tests. 

 

 

Figure 9.3: The aluminum plate (mounted on a Suba IV sub-pad) was attached on the 

Araca APD-800 polisher. 

90°

   Shallow Slot 
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The aluminum plate was attached on the polisher platen with a Suba IV sub-pad, 

and the center of the aluminum plate was aligned to the axis of platen drive motor (see 

Fig. 9.3). Before each wear test, the aluminum plate was conditioned with a 3M A165 

diamond disc using DI water at a flow rate of 300 mL/min for 10 minutes. The 

conditioner rotated at 95 rpm and oscillated at 0.33 Hz with a down force of 44.5 N (i.e., 

10 lbf). The same rotational rate and oscillation frequency, as well as the down force 

applied were used for wear tests. The rotational rate of the polisher platen was kept at 42 

rpm. Both platen and conditioner rotated counterclockwise.  

One of the functions of the break-in was to make the conditioned region 

hydrophilic, thus facilitating the water transport and distribution on the surface of the 

aluminum plate. Figure 9.4 showed the difference between the conditioned region and the 

unconditioned region: the conditioned region was shinning and coarse, while the 

unconditioned region was dark and smooth. Another function of the break-in step was to 

keep the contact surface encountered by each test disc at constant roughness. 

 

 

Figure 9.4: Aluminum plate surface. 
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After the 10 minute break-in, the 3M A165 diamond disc was switched with the 

test disc to conduct the 30 minute accelerated wear test. Figure 9.5 showed the five types 

of diamond conditioner discs used in the tests with the locations of top ten most 

aggressive diamonds circled on the disc surface. Among five discs, Disc A and Disc B 

were made by the same manufacturer, but they were of different types. Disc C, Disc D 

and Disc E were made by the other three different manufacturers respectively. For each 

type of disc, SEM analysis was performed on the top ten most aggressive diamonds and 

the two inactive diamonds before and after the accelerated wear test using a Hitachi S-

2460N scanning electron microscope.  

 

  

(a) (b) 



 
 

276

  
                                      (c)                                                            (d) 

 
                                                                      (e) 

Figure 9.5: Surface pictures of (a) Disc A, (b) Disc B, (c) Disc C, (d) Disc D and (e) Disc 

E. Copper tapes were used pointing to the aggressive diamonds for easy finding the target 

diamond as taking the SEM images.  
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9.3 Results and Discussion 

Figure 9.6, 9.7, 9.8, 9.9 and 9.11 show SEM images of top ten most aggressive 

diamonds before and after the accelerated wear test for Disc A, Disc B, Disc C, Disc D 

and Disc E, respectively. The ten aggressive diamonds in each figure are numbered 

consecutively with numbers as No. 1 to 10.  

According to Figure 9.6, three diamond bodies protruding from the disc surface 

no longer existed in their integrity after the wear test, indicating three aggressive 

diamonds (i.e., aggressive diamond 1, 3 and 5) of Disc A were partially pulled out during 

the wear test. However, the embedded parts of those three aggressive diamonds remained 

in the metal matrix, indicating that the bonds between diamonds and matrix for Disc A 

were strong enough for holding diamonds and for preventing them from being fully 

pulled out. Figure 9.6 shows that significant fractures occurred on two aggressive 

diamonds (i.e., aggressive diamond 6 and 9), leaving the remaining fragments on the disc 

surface. Figure 9.6 also shows that small fractures occurred to two aggressive diamonds 

(i.e., aggressive diamond 2 and 4). Among all ten aggressive diamonds, three aggressive 

diamonds including aggressive diamond 7, 8 and 10 remained intact after the wear tests, 

as shown in Fig. 9.6.  
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Figure 9.6: SEM images of top ten most aggressive diamonds of Disc A (left) before and 

(right) after the accelerated wear test. 
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The gray floccules deposited on the disc surface, as shown in Fig. 9.7, are from 

the aluminum debris and particles generated during the wear test. It should be noted that 

the scale present in Fig. 9.7 is only half of that present in Fig. 9.6 (i.e., 25 μm vs. 50 μm), 

showing that the diamond size of Disc B is much smaller than that of Disc A (i.e., 

approximate 50 μm vs. 200 μm). As a result, the floccules are more likely to form and 

stay on the disc surface of Disc B. Figure 9.7 shows that 6 out of 10 aggressive diamonds 

were pulled out in the tests. Aggressive diamonds 3, 4, 6 and 7 have left no fragments or 

only a piece of small fragment in the matrix, showing that the aggressive diamonds of 

