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NOMENCLATURE 

 

A   = Empirical pre-exponential factor 

Ac   = Concentration of abrasive particles 

Ap   = Weight percentage of abrasive particles  

COF  = Coefficient of friction 

COFi  = Coefficient of friction at time i 

COF   = Average coefficient of friction 

cp   = Empirical proportionality constant 

D50   = Size of the particle on 99 percentile of the total solid fraction 

D99   = Size of the particle on 50 percentile of the total solid fraction  

Dp   = Diameter of particle 

Down Forcei = Down force at time i 

dA   = Diameter of the abrasive particles 

E   = Activation energy 

F   = Mean shear force of the system 

k  = Preston constant 

k   = Boltzman constant 

k1  = Rate constant for chemical reaction 

k2  = Rate constant for mechanical abrasion 

Mw  = Molecular weight 

P   = Pressure between shaft and bearing  

p  = Pressure 

RR  = Removal rate 

r   = Radius of the primary particle 

rw   = Radius of wafer 

ForceShear  = Average shear force 

Shear Forcei = Shear force at time i 

T  = Temperature 

T   = Mean reaction temperature 

Ta
  
  = Ambient temperature 

Tp   = Mean pad temperature 

t  = Time 

u  = Relative linear velocity of the shaft to the bearing 

V  = Velocity 

pV


  = Local pad velocity 

p   = Pad rotation rate 

ρ  = Density 

μ   = Viscosity 

k   = COF 
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ABSTRACT 

 

This dissertation presents a series of studies relating to optimization of kinematics 

and consumables during chemical mechanical planarization processes. These are also 

evaluated with the purposes of minimizing environmental and cost of ownership impacts.  

In order to study diamond micro-wear and substrate wear during planarization 

processes, a series of static etch tests and wear tests were performed using different types 

of diamond discs subjected to various treatments. Scanning Electron Microscopy (SEM) 

and Inductively Coupled Plasma Membrane Spectroscopy (ICPMS) were used to 

estimate the extent of diamond micro-wear and substrate wear.  

Next, the impact of various factors (type of slurry abrasive, pH, abrasive content 

and abrasive concentration) on pad wear rate during the planarization process was studied. 

Another study in this dissertation focuses on the development of a novel technique of 

using coefficient of friction (COF) data to distinguish between good and bad diamond 

discs. This study made use of the innovative tool diamond disc dragging device (DDD-

100) designed and developed for the purpose of this study.  

It is known that the performance of chemical mechanical planarization depends 

significantly on the polishing pad grooving type and the kinematics involved in the 

process. Variations in pad grooving type as well as pressure and sliding velocity can 

affect polishing performance. One study in this dissertation investigates the effect of 

pressure and sliding velocity on the polishing performance. The study is conducted with 

multiple pressure and sliding velocity variations to understand the characteristics of each 
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condition. A subsequent study focuses on the impact of pad grooving type on polishing 

performance.   

 

The greatest contribution of this dissertation involves development of a novel 

slurry injector to optimize the utilization of slurry during planarization processes. Slurry 

is a critical component in chemical mechanical planarization processes and accounts for 

approximately 50 percent of the cost of ownership (CoO). The novel injector, apart from 

reducing the consumption of slurry, also contributed in addressing problems associated 

with foaming, reduced the number of defects and achieved better within wafer non-

uniformity (WIWNU).  
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CHAPTER 1 

INTRODUCTION 

 

1.1 Semiconductor Technology 

The purpose of this dissertation is to investigate and better understand the 

fundamentals associated with the process known as Chemical Mechanical Planarization 

(CMP) used in the semiconductor industry during the manufacture of integrated circuits 

(IC). Essentially, ICs consist of a large number of components (transistors, resistors, 

capacitors, etc), fabricated side by side (known as the “front end”) and wired together 

(known as the “back end”) to perform a particular circuit function. 

 

Figure 1.1 shows a general representation of a modern IC. The figure shows a thin 

cross-section of the chip (left) and the details at the transistor level (right). When a 

voltage is applied at the gate, a current is allowed to flow under the gate from the source 

to the drain, completing the circuit. The applied voltage closes or opens the circuit which 

corresponds to digital 0 or 1 state. As observed in Figure 1.1, transistors are built at the 

bottom of the IC, and all the above layers of metals and oxides are connections (like 

wires) creating complex circuits. 
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Figure 1.1: General representation of IC cross section (Microelectronics Manufacturing 

and the Environment class notes). 

 

An actual SEM image of an IC cross-section is shown in Figure 1.2. The figure 

shows three tungsten plugs at the bottom that are connected between the underneath 

transistors and the first copper layer. This SEM shows that one transistor is directly 

connected via copper lines up to the 3rd metal layer and is therefore connected to 

additional transistors in a different location on the chip. The other two transistors are 

connected to the first copper layer and are connected to other nearby transistors. The 

Inter-Layer Dielectric (ILD) represents an oxide insulating layer between the copper 

interconnects and plugs.   
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Figure 1.2: SEM of IC cross-section (Source: Fisher 2005). 

 

The manufacturing step for IC fabrication is basically a sequential layering 

process from the “bottom up” (Wolf 2004). A variety of devices are first laid out before 

the first metal layer. Subsequently, an interconnect layer is built from the 1st to 8th level 

as in the case of Figure 1.2. Such complex processes can involve hundreds of individual 

steps, each step building upon the previous step. As seen in Figure 1.3, over the last 20 

years, circuit density has increased by a factor of approximately 10
4
, while cost has 

constantly decreased. The trend is expected to continue in the future.   
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Figure 1.3: Trends in logic and memory devices.  

(Source: http://www.research.ibm.com/, IBM, 2003) 

 

1.2 Introduction to Chemical Mechanical Planarization  

With the decreasing intermediate wiring pitch, non-planarized surface topography 

results in several processing difficulties. An irregular surface causes a hindrance in 

conformal coating of the photoresist and efficient pattern transfer with contact 

lithography. An effectively planarized surface has enormous amount of benefits such as:  

 

i. Higher photolithography and dry etch yields  

ii. Elimination of step coverage concerns  

iii. Minimization of prior level defects  

http://www.research.ibm.com/
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iv. Elimination of contact interruption, undesired contacts and electro-migration 

effects  

v. Reduction of high contact resistance and inhomogeneous metallization layer 

thickness  

vi. Limitation in the stacking height of metallization layers. (Zantye et al. 2004)  

 

These improvements are most suited to describe the role of CMP in which an 

optically flat and defect-free surface has to be achieved before building the next level. As 

the planarity of the layers depends on the underneath planarity, it is important to achieve 

the highest level of planarity for every layer. The challenge is that the fabrication of every 

layer does not directly result in planar surfaces. As seen in Figure 1.4, following any 

deposition step (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: Non-planar surface resulting after copper deposition. (Source: PhD 

Dissertation, Daniel Rosales Yeomans, 2007) 
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Presently, CMP is the only technique that can offer excellent local and global 

planarity on the surface of the wafer. CMP has been known to yield local planarization of 

features as far as 30 µm apart as well as excellent global planarization. The plasma 

enhanced chemical vapor deposited oxides have limited capability of gap filling and are 

restricted in their gap filling ability below patterns having 0.3 µm feature size (Levinstein 

et al.). High-density plasma deposited oxides have acceptable gap filling capabilities; 

however, they produce variation in surface topography at local as well as global level. 

Even though spin on deposited (SOD) doped and undoped oxides and polymeric 

materials have acceptable gap filling ability, CMP is the only technique which produces 

excellent local and global planarity of these materials (Zantye et al. 2004). The details 

and various aspects of CMP are discussed subsequently in different sections of this 

chapter.  

 

The advantages of CMP are listed below:  

 

i. It achieves global planarization 

ii. It can be used to planarize a wide range of wafer surfaces 

iii. Multiple materials can be planarized during the same polish 

iv. It helps to increase speed of manufacturing, yield and IC reliability 

v. It can remove surface defects, and 

vi. It is not harmful as it does not use any hazardous gas in comparison to other 

technique like etching 
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1.3 Consumables in CMP  

A generalized schematic of the CMP process is illustrated in Figure 1.5. Typical 

CMP tools, such as the one illustrated in Figure 1.5 consist of a rotating and extremely 

flat platen which is covered by a pad. The wafer that is being polished is mounted upside-

down in a wafer carrier on a backing film. The retaining ring (not shown in the figure) 

keeps the wafer in the correct horizontal position. During the process of loading and 

unloading the wafer onto the tool, the wafer is held by vacuum by the carrier to prevent 

unwanted particles from building up on the wafer surface. Slurry with nano abrasive 

particles and chemicals (i.e. oxidizers, inhibitors, surfactants, salts and pH buffers) is 

injected on top of the pad. Slurry is retained well in the trenches of the polishing pad, 

called grooves, as well as on the pad asperities in the land area. Both the platen and the 

carrier are then rotated and a downward pressure/down force is applied to the carrier, 

pushing it against the pad. A disk with embedded diamond chips rotates and oscillates 

back and forth across the radius of the pad. The action of the conditioner is intended to 

regenerate the pad asperities for consistent polishing performance. During a CMP 

process, the synergy 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. Multiple factors such as wafer 

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

properties of the polishing pad, wafer pressure and backside 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). 

http://en.wikipedia.org/wiki/Polished
http://en.wikipedia.org/wiki/Wafer
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Figure 1.5: Generalized schematic of CMP. (Source: 

http://www3.ntu.edu.sg/home/mdlbutler/Research/Research_CMP.htm) 

 

1.3.1 Polishing Pad  

A polishing pad is typically a polymeric-based material attached on top of the 

polishing platen. The pad must have sufficient mechanical integrity and chemical 

resistance since polishing is both a mechanical and a chemical process. During the CMP 

process, the polishing pad provides mechanical action through its asperities and the bulk; 

it helps in transporting the slurry into the pad-wafer interface through micro-pores and/or 

grooves, and also aids in transporting the used slurry and polishing by-products away 

from the pad-wafer interface.  

  

The pads used in semiconductor manufacturing can be classified into three major 

types (Li et al. 2000):  
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i. Type I: Felts and polymer impregnated felts (Rohm & Hass Suba ® Series)  

ii. Type II: Microporous synthetic leathers (Rohm & Haas Politex ® Series) and 

iii. Type III: Filled polymer sheets (Rohm & Haas IC1000® series, Cabot EPIC ® 

series) 

 

Figure 1.6 shows the SEM images of the three types of pad. Pads of Type I and II 

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

greater compressibility due to porous fiber structure of polyurethane impregnated felts 

(Oliver 2004). Typically soft pads are used for tungsten CMP, Shallow Trench Isolation 

(STI) CMP, final buffing applications for Inter-layer Dielectric (ILD) and as a sub-pad 

for hard pad, while Type III pads are hard pads used predominantly for ILD, W, Cu and 

STI CMP due to their higher ability to planarize. Compared to Type I and II pads, Type 

III pads have a lower slurry loading capacity and lower compressibility due to their 

closed cell microstructure. 
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Figure 1.6: Cross section SEM images of (a) type I, (b) type II and (c) type III pads. 