Disc B are more easily to be pulled out than the aggressive diamonds of Disc A due to the 

weak bonding. Aggressive diamonds 1 and 8 were also fully pulled out because they 

were not embedded and bonded in the matrix, but only sitting on the other diamonds, 

which make them more topographically prominent than the other diamonds. As a result, 

they were more aggressive but less sustainable to lateral stress caused by the method 

itself. The images of aggressive diamond 2 show that significant fracture occurred. While 

only a small fracture occurred to the aggressive diamond 9. Unlike the pulled out 

diamonds, aggressive diamonds 5 and 10 remained intact after the accelerated wear tests. 
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Figure 9.7: SEM images of top ten most aggressive diamonds of Disc B (left) before and 

(right) after the accelerated wear test. 
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No diamond pullout was observed for Disc C. Figure 9.8 shows that significant 

fractures occurred to aggressive diamonds 6 and 8. It also shows that small fracture 

occurred to aggressive diamonds 1, 2, 3 and 7. The rest of the ten aggressive diamonds (4, 

5, 9 and 10), remained intact after the 30 minute wear test. Compared to Disc A and Disc 

B, Disc C has the stronger diamond bonding and with more sound crystalline structure, 

resulting in much less diamond pullout and fracture when subjected to a lateral force. As 

shown in Fig. 9.8, the diamonds size of Disc C is about 300 μm, which is larger than 

those of Disc A and Disc B. Comparison results showed that both diamond bonding and 

diamond size affected performance and life time of diamond conditioner discs. 
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Figure 9.8: SEM images of top ten most aggressive diamonds of Disc C (left) before and 

(right) after the accelerated wear test. 
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Figure 9.9 shows the SEM images of top ten most aggressive diamonds before 

and after the accelerated wear test for Disc D. Among the ten diamonds, four aggressive 

diamonds (i.e., aggressive diamonds 1, 4, 6 and 7) were partially pulled out. The SEM 

images of those diamonds after the wear test show that metal matrix fracture occurred, 

implying that the diamond bonding to matrix was even stronger than the matrix internal 

bonding for Disc D. Significant fractures were observed on aggressive diamonds 5, 8 and 

9. Small fractures were observed on aggressive diamond 3. The images of remaining 

aggressive diamonds (i.e., aggressive diamonds 2 and 10) show that both diamonds 

remained intact after the wear test.  
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Figure 9.9: SEM images of top ten most aggressive diamonds of Disc D (left) before and 

(right) after the accelerated wear test. 
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Disc E had a unique matrix pattern, which was quite different from those of other 

four diamond discs. As shown in Fig. 9.5(e), the disc surface comprised 16 sections 

divided by spiral grooves. Each section consisted of numerous raised annular pits, in 

which diamonds were embedded (see Fig. 9.10). According to the SEM images shown in 

Fig. 9.11, no aggressive diamonds were pulled out and no significant fracture occurred 

during the test. Small fractures were observed on the tips of aggressive diamonds 1, 3, 6, 

8, 9 and 10 after the test. Four remaining aggressive diamonds (i.e., aggressive diamonds 

2, 4, 5 and 7) remained intact during the wear test. 

 

 

 

Figure 9.10: Disc surface around location of aggressive diamond 10 for Disc E. 
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Figure 9.11: SEM images of top ten most aggressive diamonds of Disc E (left) before and 

(right) after the accelerated wear test. 
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Figure 9.12, 9.13, 9.14 and 9.15 show the SEM images of two inactive diamonds 

before and after the accelerated wear test for Disc A, Disc B, Disc C and Disc E 

respectively. All pictures show that there were no fractures or appreciable wear on the 

surface of the selected inactive diamonds for all four discs. No image of inactive 

diamonds on the surface of Disc D was taken before and after the wear test. However, 

Meled et al. have used a same type of disc with Disc D to conduct 24 hour wear tests. 

Their results also showed no appreciable wear were observed on the inactive diamond 

surface (Meled et al. 2010). Both experimental results have confirmed that inactive 

diamonds did not participate in regenerating pad asperities during conditioning. Because 

DI water instead of slurry was used in the tests, the metal substrate corrosion due to 

chemical attack was not observed in the SEM images after the tests. 
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Figure 9.12: SEM images of two inactive diamonds of Disc A (left) before and (right) 

after the accelerated wear test. 

 

 

Figure 9.13: SEM images of two inactive diamonds of Disc B (left) before and (right) 

after the accelerated wear test. 
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Figure 9.14: SEM images of two inactive diamonds of Disc C (left) before and (right) 

after the accelerated wear test. 