(Source: PhD Dissertation: Yasa Sampurno 2008) 

 

Usually, the polishing pad contains both pores and grooves, which help for better 

planarization. Typical CMP pads are composed of closed pore structures with spherical 

diameters ranging between 30 and 50 µm, and on average, the pores take up 

approximately one-third of the total pad volume and facilitate the transport of slurry to 

the pad-wafer interface. The pores of a pad act as a “lake” and store the slurry particles 

and enhance the contact time between slurry particles and the wafer. Groove design is 

another significant consideration regarding polishing pads. Pad grooves are regarded as 

macro-features, whereas pad asperities, pores, and furrows created by diamond 

conditioning are considered micro-features. Figure 1.7 illustrates the various 

commercially and experimentally used groove designs. Grooves provide a channel for 

efficient and uniform slurry distribution across the pad surface and the wafer interface, as 

well as providing uniform pressure distribution during CMP. Furthermore, grooves 
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prevent hydroplaning at the pad-wafer interface by creating disruptions in the continuous 

layer of fluid, which could exist when using a flat pad. Finally, pad grooves provide an 

effective channel for the removal of entrained debris and the subsequent replacement 

with fresh slurry preventing the particle load effect (Choi et al. 2010). 

 

                                    

  (a)                (b) 

                               

  (c)                (d) 
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  (e)                (f) 

Figure 1.7: Top-view of various polishing pad groove designs: (a) flat, (b) perforated, (c) 

XY-groove, (d) concentric groove, (e) floral and (f) logarithmic spiral. 

 

1.3.2 Slurry  

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

particles of specific size and shape, dispersed in a solution (typically water-based). 

Various chemicals are added to the solution depending on the material to be polished. 

During a CMP process, slurry has three main functions, as follows:  

 

i. Provide mechanical action through the abrasive particles,  

ii. Provide suitable chemistry to the polished surface for enhanced material removal, 

and  
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iii. Provide a lubricating layer in the pad-wafer interface; thus adsorbing and 

controlling temperature rises generated by frictional interactions among pad-

wafer-abrasive particles.  

  

During CMP, chemicals and abrasive particles in the slurry provide chemical 

action and mechanical forces on the substrates simultaneously (Choi et al. 2004). The 

abrasive particle abrades the chemically-treated surface of the polished material, 

exposing a new fragment of material for chemical attack. Thereby, slurry chemistry has 

an important role on polishing rate as well as defects. Typical chemicals added to the 

slurry include organic and inorganic acids and bases, anti-coagulating agents, surfactants, 

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

bactericides. The chemical effects are more essential on soft materials like copper, 

aluminum and polymeric materials while mechanical effects are mostly important for 

hard surface materials like tungsten and tantalum (Neirynck et al. 1996).  

 

The most common materials used as slurry particles are silica, alumina and ceria 

(Yi et al.). The criteria for selecting the abrasive material type have typically come from 

experimental CMP results. Silica is one of the most commonly used materials for CMP 

applications. Generally, silica particles are produced either in a colloidal or fumed form. 

Depending on the size and structure, fumed and colloidal silica result in different 

characteristics such as removal rate, defects, planarity, etc. Figure 1.8 shows TEM 

images of each type of silica particulate. Fumed silica is fabricated using a combustion 
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reaction of silicon chloride in a hydrogen and oxygen rich environment. Colloidal silica 

on the other hand, is manufactured by reacting sodium silicate in acidic or alkaline 

aqueous solutions. As a result, colloidal particles are typically smaller in mean diameter 

(approximately 10 to 50 nm) than fumed silica particles due to their structural formation 

(approximately 90 to 200 nm). 

 

 

Figure 1.8: TEM images of (a) fumed silica and (b) colloidal silica. (Source: Rohm and 

Haas and Precision Colloids, LLC) 

 

Alumina-based slurries tend to lead to unacceptable levels of scratch defects due 

to their poor colloidal stability. Thus, silica and ceria-based slurries are preferable.  

 

Abrasive suspension and shelf life are other significant considerations regarding 

abrasive particles. Settling and agglomeration of abrasive particles during storage or 
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polishing is a critical issue since it can possibly cause defects on the wafer and an 

unstable removal rate during the process. Electrostatics, referring to the repulsive 

electrical fields between abrasive particles, is an important factor in determining the 

stabilization of particles in solution. Figure 1.9 describes the electric double layers on a 

single particle in an ionic solution. By definition, the zeta potential of a particle is the 

electrical charge of the particle at the surface of shear. Zeta potential is absolutely a 

function of the solution‟s pH and point of zero charge (PZC) is defined as the pH where 

the charge of a surface is zero. Generally, the increase in the magnitude of zeta potential 

gives greater particle dispersion within the slurry system due to the increase of repulsive 

force between particles. In order to improve the stabilization of particles, an organic 

compound or surfactant can be added into a solution. 

 

 

Figure 1.9: Representation of the electrostatic layer formation on an abrasive particle. 
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1.3.3 Conditioner 

Pad conditioning is required to obtain and maintain an acceptable removal rate 

and stable process performance. Surface roughness and porosity on the pad surface are 

critical factors in determining the transport of slurry and the contact areas between the 

wafer and the pad. 

 

During polishing, mechanical contact between the wafer and the pad wears away 

the surface of a polishing pad and induces plastic deformation. As a result, it flattens any 

existing asperities and clogs the pores with pad material, used slurry abrasive particles 

and polishing by-products, a phenomenon known as pad glazing (Oliver 2004). Figure 

1.10 shows three different stages of a pad: a well-conditioned pad, a plastic deformed pad 

and a glazed pad. This condition can adversely affect wafer uniformity and the removal 

rate of CMP (Stavreva et al. 1997). To enable the CMP to continue, the polyurethane pad 

used for holding abrasive particles must be periodically dressed by a diamond pad 

conditioner to maintain its surface texture and to regenerate the asperity structure of the 

pad optimized for efficient polishing of wafers.   

 

Conditioning performed concurrently with polishing is called in-situ pad 

conditioning while conditioning performed between polishes is called ex-situ pad 

conditioning. It should be noted that pad conditioning comes at the cost of pad wear. 

Although aggressive conditioning is likely to continuously regenerate the pad surface, the 

impact on the extent of pad wear is significant and ultimately may prove costly. For this 
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reason, conditioning recipes are selected in order to optimize pad life and polishing 

performance. 

 

(a) 

       

 

(b)                                                                    (c) 

Figure 1.10: SEM images of (a) a well-conditioned pad, (b) a plastic deformed pad and (c) 

a glazed pad (Charns et al. 2003). 
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A pad conditioner typically consists of an array of diamonds embedded on nickel 

plated or steel discs. Figure 1.11 shows the top view of SEM images of embedded 

diamonds. The size of diamonds is typically determined by the grit system. Grit size 

refers to the average size of the diamonds. A higher grit size number indicates that the 

average size of the diamonds is smaller and finer. Typical diamond conditioning discs 

can be categorized in several ranges from coarse (16-4 grit), to medium (36-60 grit), fine 

(80-120 grit) and superfine (150-325 grit). The smaller grits typically yield a fast and 

aggressive stock removal, while the higher grits cause a smaller stock removal but with a 

finer pad surface finish (www.grindingwheel.com). 

 

 

Figure 1.11: SEM of a top view of a conditioner. 
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During a CMP process, only the active diamonds (i.e. with enough protrusion) are 

involved in pad conditioning (Borucki et al. 2007). Pad conditioning is a random process 

at the actual contact interface; the evaluation of diamond conditioners is usually marked 

by their overall impact on polishing performance and pad wear. 

 

In this dissertation, the impact of slurry chemistry and temperature of slurry on 

diamond micro-wear and substrate wear is investigated in Chapter 4. The SEM images 

clearly indicate differences in diamond micro-wear between aggressive and non-

aggressive diamonds. Additionally, it indicated that substrate wear increases with 

temperature.  

 

1.3.4 Wafer  

The wafer serves as the substrate for microelectronic devices and undergoes many 

micro- fabrication process steps. Silicon wafers are grown from a single crystal ingot, 

followed by a sequence of sawing, shaping and lapping steps (Wolf 2004). The sequence 

is then followed by subsequent device integration. Figure 1.12 is an example of a typical 

wafer to be polished in the CMP process. In the current state-of-the-art, each wafer 

consists of multiple dies. Each die has a specific computing 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. In IC fabrication, the CMP module is used to polish 

patterned wafers from the previous manufacturing process. On the other hand, blanket 
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silicon wafers (i.e. a silicon wafer with a plain and thin silicon dioxide or copper sheet) 

are commonly used in the early development of CMP consumables and process 

optimization. 

 

Figure 1.12: Top view of electronic devices on 200-mm wafer. 

 

1.4 Challenges in CMP  

1.4.1 Local and Global Planarity  

The goal of the CMP process is to achieve global (mm scale) and local (μm scale) 

planarization through a combination of mechanical and chemical interactions (Oliver 

2004). Figure 1.13 shows a side-view representation and a top-view microscope image of 

the possible different pattern densities observed on an IC. Ideally, CMP should remove 

the material only at the high points on the surface to produce a perfectly flat surface. In 

reality, the areas with low density features will be planarized faster than the areas with 
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high-density features. This results from the higher local pressure experienced in the low-

density features. Figure 1.14 illustrates a more accurate and realistic concept of 

planarization (Stiegerwald et al. 1997). As seen in Figure 1.14, step height refers to the 

vertical height of a feature from its surface. As illustrated in Figure 1.14, step height 

decreases as polish time continues, thus leading approximately to zero when a nearly 

planar surface is achieved. 

 

 

 

 

 

 

 

 

Figure 1.13: Side and top view images of various levels of pattern density on the surface 

of the wafer. 
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Figure 1.14: Concept of local and global planarization. (Source: Steigerwald 1997) 

 

The pad material also affects the extent of local and global planarity during the 

CMP. A soft pad fully conforms to the topography of the non-planar wafer surface; hence 

it simultaneously polishes the low regions as well as the high regions. A hard pad 

dominantly polishes the high regions; however it would have a higher probability of 

inducing defects such as scratches. Medium pads slightly conform to the topography 

meaning that as the step height of the topography is decreased, the low and high regions 

will both be planarized. So it is important to choose pad materials that conform to 

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

enough to achieve local planarization within a given die. Alternatively, the CMP process 

can be done in two subsequent stages. A hard pad is employed first to significantly 

reduce the step height before being followed by a soft pad to polish away the defects. 
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1.4.2 Dishing and Erosion  

Two of the most detrimental topographic issues that can occur during CMP are 

dishing and erosion. Figure 1.15 illustrates the difference between dishing and erosion. 

 

Figure 1.15: Dishing and erosion. 

 

Dishing is referred to as the loss of material in the conducting line, here shown as 

a copper line, with the oxide layer after CMP process as the reference. Erosion differs 

from dishing in terms of dielectric material loss. Erosion is defined as the recession of 

both the oxide and conducting material with the oxide layer prior to the CMP process as 

the reference. For erosion of the oxide to occur, the CMP process must polish completely 

through the oxide layer.  

 

1.4.3 Surface Defects  

Various types of surface defects as shown in Figure 1.16 are commonly found 

after CMP processes. Most defects are typically induced and elevated by mechanical 

means. Dust or particles originating from air, large defect-causing abrasive particles, 

corrosive chemicals in the slurry, dislodged diamonds, pad debris due to abrasion by the 
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conditioner, chemical by-products and abnormal pads are the main source of defect 

causing objects during CMP. Depending on the severity of the defect, wafers may not be 

re-processed; hence reducing the throughput.  

 

Figure 1.16: Various types of surface defects. 

 

1.5 Cost of Ownership and Environmental Considerations  

According to the semiconductor industry, semiconductor manufacturing is based 

on the principle of environmental benignancy and cost control. However, in reality the 

CMP process has incurred high operational costs (CoO) and environmental concerns 

(EHS) (Philipossian et al.).  
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Figure 1.17: Major factors contributing to CoO during CMP. 

 

Figure 1.17 illustrates the approximate overall CoO including pads, slurry, 

equipment, labor, and other materials for a typical CMP module (Holland et al. 2002). As 

seen in Figure 1.17, slurry  usage  accounts for almost  half  of  the  total  cost  of  

ownership  of  the CMP module. Depending on the pad design, slurry utilization is 

relatively less and varies between 2 and 25% (Mitchell et al. 2002). A large amount of 

fresh slurry flows directly off the pad surface without entering the pad-wafer interface 

due to the centrifugal force, resulting in very low slurry utilization. Therefore, optimizing 

CMP process parameters to reduce slurry usage is the best solution to achieve a more cost 

effective and environmentally benign process. In this dissertation, a novel slurry injector 

known to reduce slurry consumption is discussed in Chapter 8.  
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CMP processing uses water extensively to dilute slurry and clean the pad and 

wafer between polishing. It has been estimated that the CMP process accounts for as 

much as 40% of the entire water consumption in an IC Fab (Corlett 1998). 

 

The pad is another important consumable. Increasing the number of wafer 

polishes per pad can not only reduce the expense of the pads, but also can increase 

polisher availability. The pad life is related to slurry chemical, pad conditioning, and 

other factors. In this dissertation, factors affecting pad wear is addressed in Chapter 5.   

 

A majority of the work done in CMP is motivated by the ultimate goal of creating 

smarter and more efficient processes. This means lowering CoO and environmental 

impacts. Several studies in this dissertation consider the possible impacts on these critical 

and relevant issues.  

  

1.6 Research Motivation and Goals  

The primary motivation of this work is to investigate and characterize various 

aspects of the CMP technology in an attempt to solve the modern CMP challenges 

outlined in Section 1.4. These solutions are in the form of various planarization strategies, 

ranging from implementing process parameters, to investigating different consumable 

sets. These are also evaluated with the purposes of minimizing the environmental and 

CoO impacts. Fundamental studies and experimental results are used to provide further 

insight into the CMP process, which can be used to design future tools. There  are  six  
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primary  studies  in  this  dissertation, which  each  have  individual motivations  that  

contribute  to  the  overall  goal  of  this  work. These studies appear as chapters and the 

motivation of each is separately described below. 

 

 Analyses of Diamond Disc Substrate Wear and Diamond Microwear during the 

Copper CMP Process (Chapter 4): In this study, diamond disc substrate wear and 

diamond micro-wear in copper CMP process at two different temperatures and 

using two different slurries were investigated. Three types of diamond discs from 

different manufacturers were used in this study. SEM images of selected 

aggressive and non-aggressive diamonds were taken before and after the tests. 

Results indicated diamond micro-wear for the case of aggressive diamonds 

confirming that non-aggressive diamonds did not participate in conditioning. 

Results also indicated the dependence of temperature on diamond substrate wear.   

 

 Slurry-Induced Pad Wear Rate in CMP (Chapter 5): In this study, the extent of 

pad wear rate during the shallow trench isolation chemical mechanical 

planarization process was investigated for several combinations of type of 

abrasive particles (i.e. colloidal and fumed silica), abrasive content and abrasive 

concentration. Results showed a relation between pad wear rate and abrasive 

concentration for both fumed and colloidal slurries. Results indicated that pad 

wear rate using the colloidal silica slurry was higher by approximately 42 and 6 

percent at 3 and 25 weight percent silica, respectively. Under the same abrasive 
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content, the pad wear rate for fumed slurry was higher compared to colloidal 

slurry. 

 

 Diamond Disc Diagnostic Method Based on ‘Dry’ Coefficient of Friction 

Measurements (Chapter 6): In this study, a novel method for determining the dry 

coefficient of friction of conditioner discs for CMP for purposes of quality 

assessment and problem diagnostics is presented. Results showed that the 

coefficient of friction of can be used to distinguish between good and bad 

diamond discs. Second, the study confirmed the existence of a correlation 

between dry coefficient of friction and the total area of the furrows generated by 

the active diamonds. 

 

 Optimizing Polishing Kinematics for Reduced Shear Force, Low Force 

Fluctuation and Optimum Removal Rate in Copper CMP (Chapter 7): In this 

study, the effect of asynchronous polishing conditions on shear force, variance of 

shear force and polishing time in copper chemical mechanical planarization is 

investigated. In general, low values of shear force, variance of shear force and 

polishing time are preferred since they are known to minimize defects during 

chemical mechanical planarization. Results indicated that increasing wafer 

rotation rate reduced shear force, variance of shear force and polishing time and 

improved removal rate within-wafer-non-uniformity by approximately 2X. 
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 Slurry Injection System to Optimize Slurry Utilization during Chemical 

Mechanical Planarization (Chapter 8): In this study, a new slurry injection system 

for chemical mechanical planarization is investigated. The novel injector is 

designed to improve slurry utilization by efficiently introducing fresh slurry into 

the pad-wafer interface. The slurry utilization is studied by calculating the slurry 

mean residence time. The slurry mean residence time refers to the average time 

that the slurry spends in the pad-wafer interface during wafer polishing. Results 

show that the mean residence time for the new injector system is lower than that 

of the standard pad center injection method, confirming that the novel slurry 

injector provides more efficient slurry delivery to the pad-wafer interface than the 

standard pad center injection method. The advantage of mean residence time 

improvement is reflected through an increase in the removal rate during polishing 

experiments.  

 

 Optimizing Pad Groove Design for Optimum Removal Rate during Copper CMP 

(Chapter 9): In this study, the effect of pad groove design shear force, variance of 

shear force and removal rate in copper chemical mechanical planarization is 

investigated. Two types of pad groove designs i.e. positive 20° slanted concentric 

grooves super-imposed on 0° logarithmic positive grooves and positive 20° 

slanted concentric grooves super-imposed on 0° logarithmic negative grooves are 

used in this study. Results show that positive 20° slanted concentric grooves 



 

 

54 

super-imposed on 0° logarithmic negative groove pad produce lower shear force 

and achieve higher removal rate.  
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CHAPTER 2 

EXPERIMENTAL APPARATUS 

 

Our studies utilized several different characterization techniques and tools. The 

CMP tools are described in Section 2.1. The 2 major CMP systems used in this work are 

the Araca APD-800 and the Araca APD-800X, both of which are 300-mm polishers and 

tribometers at the University of Arizona. The characterization techniques used involved a 

four-point probe, a reflectometer and a diamond disc dragging (DDD) device. The 

general theoretical principles and techniques associated with these tools are explored in 

Section 2.2.   

 

2.1 The Araca APD-800 Polisher and Tribometer 

The APD-800 tool is a single-platen polisher and tribometer designed for 

chemical mechanical planarization (CMP) and polishing of substrates as large as 300-

mm. It is manufactured by Fujikoshi Machinery Corporation and powered by Araca 

Inc.‟s hardware and software for data collections and analyses. 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 characterization of the tribological attributes of the polishing 

processes. Figure 2.1 shows the hardware components of the tool. Their functions are 

listed in the Table 2.1. Some individual hardware components and their functions are 

described in more detail in subsequent sections. 
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Figure 2.1: The APD-800 polisher and tribometer. 
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Table 2.1: Parts of APD-800 

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 

wafer carriers 

D Control panel 
Control hardware operation 

See Figure 2.2 for more details 

E On/Off switch  
Turn on/off the APD-800 

See Figure 2.2 for more details 

F Emergency stop switch 

Turn off APD-800 immediately in 

case of emergency 

See Figure 2.2 for more details 

G Automatic run switches 

Run polishing sequence with 

automatic set up 

See Figure 2.2 for more details 

H Additional control switches 

Attach/release wafer and 

raise/lower carrier 

See Figure 2.3 for more details 

I Signal amplifiers 
Reset and amplify force signal  

See Figure 2.2 for more details 

J Platen, wafer and conditioner carriers 
See Figures 2.4-2.6 for more 

details 

K Down force load cells Measure down force 

 

The front panel of the APD-800 is shown in Figure 2.2. Its components‟ functions are 

listed in the Table 2.2.  
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Figure 2.2: The front panel of APD-800 polisher and tribometer. 

 

 

 

 

 



 

 

59 

Table 2.2: Parts and functions of APD-800 front panel. 

Part Part Name Function 

A Control Panel Control hardware operation 

B Secondary ON switch 
Turn on tool power after the primary 

“On/Off” switch is turned on 

C Secondary OFF switch 

Turn off tool power before the 

primary “On/Off” switch is turned 

off 

D Emergency stop button 
Stop tool operations immediately in 

case of emergency 

E Auto run STOP button 

Stop polishing sequence for auto run 

mode; reset tool after alarm 

deactivation 

F Auto run START button 
Start polishing sequence for auto run 

mode 

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 
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Figure 2.3: Manual switches of APD-800 polisher and tribometer. 

Table 2.3: Manual switches and functions of APD-800 front panel. 

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 

 

 

Figure 2.4: Platen of APD-800 polisher and tribometer. 

A 

B D 

C 
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Figure 2.5: Wafer carrier of APD-800 polisher and tribometer. 

 

Figure 2.6: Conditioner of APD-800 polisher and tribometer. 
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2.1.1 Polisher and Z-direction load cells: 

Figure 2.7 shows the body of the polisher and the 2 load cells located in the front 

side (i.e. Fz 1 and Fz 2). The polisher incorporates a ceramic platen on which a polishing 

pad is attached. The body of the polisher is set-up on top of 4 load cells. Figure 2.8 

illustrates the location of the 4 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. 

 

Figure 2.7: Load cells of APD-800 polisher and tribometer. 
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Figure 2.8: Location of the 4 load cells of APD-800 polisher and tribometer. 