 

 

Figure 9.15: SEM images of two inactive diamonds of Disc E (left) before and (right) 

after the accelerated wear test. 
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9.4 Summary 

Among active diamonds, certain diamonds that are significantly more active than 

other active diamonds and are responsible for a significant and disproportionate amount 

of the cutting of the CMP pad, are referred to as aggressive diamonds. The number of 

aggressive diamonds that are pulled and the conditions causing, surrounding or resulting 

from them being pulled are of considerable interest to both diamond conditioner disc 

manufacturers and users. However, it is not realistic for most manufacturers and users to 

contemplate operating a CMP polishing devices with its consumption of expensive pads, 

slurry and operator time. A reproducible, efficient and economically feasible method of 

determining the wear and pulling of aggressive diamonds on the diamond conditioner 

disc was described and used to test five types of diamond conditioner discs. The method 

accelerated the wear and pulling process of aggressive diamonds by contacting the 

diamond conditioner disc to a plate of a hard material containing discrete structures 

instead of a regular CMP pad during conditioning. The length of time needed for effect 

wear and pulling of the aggressive diamonds could be vastly reduced. The accelerated 

processes are largely analogous to the real conditioning processes using conventional 

CMP pads and slurry, so it is expected that broadly aggressive diamonds failure processes 

in accelerated tests will relatively similar to those in a real conditioning.  

Table 9.1 lists the accelerated wear test results for all five diamond discs. 

According to the Table 9.1, no diamond pullout occurred to any aggressive diamond of 

Disc C and Disc E, indicating that both discs have strong diamond bonding, as well as the 

sound diamond crystalline structure. In addition, the numbers of aggressive diamonds 
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that remained intact and the numbers of aggressive diamonds on which fractures were 

observed were same for both discs. Six aggressive diamonds on the surface of Disc B 

were pulled out during the test, showing that the aggressive diamonds on Disc B were 

more vulnerable to the lateral force than those on other diamond discs. This was due to 

the weak diamond bonding to matrix, which makes it easily pulling out aggressive 

diamonds by mechanical force. Three and four diamond pullouts were observed for Disc 

A and Disc D respectively. The SEM images showed that metal matrix fractures 

happened for Disc D due to its extremely strong diamond bonding to the matrix. 

However, this phenomenon was not observed for Disc A, implying that Disc A had less 

strong diamond bonding than Disc D.  

Besides the top ten most aggressive diamonds, two inactive diamonds were 

selected for Disc A, Disc B, Disc C and Disc E. SEM images of the selected inactive 

diamonds were also taken before and after the wear tests. Comparison of the images 

before and after the tests showed that inactive diamonds did not contribute to the pad 

asperities regeneration process due to no fractures or wear present on the inactive 

diamonds surface after the tests. 
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________________________________________________________________________ 

Discs         Pullout              Significant Fracture             Small Fracture        Intactness 
                      (#)                              (#)                                    (#)                        (#)                             

________________________________________________________________________ 
 

Disc A            3                                 2                                       2                          3 

Disc B            6                                 1                                       1                          2 

Disc C            0                                 2                                       4                          4 

Disc D            4                                 3                                       1                          2 

Disc E            0                                 0                                        6                         4 

 

Table 9.1: Accelerated wear test results.  
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CHAPTER 10 

CONCLUSIONS AND FUTURE PLANS 

 

 

10.1 Conclusions 

Several investigations were conducted in this dissertation in order to understand 

the fundamental characteristics of major consumables used in CMP process, as well as, to 

provide possible solutions for some of the CMP challenges that the semiconductor 

industry will continue to face as IC technology advances. Each major study is separately 

highlighted below along with the major conclusions. 

 

 Tribological, Thermal, and Wear Characteristics of Polyphenylene Sulfide 

and Polyetheretherketone Retaining Rings in Inter-Layer Dielectric CMP 

A 4 hour wear test was performed on three retaining rings made of 

polyphenylene sulfide (PPS) and polyetheretherketone (PEEK) materials with two 

different slot designs. Frictional force and pad temperature were measured in real-

time during the wear test. Retaining ring wear rates were measured by both the 

conventional micrometry method and white light interferometry. The results 

showed that the PPS retaining ring generated a higher COF than the two PEEK 

retaining rings, resulting in higher pad temperature and retaining ring wear rate. 

The results also showed that the retaining ring slot design did not significantly 

affect COF, pad temperature, and retaining ring wear rate. The pad surface 
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interferometric analysis indicated that the retaining ring slot design affected the 

pad surface abruptness. This study underscored the importance of material 

selection and slot design optimization of retaining rings for improved polishing 

performance. 