 

Figure 2.9 shows an example of actual forces applied on the 4 load cells during 

CMP. All  load cells acquire the force measurement at a frequency of 1,000 Hz (although 

frequencies as high as 3000 Hz are possible). Load cells installed in Fz 2 and Fz 3 are 

placed nearby the carrier head. Therefore load cells Fz 2 and Fz 3 have relatively higher 

actual forces than load cells in Fz 1 and Fz 4 combined. 
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Figure 2.9: Example of actual forces applied on the 4 load cells during CMP. 

 

The actual down force applied on top of the polishing pad is reported as the 

summation of 4 load cells as shown in Figure 2.10. 

 

Figure 2.10: The overall actual down force during CMP. 

 

2.1.2 Wafer Carrier System and X- and Y-direction load cells 

Figure 2.11 shows the wafer carrier system. A motor and a hydraulic piston are 

installed for the rotation and vertical movement of the wafer 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 
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template (i.e. the wafer holder). The holes in the ceramic template are to 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. 

 

Figure 2.11: Wafer carrier system of APD-800. 

 

Figure 2.12 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 (not seen in the Figure). The rubber sheet acts as a gimbal system for the ceramic 
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template to accommodate the dynamic process among the pad, wafer and slurry causing a 

dynamic tilting of the wafer during polishing. 

 

 

Figure 2.12: Ceramic template in the wafer carrier system of APD-800. 

 

Figure 2.13 shows the polycarbonate template with a backing film, made by PR 

Hoffman®, attached to the polished side. The backing film consists of a sheet of carrier 

film and a retaining ring. The geometry of the retaining ring is 11.831 inches in inside 

diameter and 14.567 inches in outside diameter. The retaining ring has a role to secure 

the wafer that is attached on top of the carrier film from slipping away during polishing. 

In the meantime, it is also critical to have a retaining ring which is thinner than the 

thickness of the polished wafer so that only the protruded surface of the wafer interacts 

with the pad. For this system, the pocket depth is 0.025 inches. The carrier film is a 

buffed porous material backed by a non-absorbent fabric. The buffed porous material, 
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when wet, produces a sufficient adhesion force to securely hold the wafer in place. The 

backing fabric allows the pad to stay resilient evenly across the full width of the recess 

during the polishing. 

 

    

(a)                                                                        (b) 

Figure 2.13: Polycarbonate template with backing film installed on the polishing side. (a) 

is the polishing side and (b) is the back side. 

 

As seen in Figure 2.13 (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. 
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To measure the shear force during CMP, two load cells in X- and Y- directions 

are installed in the wafer carrier system as shown in Figure 2.14. 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-800 (i.e. painted in white). Between the bottom plate and the 

rigid frame of the APD-800, 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 2.14, 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 2.14, to restrict such movement and to 

quantify forces in that particular direction. The shear force generated between the pad and 

wafer 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 co-related with the voltage signal and all load cells are pre-calibrated by the 

manufacturer. 
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                                  (a)                                                                       (b) 

Figure 2.14: APD-800‟s load cells in (a) X- and (b) Y- directions. 

 

During polishing, it must be noted that the force in the x-direction is not 

significant. 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 in the 0 lbf region as shown in Figure 2.15. 

Therefore, in this dissertation, the forces in the Fy load cell are reported as the actual 

shear force. 

 

 

Figure 2.15: Example of 3-D forces during CMP using APD-800. 



 

 

70 

2.1.3 Pad Conditioning System 

The pad conditioning system of the APD-800 is shown in Figure 2.16. A motor is 

installed for the rotation of the conditioner disc. Via the rail, the conditioner is sweeping 

the pad radially during polishing. The conditioner sweeping schedule can be 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. 

 

Figure 2.16: Conditioner system of APD-800. 
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It can be seen in Figure 2.17 that 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 a dynamic tilting of the disc 

during polishing. The components of the conditioner head is shown in detail in Figure 

2.18.  

 

  

                                     (a)                                                                (b) 

Figure 2.17: (a) Conditioner holder and (b) conditioner rubber sheet structure. 
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Figure 2.18: (a) Top ring with trench, (b) bottom ring, (c) middle holder, (d) rubber sheet 

and (e) rubber ring. 

 

2.1.4 Slurry Distribution System   

The APD-800 has three independent slurry tanks as shown in Figure 2.19. Each 

tank is equipped with an agitator to constantly mix the slurry. The slurry is pumped to the 

pad surface using an electromagnetic pump. 
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Figure 2.19: Three slurry tanks of APD-800. 

 

The tubing of the slurry is directed to the pad surface using a slurry delivery 

nozzle with a blue and orange color shown in Figure 2.20. 
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Figure 2.20: Surry injection lines. 

 

2.1.5 Data Acquisition Program 

  The data acquisition program designed for the APD-800 is written in Labview. 

The data acquisition program has two sub-programs: a conditioning down force program 

and a polishing measurements 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 2.21 shows the interface 

of the conditioning down force program. 
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Figure 2.21: Data acquisition program: Conditioning down force. 

 

The polishing measurement program, shown in Figure 2.22 is used to acquire the 

polishing parameters in real-time during the actual wafer polishing. 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.  

 Velocity  
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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. 

 

 

Figure 2.22: Data acquisition program: Polishing measurements. 

 

2.1.6 Tool Specifications  

Tool and major hardware specifications for the APD-800 polisher and tribometer 

are listed in Table 2.4.  
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Table 2.4: The APD-800 components specifications (Source: APD-800 user manual) 

APD-800 

Dimension 

L (1.40 m) 

W (1.00 m) 

H (2.03 m) 

Power supply AC 200 V, 3 phases, 60 Hz, 10kW 

Air supply 0.5 MPa, 550 l/min 

Platen 

Diameter 800 mm 

Material SUS410 

Rotation direction Counter-clockwise 

Rotation range 20 – 180 RPM 

Flatness Convex 10 µm 

Cooling 
Built-in heat exchanger (requires 

external coolant) 

Wafer Carrier 

Wafer diameter 300-mm 

Down force range 0.6 to 8 PSI 

Down force control Pneumatic 

Rotation direction Counter-clockwise 

Rotation range 15 – 200 RPM 

Conditioner Carrier 

Conditioner diameter 100 mm 

Rotation direction Counter-clockwise 

Rotation range 12 – 120 RPM 

Sweep distance 320 mm 

Down force 3.3 to 13.2 lb 

Slurry/Water 

Delivery System 

Number of tanks and pumps 3 

Tank volume 20 liters 

Pump type Electromagnetic pumps 

Flow rate range 10 – 450 ml/min 

Load Cell 

Number of load cells 5 

Maximum load 2 kN 

Temperature range -45 to 80 C 

 

The APD-800X used in one of the studies in this dissertation is similar to the APD-800 

described above.  
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2.2 Characterization Techniques 

2.2.1 Film Thickness Measurement  

Film thickness measurements were performed following all copper and ILD 

polishes in order to determine the removal rates and uniformity associated with a certain 

polishing process. This analysis was done on a four point probe (manufactured by AIT) 

and a reflectometer (manufactured by SENTECH) respectively.  

 

The basic principle of a four-point probe is to measure the sheet resistance of the 

substance on the wafer. The measured sheet resistance was then divided by the resistivity 

to convert into film thickness. Figure 2.23 shows the AIT four-point probe used in this 

study. 

 

Figure 2.23: AIT four point probe. 

In the case of oxide measurements, a Film Thickness Probe (FTP) advance 

reflectometer manufactured by SENTECH was used for all measurements. This highly 

accurate instrument is capable of measuring the spectral reflectance of substrates, single 
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films and layer stacks in the UV-VIS-NIR spectral range with an error of less than 1 

percent. 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 (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 

(Flaherty et. al. 2003). Figure 2.23 shows the SENTECH FTP advance reflectometer used 

in this study. 

 

Figure 2.24: SENTECH FTP reflectometer. 
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2.2.2 Diamond Disc Dragging (DDD-100) 

The diamond disc dragging tool (DDD-100 manufactured my Araca Inc. shown in 

Figure 2.25) is a contact method to determine the dry coefficient of friction of conditioner 

discs for CMP, for purposes of quality assessment and problem diagnostics. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.25: Diamond disc dragging (DDD-100) tool.  

 

2.2.2.1 General operation 

Performing the tests involved pressing a diamond disc against a polycarbonate 

sheet material on top of dragging counter surface. The disc was secured by an automated 

arm for moving the disc along the dragging counter-surface. To measure the shear force 

between the polycarbonate substrate and the disc during the dry dragging process, a 

sliding table was placed beneath the dragging counter surface. The sliding table consisted 

of a bottom plate held stationary by its attachment to the steel table, and an upper plate 

that the dragging apparatus was placed upon. When the disc and the polycarbonate 

Traverse Assembly 

Aluminum Plate 

Diamond Disc 

 Conditioner 

Load Cell 

Dead Weights 
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substrate would become engaged, the upper plate would slide with respect to the bottom 

plate in only one direction due to friction between the diamond disc and polycarbonate 

sheet. The extent of sliding (in the form of shear force) was then quantified by coupling 

the two plates to a load cell. The load cell was attached to a strain gauge amplifier that 

would send a voltage to a data acquisition board. The apparatus was calibrated to report 

the force associated with a particular voltage reading. 

 

2.2.2.2 Software operation 

The software designed for the DDD-100 is written in Labview and is used for data 

acquisitions and analyses. The software provides a main menu that contains three 

programs: calibration, operations and measurements and data analysis program as shown 

in Figure 2.26. 

 

Figure 2.26: Main menu of diamond disc dragging (DDD-100) software. 
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The data analysis program, shown in Figure 2.27 is used to analyze the shear 

force data acquired during the diamond dragging tests. 

 

Figure 2.27: Data analysis program: DDD-100. 
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CHAPTER 3 

GENERAL THEORY 

 

This chapter describes a general theory of tribology and material removal 

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

each chapter separately. 

 

3.1 Tribology and Its Application to CMP  

Tribology is the study of friction, wear and lubrication between solid surfaces. 

Earlier studies in tribology used a lubricated journal bearing with a shaft inside as shown 

in Figure 3.1. 

 

Figure 3.1: Journal bearing-shaft set-up. 

 

The shear force between the shaft and the wall of the journal bearing was 

recorded and the coefficient of friction (COF) was calculated as the shear force divided 

Bearing Shaft 

Load 

ω 
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by the normal force applied to the shaft. The Hersey number in the journal bearing-shaft 

setup is defined as (Hersey 1966):  

 

P

u
numberHersey





                                                                                      Eq.3.1 

 

Where, u represents the relative linear velocity of the shaft to the bearing, μ is the 

viscosity of the lubricant and P denotes the applied pressure to the shaft. It should be 

noted that the Hersey number is in units of length. The journal bearing-shaft setup is a 

two-body contact system. Based on the plot of COF versus the Hersey number, the 

Stribeck Curve characterizes three different lubrication regimes as described in Figure 

3.2. 

 

Figure 3.2: Stribeck curve of a journal bearing-shaft system. 
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The first region is known as boundary lubrication, which is in the leftmost portion 

of the curve. Boundary lubrication occurs where two solid surfaces are rubbing in 

intimate contact, in the extreme case without any fluid between the surfaces. In boundary 

lubrication, there is almost no change in COF with an increasing Hersey number. The 

next region 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 is increased and the pressure is decreased causing a partial lift of 

the shaft from the journal bearing. The final lubrication regime is hydrodynamic 

lubrication where the shaft has completely separated from the journal bearing due to the 

extreme velocity and low pressure applied. In this region a full fluid film thickness exists 

between the journal bearing and the shaft (Ludema 1996). In a CMP application, a three-

body contact is made instead of the two-body system. The shear force is induced due to 

the intimate interaction among the pad, wafer and slurry particles. 

 

3.1.1 Sommerfeld Number  

Even though the CMP system appears to be very different from the model that 

Stribeck developed, the same principles of tribology can be incorporated by re-defining 

the Hersey number to adequately build Stribeck curves representing the CMP system. To 

do this, a characteristic length is added to the denominator of the Hersey number so that 

the number becomes a dimensionless parameter known as the Sommerfeld number, So 

(Ludema 1996). 
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P

u
So                                                                                                                   Eq. 3.2 

 

In the above equation μ is the slurry viscosity, u is the relative pad-wafer average 

linear velocity, p is the applied wafer pressure, and δ is the effective slurry thickness in 

the pad-wafer region. The determination of u and μ are fairly straightforward as the latter 

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

geometry and angular velocities of the wafer and the platen. In CMP, film thickness 

between the wafer and the pad is a complicated function of pad porosity, pad 

compressibility, velocity, pressure, slurry viscosity, and wafer curvature (Coppeta et al. 

1997 – Thakurta et al. 2000 – Runnels et al. 1994 – Mullany et al. 2003 – Levert 1997). 

For simplicity, slurry film thickness, which varies only slightly with pressure and 

velocity, may be assumed to be equivalent to the extent of pad roughness (Ra). This 

approximation results in the shifting of the calculated Sommerfeld number to the right or 

to the left (i.e. increase or decrease with respect to the actual value of the Sommerfeld 

Number), but it has no effect on the overall trends of the individual Stribeck curves.  

 

3.1.2 Coefficient of Friction  

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

wafer. The shear force is measured by a load cell that is connected to a computer as 

described in Section 2.1.5. The computer, which is 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 
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to the measurement of shear force include sampling frequency (total sampling number 

per second) and sampling time. In this dissertation, shear force data are recorded at a 

sampling frequency of 1000 Hz. The shear force data will be recorded from the time the 

wafer touches the pad till the end of the polishing process. This enables real-time 

coefficient of friction data to be collected during polishing. The coefficient of friction is 

defined as shear force divided by down force. Equation 3.3 shows that average 

coefficient of friction can be calculated by average shear force divided by applied down 

force. 

 

ForceDown

ForceShear
COF                                                                                                   Eq. 3.3 

 

For the APD-800 system, there are 4 load cells to directly measure the actual 

down force in addition to the load cell that measures shear force. Figure 3.3 shows the 

shear force and down force of blanket copper wafer polishing using the APD-800 

polisher and tribometer. Since both down force and shear force are being measured, the 

transient COF can be calculated using Equation 3.4. 

 

i

i

i
ForceDown

ForceShear
COF                                                                                                 Eq. 3.4 

 



 

 

88 

 

Figure 3.3: Transient shear and down force of copper wafer polishing using the  

APD-800. 

The transient COF is shown in Figure 3.4. 

 

Figure 3.4: Transient COF based on Figure 3.3. 

In this case, the average COF can be calculated using: 

 

n

COF
COF i

n

i 1
                                                                                                      Eq. 3.5 

 

3.1.3 Lubrication Mechanism of the CMP Process  

By plotting the COF against the Sommerfeld number, the resulting graph is also 

known as the Stribeck Curve. This plot gives direct evidence of the extent of pad-wafer-
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slurry contact. There are three major modes of contact which can be envisaged in Figure 

3.5.   

 

Figure 3.5: Stribeck curve related to the CMP process. 

 

The first mode of contact is boundary lubrication where all solid bodies are in 

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

number. The second mode is partial lubrication where the wafer and the pad are partially 

contacting each other. As the Stribeck Curve transitions from boundary lubrication to 

partial lubrication, the slope of the line measuring COF becomes negative. Finally, the 

hydrodynamic lubrication mode of contact occurs at larger values of the Sommerfeld 

number where the fluid film layer totally separates the pad and the wafer, and COF once 

again becomes independent of the Sommerfeld number, albeit at a much lower value. 

 

 



 

 

90 

3.2 CMP Removal Mechanism 

   Before discussing the general material removal mechanism, it is important to 

understand the wafer-pad-particles interaction at the pad-wafer interface. Figure 3.6 

illustrates the macro and micro-scale components at the pad-wafer interface. The dashed 

oval in Figure 3.6(a) is amplified in Figure 3.6(b) to provide more details about the 

wafer-asperity-particle interaction. Figure 3.6(b) shows that asperities are not uniformly 

distributed on the pad surface. This suggests that some asperities are physically in contact 

with the wafer surface, while others are not. The non-uniformly distributed asperities on 

the pad surface result in the average slurry film thickness on the pad surface. This slurry 

film thickness is dependent on pad conditioning, applied pressure on the wafer, sliding 

velocity, the material of the pad as well as the groove features on the pad. Figure 3.6(b) 

illustrates the comparison of abrasive particle sizes. Usually, the average silica particle 

size is between 10 to 110 nm. 

 

(a) 
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(b) 

Figure 3.6: Schematic of (a) macro-scale and (b) micro-scale of the pad-wafer interface 

(Source: CHEE 515 class notes). 

 

The generalized concept for the removal mechanism is described in Figure 3.7. A 

passivated layer is generated between two asperities, which are physically touching the 

wafer (Phd thesis: DeNardis 2006). This film is relatively thin as well as easily removed 

by mechanical force.  
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Figure 3.7: Generalized concept for removal mechanisms. 

 

3.2.1 Various Removal Models in CMP  

 Several removal models have been proposed to explain various experimental 

results and to provide a better understanding of the pad-slurry-wafer interactions. The 

most classical  removal model  for CMP was  developed  by  Preston  in  1927  based  on  

the  glass  polishing  process and is described as: 

 

VpkRR                                                                                                                Eq. 3.6 

 

Where, RR is the material removal rate, k is Preston‟s constant, P is an applied pressure 

on the wafer and V is a relative pad-wafer velocity. The constant k incorporates all slurry 

and pad effects. 

 

Although Prestonian behavior is found in many cases, the CMP process for most 

oxide materials can be better predicted by certain modifications to the Preston Equation.  
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For example, Tseng and Wang (1997) proposed a mechanical model based on the 

normal and shear stresses occurring during CMP. The modified Preston equation is 

written as: 

 

2
1

6
5

VpkRR                                                                                                         Eq. 3.7 

 

In this model, the abrasive particles first are indented into the polished wafer to 

cause plastic deformation. Residues from the indentation are then carried away by the 

flowing slurry to complete a removal cycle. Pressure and velocity are not equally 

weighted in determining the amount of material removed with the modified Preston 

equation. The removal rate is nearly twice as dependent on pressure as it is on wafer 

velocity.   

 

Zhao and Shi (1998) considered the rolling and embedding of slurry particles at 

the pad-wafer interface and proposed another model for soft pads in their modified 

Preston equation. They proposed that removal rate had a p
2/3 

dependence rather than just 

p. When the harder particles are embedded into a softer pad, increasing the pressure will 

increase the wafer-to-pad contact area and not the contact pressure.  

 

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

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

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

CMP process.  

 

Runnels and Renteln (1993) first proposed that the wafer and the pad were in 

intimate contact during polishing, especially at high pressures and low velocities. Then 

Runnels and Eyman (1994) developed another model based on the premise that there was 

a layer of fluid film under the wafer surface. 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 and sensitivity of the minimum film 

thickness to the pad rotational speed, wafer curvature and viscosity of the fluid. Another 

model by Runnels (1994) predicted feature scale removal rates and erosion profiles based 

on the pressure and velocity of the slurry film.   

 

There are other mechanisms that have been proposed to be responsible for the 

oxide and metal polishing. These included the lubrication and mass transport model 

(Sundararajan et al. 1999), surface film formation (Kaufman et al. 1991), passivation of 

surface in the metal CMP (Hernadez et al. 2001), dissolution under the limit of 

mechanical assistance (Luo et al. 1997) and surface plasticity and dislocation (Rajan 

1996). 
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3.2.2 Langmuir-Hinshelwood Removal Rate Model 

  The Innovative Planarization Laboratory group at the University of Arizona has 

developed a series of removal models for CMP processes. In these models, material 

removal rates can be described well by a subset of the Langmuir-Hinshelwood Model 

summarized below (Source: PhD Dissertation: Yasa Sampurno 2008). In this model, n 

moles of an unspecified reactant R in the slurry react at a rate k1 with the film, M, on the 

wafer to form a product layer L on the surface, 

 

LnRM
k
 1                                                                                                          Eq. 3.8 

 

The reacted layer is then removed by mechanical abrasion with a rate k2, 

 

LL
k
 2                                                                                                                    Eq. 3.9 

 

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

removal rate in this sequential mechanism is   

 

2

1

1

1
k

Ck

CkM
RR w






                                                                                                    Eq. 3.10 

 

Where, Mw is the molecular weight of the layer, δ is the density and C is the local molar 

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



 

 

96 

remains constant. This allows C to be absorbed into k1 and be set to unity, C = 1. 

Equation 3.10 can be expressed as   

 

21

21

kk

kkM
RR w





                                                                                                     Eq. 3.11 

 

The mechanical rate k2 can be modeled in several ways; for simplicity, we take it to be  

proportional to the frictional power density as suggested by Preston‟s law and 

experimental  observations of a linear relation between removal rate and COF in 

mechanically limited removal, 

 

pVck kp2                                                                                                            Eq. 3.12 

 

Where, µk is the COF and cp is an empirical proportionality constant. The chemical rate k1 

is taken to be of the Arrhenius form, 

 

)/exp(.1 kTEAk                                           Eq. 3.13 

 

where E is the activation energy of the rate limiting step, T is the temperature of the 

wafer,  and A is an empirical preexponential factor. 