 

 Effect of Retaining Ring Slot Design on Slurry Film Thickness during CMP 

Two PEEK retaining rings with different slot designs (i.e., “standard” and 

“alternative”) were tested at different slurry flow rates, pressures, and pad-wafer 

rotational rates. The slurry film thickness within the pad-wafer interface region 

was measured in situ using DEUVEF. Results showed that the slurry film became 

thicker under a higher slurry flow rate. Higher pressure reduced the slurry film 

thickness by squeezing the slurry out of the pad-wafer interface. Slurry film 

thickness decreased under a higher platen rotational rate due to stronger 

centrifugal forces acting on the slurry. The average slurry film thickness of the 

alternative ring was approximately 30% higher than that of the standard ring. 

Because the alternative ring had a greater number, as well as larger slots, it 

allowed more slurry to be channeled into the pad-wafer interface region. Results 

also showed that the quartz wafer tilted down toward the leading edge of the 

wafer in all tests, which was believed to be caused by the nonuniform pressure 

development under the wafer. Using the retaining ring with the alternative slot 

design increased slurry utilization, reduced the COO of the CMP processes, and 

made CMP processes more environmentally benign. 
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 Effect of Retaining Ring Slot Design and Polishing Kinematics on Slurry 

Mean Residence Time in CMP 

Two PEEK retaining rings with different slot designs were tested at 

different sliding velocities, pressures, and slurry flow rates. Using the residence 

time distribution technique and classical reactor design theory, the slurry MRT of 

each test was experimentally determined by taking advantage of the change in 

COF with slurry concentration. The slurry MRT of two retaining rings at given 

conditions can be extracted from the corresponding COF data. Comparison results 

show that the slurry MRT of PEEK-2 is on average 12.2% longer than that of 

PEEK-1 due to the difference in effect of slot designs on the pad abruptness. 

PEEK-2 leads to a more abrupt pad surface, thus increasing the slurry transport 

resistance in the pad-retaining ring interface and extending the slurry MRT. Due 

to the occurrence of faster slurry advection to the edge of pad (due to centrifugal 

forces) and thus less slurry availability at the bow wave to facilitate the slurry 

exchange at the pad-retaining ring interface, increasing sliding velocity increases 

the slurry MRT for both retaining rings. At higher pressures, the slurry MRT 

reduces because of decreasing reactor volume in the pad-retaining ring interface. 

The negative relationship between flow rate and MRT is quite intuitive as we 

would have expected the actual slurry exchange rate at the pad-retaining ring 

interface to increase with total flow rate thus leading to lower MRT values. 
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 Effect of Pad Groove Width and Polishing Kinematics on Slurry Mean 

Residence Time in CMP 

Using the residence time distribution technique and classical reactor 

design theory, this study has shown that slurry MRT in the pad-wafer interface 

region is highly dependent on the groove width. The pad with wider grooves has 

more “reactor volume” bounded between the pad and wafer, thus causing larger 

value of MRT compared to the pad with narrower grooves. However, due to the 

existence of back flow and the mixing of spent slurry with fresh slurry, the 

normalized experimental MRT ratios are less than the normalized theoretical 

MRT ratios. Experimental results show that both sliding velocity and applied 

wafer pressure have negative effects on slurry MRT. A higher sliding velocity 

leads to a lower MRT for all three pads. This is believed to be due to the fact that 

higher sliding velocities accelerate slurry exchanges at the pad-wafer interface. 

The slurry film thickness varies with the applied wafer pressure. A higher 

polishing pressure results in a thinner slurry film beneath the wafer, hence 

reducing slurry MRT. 

 

 Method of Determining the Number and Position of Active and Aggressive 

Diamonds on conditioning discs 

A method for determining the number of active diamonds on a diamond 

conditioner disc under a certain vertical load was introduced and described in 

detail. By drawing the loaded disc across a hard surface, scratches were created 
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on the surface by the active diamonds (i.e. those that touch the pad and do the 

cutting work during the conditioning process). The number of the scratches was 

counted through optical observation, microscopy, profilometry or any other 

suitable observation. This corresponded to the number of active diamonds. The 

new method provided a simple, reliable and repeatable way to determine the 

number of active diamonds. Using optical microscopy and a brand new 

polycarbonate sheet, the aggressive diamonds (i.e. the most aggressive active 

diamonds among all active diamonds) were identified and located on the 

conditioner surface based on analysis of the profilometry scans. This made it 

possible to compare a single aggressive diamond before and after an extended 

marathon wear test using SEM or other optical methods. This method provided a 

way to better control and maintain the quality of diamond discs during 

manufacturing by the suppliers. The technique also helped characterize and 

compare various conditioners for the end users. 