Assuming the chemical reaction is determined by transient flash heating, the wafer 

surface reaction temperature (T) in Equation 3.13 is expressed as 
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pV
V

TT
eaw 


2/1


                                                        Eq. 3.14 

 

Where Ta is the ambient temperature,  is a grouping of parameters including the 

coefficient of friction, contact area fraction and associated pad properties, and e is an 

exponential factor. During model simulation, parameters A, Cp,  and e are optimized to 

minimize the square of the error associated with the experimental and predicted values of 

the removal rates. 
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CHAPTER 4 

DIAMOND DISC SUBSTRATE CORROSION AND DIAMOND WEAR 

CHARACTERIZATION 

 

In this chapter, diamond disc substrate corrosion and diamond micro-wear in 

copper chemical mechanical planarization process were studied. Two types of tests, a 24-

hour static etch test and a 24-hour wear test at two different temperatures (25 and 50 °C), 

were performed on three types of diamond discs (D1, D2 and D3) from different 

manufacturers to investigate metal substrate corrosion and aggressive diamond micro-

wear. The methodology of the two tests were demonstrated and described in detail. For 

the static etch test, inductively coupled plasma mass spectroscopy (ICPMS) analysis was 

performed to monitor changes in metal concentration in the slurry due to diamond disc 

substrate corrosion. In addition, scanning electron microscope (SEM) images of the target 

substrate surface were taken before and after the test for qualitative substrate corrosion 

characterization. For the wear test, SEM analysis was performed on selected aggressive 

diamonds to show diamond micro-wear due to the pad conditioning. SEM analysis 

showed that there was no appreciable micro-wear on the diamond after the static etch 

tests for all three types of discs. Discs D1 and D3 showed no appreciable corrosion on the 

diamond disc substrate for both slurries at both temperatures. In comparison, disc D2 

showed apparent surface corrosion using Fujimi PL–7103 slurry at 25 and 50 °C and 

Cabot Microelectronics Corporation iCue 600Y75 slurry at 50 °C. SEM images showed 

that there was micro-wear on the cutting edges of the aggressive diamonds for all three 
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types of diamond discs with both slurries at 25 and 50 °C. The SEM images also showed 

there was no micro-wear on the inactive diamond for all three types of discs with both 

slurries at 25 and 50 °C, confirming that the inactive diamonds did not participate in 

regenerating pad asperities during conditioning. 

 

4.1 Introduction 

During CMP, pad conditioning is required to prevent removal rate decay. This is 

achieved by regenerating the pore-structure on the pad surface and removing pad debris 

from the pad surface with a diamond disc. The diamond disc substrate corrosion may 

happen due to chemical attack and mechanical abrasion in the conditioning process, and 

the aggressive diamonds gradually wear out by contacting with the pad surface and slurry 

abrasives under the applied down force. Both diamond substrate corrosion and diamond 

wear are critical to conditioning performance and conditioner life. There have been 

limited studies regarding those two phenomena. McGregor et al. 2006 immersed one type 

of diamond disc into three different slurries for 96 hours to investigate the inertness of the 

discs. Teo et al. 2006 conducted static etch tests by immersing diamond discs in DI water 

and Cabot Microelectronics Corporation iCue 5001 slurry. However, none of them 

conducted wear tests to study aggressive diamond wear. Tan et al. 2007 had used three 

types of diamond discs in 50-hour immersion tests and ran electrochemical impedance 

spectroscopy (EIS) analysis on the corrosive slurry to characterize the diamond disc 

substrate corrosion. In addition, they also performed wear tests on the discs for 3 hours. 

However, they did not provide any method or data on diamond wear characterization. A 
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likely reason for limited diamond wear results may be due to the fact that it is difficult to 

identify and track individual diamonds before and after wear tests. Borucki et al. 2007 

showed that among the several tens of thousands of diamonds on the disc surface, only a 

few diamonds (typically 10 to 20) were responsible for most (i.e. 80-90 %) of the cutting 

work by creating deep scratches and furrows on the pad surface. Due to the tiny fraction 

of these “aggressive” diamonds over the total diamonds and the small size of the 

diamonds, there was no effective method in public on identifying and positioning the 

aggressive diamonds (Borucki et al. 2008). 

In this chapter, the materials and setup of the 24-hour static etch tests and the 24-

hour wear tests are described thoroughly. In the static etch tests, diamond discs were 

immersed in Fujimi PL-7103 and CMC iCue 600Y75 slurries at two different slurry 

temperatures (25 and 50 °C). ICPMS analysis was performed on the slurry before and 

after the tests to measure concentration increases of the three main metal components in 

the slurry. SEM images of a selected diamond as well as the surrounding substrate were 

also taken before and after the tests to compare changes in diamond disc substrate due to 

chemical corrosion. In the wear tests performed on the APD-800 polisher, the diamonds 

discs were subjected to a 24-hour wear test using the same slurries at two different platen 

temperatures (25 and 50 °C). For each disc, an aggressive diamond was selected before 

the wear test. SEM images of the aggressive diamond and its surrounding disc substrate 

were taken before and after the wear test to investigate diamond wear and substrate 

corrosion due to conditioning. For comparison, SEM images were taken on a selected 

inactive diamond around the aggressive diamond before and after the wear test as well.  
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4.2 Experimental Procedure and Set-up 

Fujimi PL–7103 and CMC iCue 600Y75 slurries were used in this study. The 

slurry-mixing ratio for Fujimi PL–7103 slurry was 2 volume parts of Fujimi PL–7103 

slurry, 8 volume parts of DI water, and 0.33 volume part of ultra pure 30% hydrogen 

peroxide manufactured by MGC Pure Chemicals America Inc. The slurry-mixing ratio 

for CMC iCue 600Y75 slurry was 10 volume parts of CMC iCue 600Y75 slurry and 1.1 

volume parts of ultra pure 30% hydrogen peroxide manufactured by MGC Pure 

Chemicals America Inc.  

 

Static etch tests: For each type of disc, 24-hour static etch tests were performed 

with Fujimi PL-7103 and CMC iCue 600Y75 slurries at two different slurry temperatures 

(25 and 50 °C). A special disc holder shown in Figure 4.1 was designed to ensure that 

only the front working surface of the disc encountered the slurry, and the slurry was 

continuously stirred during the static etch tests. During the 50 °C tests, a water bath was 

set up to keep the slurry in the beaker at constant temperature. An immersion heater 

having a bottom heating coil of 10.5 inch diameter was used to heat the water in the 

vessel to the required temperature (Figure 4.2). Before putting the beaker into the water 

bath, it was necessary to wait until the temperature fluctuation was less than 1 °C. To 

avoid slurry concentration increases due to evaporation, stretchable tape was used to 

cover the beaker. 
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(a) (b) 

 

           (c) 

Figure 4.1: (a) Front side, (b) back side of the disc holder and (c) set-up for static etch 

tests. 
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Figure 4.2: Immersion heater and vessel used in the water bath setup. 

 

SEM analysis was performed on the diamond disc substrate and individual 

diamonds before and after the static etch tests using a Hitachi S-2460N Scanning 

Electron Microscope. ICPMS analysis was performed on the slurry before and after the 

static etch tests using a PerkinElmer ELAN DRC-II inductively coupled plasma mass 

spectrometer.  

Wear tests: In addition to the above static etch tests, 24-hour wear tests were 

performed with Fujimi PL-7103 and CMC iCue 600Y75 slurries for each type of 

diamond disc at two different platen temperatures (25 and 50 °C). All wear tests were 

performed on an Araca APD-800 polisher (described in 2.1) using 30-inch Dow 

Chemical IC1000 A6 K-groove pads with a Suba IV sub-pad. The slurry flow rate was 

250 ml/minute with a platen rotational rate of 42 RPM. The diamond disc rotational rate 
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was 95 RPM and the sweep rate was 10 times/minute. The conditioning down force was 

44.5 N (10 lbf). No wafer was polished during the wear tests. For each type of discs, SEM 

analysis was performed on an aggressive diamond and an inactive diamond as well as the 

surrounding diamond disc substrate before and after the wear test using a Hitachi S-

2460N Scanning Electron Microscope. A pad strip was cut across the pad center along 

the pad diameter after the wear test.  

 

4.3 Results and Discussions 

Static etch tests: Figures 4.3-4.5(a) and (b) show the SEM images of a diamond of 

discs D1, D2, and D3 before and after static etch tests using CMC iCue 600Y75 slurry at 

25 ºC, respectively. There is no appreciable wear on the diamond disc substrate and 

diamond after the static etch tests for all three types of discs.  

        
 

                               (a)              (b) 

Figure 4.3: SEM images of a diamond of disc D1 (a) before and (b) after static etch test 

using CMC iCue 600Y75 slurry at 25 ºC. 
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(a)       (b) 

Figure 4.4: SEM images of a diamond of disc D2 (a) before and (b) after static etch test 

using CMC iCue 600Y75 slurry at 25 ºC. 

             

(a)       (b) 

Figure 4.5: SEM images of a diamond of disc D3 (a) before and (b) after static etch test 

using CMC iCue 600Y75 slurry at 25 ºC. 

 

Figures 4.6-4.8(a) and (b) show the SEM images of a diamond of discs D1, D2, 

and D3 before and after static etch tests using Fujumi PL–7103 slurry at 25 ºC, 

respectively. The SEM images of a diamond of discs D1 and D3 before and after static 

etch tests using Fujimi PL–7103 slurry at 25 ºC indicate that there is no appreciable wear 
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on the diamond disc substrate and diamond after the static etch tests. In comparison, 

apparent surface corrosion occurs on the diamond disc substrate for disc D2 after the 

static etch test as shown in Figure 4.5(b). There is no appreciable wear on the diamond 

for disc D2 after the static etch test. Disc D2 exhibits different substrate corrosion 

behavior in Fujimi PL–7103 slurry and CMC iCue 600Y75 slurry at 25 ºC as different 

hydrogen peroxide concentrations and different proprietary chemicals are used in the two 

slurries. 

               

                               (a)       (b) 

Figure 4.6: SEM images of a diamond of disc D1 (a) before and (b) after static etch test 

using Fujimi PL–7103 slurry at 25 ºC. 
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                               (a)       (b) 

Figure 4.7: SEM images of a diamond of disc D2 (a) before and (b) after static etch test 

using Fujimi PL–7103 slurry at 25 ºC. 

             
                               (a)       (b) 

Figure 4.8: SEM images of a diamond of disc D3 (a) before and (b) after static etch test 

using Fujimi PL–7103 slurry at 25 ºC. 

 

Figures 4.9-4.11(a) and (b) show the SEM images of a diamond of discs D1, D2, 

and D3 before and after static etch tests using CMC iCue 600Y75 slurry at 50 ºC, 

respectively. The SEM images of a diamond of discs D1 and D3 before and after static 

etch tests using CMC iCue 600Y75 slurry at 50 ºC indicate that there is no appreciable 
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wear on the diamond disc substrate and diamond after the static etch tests. In comparison, 

there is significant surface corrosion on the diamond disc substrate for disc D2 after the 

static etch test as shown in Figure 4.10(b). Comparing Figures 4.4(b) and 4.10(b), no 

appreciable surface corrosion occurs using CMC iCue 600Y75 slurry at 25 ºC, while 

significant surface corrosion is observed at 50 ºC. This shows that for disc D2, a higher 

slurry temperature promotes disc surface corrosion due to the increasing chemical 

activity of hydrogen peroxide and other reactive ingredients in the slurry. 

              

                                (a)         (b) 

Figure 4.9: SEM images of a diamond of disc D1 (a) before and (b) after static etch test 

using CMC iCue 600Y75 slurry at 50 ºC. 
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                                (a)         (b) 

Figure 4.10: SEM images of a diamond of disc D2 (a) before and (b) after static etch test 

using CMC iCue 600Y75 slurry at 50 ºC. 

              

                                (a)         (b) 

Figure 4.11: SEM images of a diamond of disc D3 (a) before and (b) after static etch test 

using CMC iCue 600Y75 slurry at 50 ºC. 

 

Figures 4.12-4.14(a) and (b) show the SEM images of a diamond of discs D1, D2, 

and D3 before and after static etch tests using Fujimi PL–7103 slurry at 50 ºC, 

respectively. The SEM images of a diamond of discs D1 and D3 before and after static 

etch tests using Fujimi PL–7103 slurry at 50 ºC indicate that there is no appreciable wear 
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on the diamond disc substrate and diamond after the static etch tests. In comparison, there 

is significant surface corrosion on the diamond disc substrate for disc D2 after the static 

etch test as shown in Figure 4.13(b). There is no appreciable wear on the diamond for 

disc D2 after the static etch test. 

 

             

                               (a)                  (b) 

Figure 4.12: SEM images of a diamond of disc D1 (a) before and (b) after static etch test 

using Fujimi PL–7103 slurry at 50 ºC.     

             

                               (a)                  (b) 

Figure 4.13: SEM images of a diamond of disc D2 (a) before and (b) after static etch test 

using Fujimi PL–7103 slurry at 50 ºC.     
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                               (a)                  (b) 

Figure 4.14: SEM images of a diamond of disc D3 (a) before and (b) after static etch test 

using Fujimi PL–7103 slurry at 50 ºC.     

 

ICPMS analysis is performed before and after the static etch tests to investigate metal 

concentration increases in the slurry due to diamond disc substrate corrosion. Table 4.1 

shows the concentration increases for the three most common metal elements used in 

diamond disc substrate (Ni, Fe, and Cr). For disc D1 using Fujimi PL–7103 slurry, the Ni 

concentration in the slurry increases by 1.35 mg/l after the static etch test at 25 ºC and it 

increases further by 2.28 mg/l at 50 ºC. The Fe and Cr concentrations do not increase 

significantly at 25 and 50 ºC. For disc D1 using CMC iCue 600Y75 slurry, the Ni 

concentration in the slurry increases by 1.33 mg/l after the static etch test at 25 ºC and it 

increases further by 4.25 mg/l at 50 ºC. The Fe and Cr concentrations do not increase 

significantly at 25 and 50 ºC. For disc D2 using Fujimi PL–7103 slurry, the Ni 

concentration in the slurry increases by 13.26 mg/l after the static etch test at 25 ºC and it 

increases further by 54.81 mg/l at 50 ºC. For disc D2 using CMC iCue 600Y75 slurry, the 
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Ni concentration in the slurry increases by 1.89 mg/l after the static etch test at 25 ºC and 

it increases further by 42.85 mg/l at 50 ºC. Disc D2 also shows appreciable increase in 

the Fe and Cr concentrations for both slurries at both temperatures. The ICPMS data are 

consistent with the SEM images which show apparent surface corrosion on the diamond 

disc substrate after the static etch tests for disc D2 using Fujimi PL–7103 slurry at 25 and 

50 ºC and CMC iCue 600Y75 slurry at 50 ºC. In comparison, for disc D3, Ni, Fe, and Cr 

concentrations barely increase after the static etch tests at 25 and 50 ºC for both slurries. 

Disc D3 surface has a special Pd-Ni-Cr alloy. This coating creates a barrier between the 

slurry and the disc substrate, thus minimizing the disc substrate corrosion. In addition, the 

ICPMS analysis indicates there is no increase in Pd concentration in both slurries at both 

temperatures for disc D3, confirming that the alloy coating itself is resistant to corrosion.   

 

Table 4.1: ICPMS analysis – Metal concentration change for discs D1, D2, and D3 after 

static etch tests 

Temperature 
Metal 

D1 (mg/l) D2 (mg/l) D3 (mg/l) 

Fujimi 

PL–

7103 

CMC 

iCue 

600Y75 

Fujimi 

PL–

7103 

CMC 

iCue 

600Y75 

Fujimi 

PL–

7103 

CMC 

iCue 

600Y75 

25 ºC 

Ni 1.35 1.33 13.26 1.89 0 0 

Fe 0.03 0 0.44 0.22 0 0 

Cr 0.10 0.07 0.40 0.45 0.02 0.06 

50 ºC 

Ni 2.28 4.25 54.81 42.85 0.06 0.05 

Fe 0 0.07 0.62 1.72 0 0.04 

Cr 0.04 0.13 2.35 2.33 0.02 0.10 

 

Wear tests: Figures 4.15-4.17(a) and (b) show the SEM images of an aggressive 

diamond of discs D1, D2, and D3 before and after the wear tests using CMC iCue 
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600Y75 slurry at 25 ºC, respectively. There is micro-wear on the cutting edges of the 

aggressive diamond for all three types of discs after the wear tests. There is no 

appreciable wear on the diamond disc substrate for discs D1 and D3 after the wear tests. 

In comparison, appreciable surface corrosion occurs on the diamond disc substrate for 

disc D2 after the wear test as shown in Figure 4.16(b). On the other hand, there is no 

appreciable wear on the diamond disc substrate for disc D2 with CMC iCue 600Y75 

slurry at 25 ºC after a 24-hour static etch test. This indicates that mechanical abrasions by 

the pad surface and slurry abrasives promote disc substrate wear. It should be noted that 

for disc D3, the aggressive diamond lies on top of another diamond. As the top diamond 

stands higher than most of the other diamonds, it becomes an aggressive diamond. 

Compared with a normally embedded aggressive diamond, this aggressive diamond has a 

higher possibility of breaking off from the disc substrate due to its weak bonding to the 

disc substrate and therefore such a setup should be avoided during the disc manufacturing 

process. 
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    (a)       (b) 

Figure 4.15: SEM images of an aggressive diamond of disc D1 (a) before and (b) after 

the wear test using CMC iCue600Y75 slurry at 25 ºC. 

               

   (a)       (b) 

Figure 4.16:  SEM images of an aggressive diamond of disc D2 (a) before and (b) after 

the wear test using CMC iCue 600Y75 slurry at 25 ºC. 
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        (a)       (b) 

Figure 4.17: SEM images of an aggressive diamond of disc D3 (a) before and (b) after 

the wear test using CMC iCue 600Y75 slurry at 25 ºC. 

 

Figures 4.18-4.20(a) and (b) show the SEM images of an aggressive diamond of 

discs D1, D2, and D3 before and after the wear tests using Fujimi PL–7103 slurry at 25 

ºC, respectively. The SEM images of an aggressive diamond of discs D1 and D3 before 

and after the wear tests using Fujimi PL–7103 slurry at 25 ºC indicate that there is micro-

wear on the cutting edges of the aggressive diamond and no appreciable wear on the 

diamond disc substrate after the wear tests. In comparison, there is significant surface 

corrosion on the diamond disc substrate for disc D2 after the wear test as shown in Figure 

4.19(b). Similar surface corrosion occurs for disc D2 with Fujimi PL–7103 slurry at 25 

ºC after a 24-hour static etch test as shown in Figure 4.7(b). Comparing Figures 4.16(b) 

and 4.19(b), it shows that Fujimi PL–7103 slurry causes more substrate corrosion on disc 

D2 than CMC iCue 600Y75 slurry at 25 ºC. This is also consistent with the results 

obtained during the 24-hour static etch tests.   
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                                   (a)        (b) 

Figure 4.18: SEM images of an aggressive diamond of disc D1 (a) before and (b) after 

the wear test using Fujimi PL–7103 slurry at 25 ºC. 

   

                        

        (a)       (b) 

Figure 4.19: SEM images of an aggressive diamond of disc D2 (a) before and (b) after 

the wear test using Fujimi PL–7103 slurry at 25 ºC. 
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                                (a)       (b) 

Figure 4.20: SEM images of an aggressive diamond of disc D3 (a) before and (b) after 

the wear test using Fujimi PL–7103 slurry at 25 ºC. 

 

Figures 4.21-4.23(a) and (b) show the SEM images of an inactive diamond of 

discs D1, D2, and D3 before and after the wear tests using CMC iCue 600Y75 slurry at 

25 ºC, respectively. There is no appreciable wear on the diamond disc substrate after the 

wear tests for all three types of discs. Different from the aggressive diamonds, there is no 

micro-wear on the inactive diamond for all three types of discs. The SEM images (not 

shown) of an inactive diamond of discs D1, D2, and D3 tested with Fujimi PL–7103 

slurry at 25 ºC also indicate that there is no appreciable wear on the inactive diamonds 

after the wear tests. This confirms that the inactive diamonds do not participate in 

regenerating pad asperities during pad conditioning.  
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   (a)       (b) 

Figure 4.21: SEM images of an inactive diamond of disc D1 (a) before and (b) after the 

wear test using CMC iCue 600Y75 slurry at 25 ºC. 

               

    (a)       (b) 

Figure 4.22: SEM images of an inactive diamond of disc D2 (a) before and (b) after the 

wear test using CMC iCue 600Y75 slurry at 25 ºC. 
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         (a)          (b) 

Figure 4.23: SEM images of an inactive diamond of disc D3 (a) before and (b) after the 

wear test using CMC iCue 600Y75 slurry at 25 ºC. 

 

Figures 4.24-4.26(a) and (b) show the SEM images of an aggressive diamond of 

discs D1, D2, and D3 before and after the wear tests using CMC iCue 600Y75 slurry at 

50 ºC, respectively. There is micro-wear on the cutting edges of the aggressive diamond 

for all three types of discs after the wear tests. There is no appreciable wear on the 

diamond disc substrate for discs D1 and D3 after the wear tests. In comparison, there is 

apparent surface corrosion on the diamond disc substrate for disc D2 after the wear test as 

shown in Figure 4.25(b). Similar to the aggressive diamond shown in Figures 4.17(a) and 

(b), the aggressive diamond of disc D3 in Figures 4.26(a) and (b) also lies on top of 

another diamond. 
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         (a)            (b) 

Figure 4.24: SEM images of an aggressive diamond of disc D1 (a) before and (b) after 

the wear test using CMC iCue 600Y75 slurry at 50 ºC. 

 

                  

  (a)       (b) 

Figure 4.25: SEM images of an aggressive diamond of disc D2 (a) before and (b) after 

the wear test using CMC iCue 600Y75 slurry at 50 ºC. 
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         (a)       (b) 

Figure 4.26: SEM images of an aggressive diamond of disc D3 (a) before and (b) after 

the wear test using CMC iCue 600Y75 slurry at 50 ºC. 