 

 Semi-quantitative Analyses of Diamond Pullout and Fracture in Chemical 

Mechanical Planarization 

A new method and apparatus for accelerated wear and pulling of 

aggressive diamonds on diamond conditioner discs in CMP are described. Five 

types of diamond conditioner discs (Disc A, Disc B, Disc C, Disc D, and Disc E) 

made by four different manufacturers were subjected to a 30 minute accelerated 

wear test respectively to investigate how many aggressive diamonds pull out or 



 
 

303

fracture among top ten most aggressive diamonds on the diamond conditioner 

disc. Scanning electron microscopy (SEM) images were taken on the same ten 

most aggressive diamonds and two randomly selected inactive diamonds before 

and after the tests. SEM analysis demonstrated that diamond pullout and/or 

fracture happened to all five types of diamond conditioner discs, but in different 

extent. Comparison between the results of five discs showed that under the same 

polishing conditions applied in this study, the number of aggressive diamonds that 

pulled out and/or fractured was 7, 8, 6, 8 and 6 for Disc A, Disc B, Disc C, Disc D, 

and Disc E respectively. The SEM images also showed that two inactive 

diamonds remained intact, confirming that the inactive diamonds did not 

participate in regenerating pad asperities during conditioning. 

 

10.2 Future Plans 

Given the variety of work conducted in this dissertation and the challenge that 

continue to exist in CMP, several future studies are being proposed for consideration as 

follows: 

 

 Investigation of Retaining Ring Induced Frictional Pad Heating and Pad 

Wear in CMP 

In this dissertation the effect of retaining ring materials and slot designs on 

the tribological, thermal, and wear characteristics of CMP has been investigated 

in depth in Chapter 5. Due to the frictional force among the retaining ring, slurry, 
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and pad surface, heat is generated in the pad-slurry-retaining ring interface, and 

part of the thermal energy is transferred to the pad. As a result, the pad 

temperature increases significantly during polishing, which in turn impacts 

material removal and nonuniformity. It has been confirmed that construction 

materials and slot designs affect the wear rate of the retaining ring. However, the 

pad wear rate was not explored in this dissertation, which is critical to the pad 

surface uniformity and pad lifetime.  It should be noted that only Dow IC 1000 

series pads were used and tested in the previous study. Therefore, it is important 

also to investigate the effect of various pads and other factors (i.e., such as platen 

temperature, conditioner discs, and polishing parameters) on retaining ring 

induced frictional pad heating and pad wear in CMP processes. 

 

 Incorporation of DEUVEF for Fundamental Characterization of CMP 

Process 

A novel non-intrusive optical technique (DEUVEF) was introduced in this 

dissertation. The major advantage of incorporating DEUVEF technique to the 

fundamental study of CMP is that it can be used to accurately measure the film 

thickness of the slurry. In Chapter 5, this technique was applied to study the effect 

of retaining ring slot designs on slurry film thickness. A quartz wafer instead of a 

real wafer was used to allow fluorescent light to reach the slurry film at the pad-

quartz wafer interface. The effect of different retaining ring slot designs and 

polishing conditions on the slurry distribution under the wafer was thoroughly 
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analyzed. In the case of polishing real wafers, DEUVEF technique can be 

employed to study the effect of polishing parameters, retaining ring designs and 

pads on slurry flow dynamics at bow wave and on pad surface. These studies 

coupled to conventional RTD analysis could possibly lead to a better 

understanding of how each component of the process affect the fundamental 

aspects of CMP. 

 

 Effect of Pad Groove Designs on Slurry Mean Residence Time 

The effective method of using transient COF data induced by a shift in 

slurry concentration to measure slurry MRT has been well established in several 

studies in this dissertation. It has been shown that polishing conditions, retaining 

ring slot design (Chapter 6) and pad groove width (Chapter 7) all impact the 

slurry MRT during CMP. However, only the pads with concentric groove design 

were used in these studies, the effect of other pad groove designs (i.e., XY-groove, 

floral, logarithmic spiral and so on) on slurry MRT has not been explored yet. A 

proposed area of interest for future studies is the investigation of the effect of 

novel pad groove designs and polishing kinematics on slurry MRT, which might 

not only provide means to optimize CMP in terms of slurry utilization, but also 

accelerate the possible incorporation of the novel pad groove designs to CMP 

pads.  
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