 

Figures 4.27-4.29(a) and (b) show the SEM images of an aggressive diamond of 

discs D1, D2, and D3 before and after the wear tests using Fujimi PL–7103 slurry at 50 

ºC, respectively. The SEM images of an aggressive diamond of discs D1 and D3 before 

and after the wear tests using Fujimi PL–7103 slurry at 50 ºC indicate that there is micro-

wear on the cutting edges of the aggressive diamond and no appreciable wear on the 

diamond disc substrate after the wear tests. In comparison, the aggressive diamond of 

disc D2 breaks off from the diamond disc substrate during the wear test as shown in 

Figure 4.28(b). In addition, significant surface corrosion on the diamond disc substrate is 

observed after the wear test. Figure 4.28(a) shows that the aggressive diamond lies on top 

of another diamond and there are cracks formed around the embedding edge of the 

aggressive diamond before the wear test. During the wear test, the aggressive diamond 

breaks off from the disc substrate due to its weak bonding and disc substrate corrosion. 
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The broken aggressive diamond also causes the underneath diamond to fracture as shown 

in Figure 4.28(b).  

              

          (a)      (b) 

Figure 4.27: SEM images of an aggressive diamond of disc D1 (a) before and (b) after 

the wear test using Fujimi PL–7103 slurry at 50 ºC. 

 

             

          (a)      (b) 

Figure 4.28: SEM images of an aggressive diamond of disc D2 (a) before and (b) after 

the wear test using Fujimi PL–7103 slurry at 50 ºC. 



 

 

123 

             

          (a)        (b) 

Figure 4.29: SEM images of an aggressive diamond of disc D3 (a) before and (b) after 

the wear test using Fujimi PL–7103 slurry at 50 ºC. 

 

 

   Figures 4.30-4.32(a) and (b) show the SEM images of an inactive diamond of 

diamond discs D1, D2, and D3 before and after the wear test using Fujimi PL–7103 

slurry at 50 ºC respectively. Similar to Figures 4.21-4.23, the SEM images of an inactive 

diamond of discs D1, D2, and D3 before and after the wear tests using CMC iCue 

600Y75 slurry and Fujimi PL–7103 slurry at 50 ºC indicate that there is no micro-wear 

on the inactive diamond for all three types of discs after the wear tests as expected. There 

is no appreciable wear on the diamond disc substrate for discs D1 and D3 after the wear 

tests. In comparison, disc D2 indicates significant surface corrosion on the disc substrate, 

which is consistent with the surface corrosion shown in Figures 4.25(b) and 4.28(b). 
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                                      (a)            (b) 

Figure 4.30: SEM images of an inactive diamond of diamond disc D1 (a) before and (b) 

after the wear test using Fujimi PL–7103 slurry at 50 ºC. 

 

                

            (a)            (b) 

Figure 4.31: SEM images of an inactive diamond of diamond disc D2 (a) before and (b) after 

the wear test using Fujimi PL–7103 slurry at 50 ºC. 
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  (a)       (b) 

Figure 4.32: SEM images of an inactive diamond of diamond disc D3 (a) before and (b) after 

the wear test using Fujimi PL–7103 slurry at 50 ºC. 

  

Comparing the diamond disc substrate wear of disc D2 between 25 and 50 ºC 

(Figure 4.19(b) vs. Figure 4.28(b), Figures 4.16(b) and 4.22(b) vs. Figure 4.25(b)) shows 

that the disc surface corrosion is more severe at 50 ºC for both CMC iCue 600Y75 and 

Fujimi PL–7103 slurries. This is consistent with the results obtained from the 24-hour 

static etch tests, which show the disc substrate corrosion is enhanced at a higher slurry 

temperature.   

 

4.4 Conclusions 

Three types of discs (D1, D2, and D3) were analyzed for diamond micro-wear 

and diamond disc substrate wear by performing 24-hour static etch tests using Fujimi 

PL–7103 and CMC iCue 600Y75 slurries at 25 and 50 ºC. SEM images showed that there 

was no diamond micro-wear for all three types of discs. While the SEM images showed 
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no appreciable wear on the diamond disc substrate for discs D1 and D3, apparent 

substrate corrosion was observed for disc D2 using Fujimi PL–7103 slurry at 25 and 50 

°C and CMC iCue 600Y75 slurry at 50 °C. The ICPMS analysis was consistent with the 

SEM images, showing significant Ni concentration increase in the slurry for disc D2 with 

Fujimi PL–7103 slurry at 25 and 50 °C and CMC iCue 600Y75 slurry at 50 °C after the 

static etch tests. The ICPMS analysis also showed that a higher slurry temperature 

promoted surface corrosion for disc D1 and D2. In comparison, there was barely any 

increase in Ni, Fe, Cr, and Pd concentrations in both slurries at 25 and 50 ºC for disc D3 

after the static etch tests. The Pd-Ni-Cr alloy surface coating on disc D3 helped to protect 

the disc substrate and minimized substrate corrosion. In addition to the above static etch 

tests, 24-hour wear tests were performed with Fujimi PL–7103 and CMC iCue 600Y75 

slurries for each type of diamond discs at two different platen temperatures (25 and 50 

°C). SEM images showed that there was micro-wear on the cutting edges of the 

aggressive diamonds for discs D1 and D3 with both slurries at 25 and 50 °C. For disc D2, 

there was micro-wear on the cutting edges of the aggressive diamond with Fujimi PL–

7103 slurry at 25 °C and with CMC iCue 600Y75 slurry at 25 and 50 °C, and the 

aggressive diamond broke off from the disc substrate with Fujimi PL–7103 slurry at 50 

°C. In comparison, the SEM images showed there was no micro-wear on the inactive 

diamond for all three types of discs with both slurries at 25 and 50 °C, confirming that 

inactive diamonds did not participate in regenerating pad asperities during conditioning. 

The SEM images showed there was no appreciable surface corrosion on the diamond disc 

substrate for disc D1 and D3 with both slurries at 25 and 50 °C. In comparison, disc D2 
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exhibited substrate corrosion with both slurries at 25 °C and the corrosion was enhanced 

at 50 °C. Combining the findings from the 24-hour static etch tests, it was evident that 

during pad conditioning, diamond micro-wear was caused by mechanical abrasions of 

pad asperities and slurry abrasives, while diamond disc substrate wear was caused by 

both chemical attacks and mechanical abrasions of pad asperities and slurry abrasives. 
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CHAPTER 5 

SLURRY INDUCED PAD WEAR RATE DURING CHEMICAL MECHANICAL 

PLANARIZATION 

 

In this chapter, the extent of pad wear rate during shallow trench isolation 

chemical mechanical planarization process was investigated for several combinations of 

types of abrasive particles (i.e. colloidal and fumed silica), abrasive content and abrasive 

concentration. Wear tests were performed for 8 hours using colloidal and fumed silica 

based slurries. Pad wear rate was measured after the wear tests. Results showed a relation 

between pad wear rate and abrasive concentration for both fumed and colloidal slurries. 

Results indicated that pad wear rate using the colloidal silica slurry was higher by 

approximately 42 and 6 percent at 3 and 25 weight percent silica, respectively. Under 

same abrasive content, the pad wear rate for fumed slurry was 23 percent higher 

compared to colloidal slurry. 

 

5.1 Introduction 

Chemical mechanical planarization (CMP) has evolved as one of the prominent 

processes in semiconductor industry, enabling integrated circuit (IC) structures that are 

presently being manufactured in high volumes having a minimum feature size of 32 nm 

(Hooper et al. 2002). The CMP process is an integration of several consumables such as 

polishing pad, slurry, conditioner and wafer. The polishing pad has grooves and 

microscopic furrows through which slurry is transported to the pad–wafer interface (Sung 
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et al. 2004). In addition, the pad asperities play an important role in achieving higher 

removal rate through the three body contact mechanism among pad asperity–wafer–

abrasive particles. During polishing, pad material is worn out in the z-direction (i.e. 

distance into the pad) due to contact between pad asperities–diamond–abrasive particles, 

which is termed as pad wear. Hence the pad needs to be conditioned regularly by a 

diamond disc conditioner to re-generate new pad asperities (Sung et al. 2004; 

Mudhivarthi et al. 2006). It must be noted that during pad conditioning, the pad is 

subjected to wear, and without an optimized conditioning process, the pad life will 

decrease significantly. The consequence of shorter pad life is that pads need to be 

replaced more often which increases the cost of consumables used in the CMP process. In 

addition, tool down time adds up to the overall cost of ownership (CoO) of CMP process 

and reduces throughput. As a result, optimizing CMP process parameters to reduce pad 

wear is essential in achieving cost effective, environmentally benign and high 

performance processes. Studies have been mainly focused on the effect of diamond disc, 

retaining ring and wafer on pad wear (Zhuang et al. 2008). This chapter, on the other 

hand, investigates the effect of type of abrasive particles (i.e. colloidal and fumed silica), 

abrasive content and abrasive concentration on pad wear for shallow trench isolation 

(STI) CMP, a subject that has mostly gone unstudied by the CMP community. 

 

5.2 Experimental Procedure 

By way of clarification, it must be noted that in this chapter, the term „abrasive 

content‟ refers to the number of abrasive particles present in a certain volume of slurry 
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and the term „abrasive concentration‟ is the weight percent of abrasive particles present in 

the slurry. Our calculation of the above metrics is based on Ed Paul‟s derived equation 

for relating slurry abrasive content to slurry abrasive concentration. 

 

All wear tests were performed for 8 hours on an Araca APD–800 polisher and 

tribometer. The polisher and its accessories are described in detail in section 2.1. The 

slurries used during the wear tests were: PL–4217 slurry (manufactured by Fujimi) with 

0.5, 3, 12.5, and 25 weight percent of fumed silica and the Klebosol 1508–50 slurry 

(manufactured by Clariant) with 3 and 25 weight percent of colloidal silica. Table 5.1 

gives details of the type of abrasive present in the slurry and the particle size. Table 5.2 

summarizes the values of pH for both slurries at different abrasive concentrations. In a 

previous study, Chandra et al. showed that the pH of the slurry is critical to slurry particle 

agglomeration and hence to pad wear rate. In this study, the pH of the slurries with 

different abrasive loadings lies in a narrow range between 10.22 and 11.05. This range is 

much higher than the point of zero charge value for silica (2.0). Hence, it is assumed that 

the agglomeration mechanism of abrasive particles is not affected within that narrow pH 

range. During wear tests, the slurry flow rate was maintained at 250 ml/min with a platen 

rotation rate of 42 RPM. The conditioner rotated at 95 RPM and oscillated at the rate of 

10 times per minute. The conditioning down force was 10 lbf. Polyurethane pads having a 

diameter of 30 inches and Kinik PDA31R-NC diamond discs having a diameter of 4 

inches were used. A new diamond disc and a new pad were used upon changing the 
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slurry abrasive type, content or concentration. A wear test was also performed with ultra 

pure water (UPW). It should be noted that during the wear tests no wafers were polished. 

 

Pad wear rate was measured after the wear test using a Brown and Sharpe 

micrometer, having an accuracy of 2 microns. A measurement was taken at every 0.5-

inch along a strip cut radially on the pad. A total of 30 points were measured on each 

strip. The pad wear rates reported here represent the average of the measurements taken 

from six radial strips (i.e. average of 180 points). It must be noted that during the wear 

tests, the diamond disc did not sweep the center of the pad, therefore the pad thickness at 

the center was taken as a reference to calculate average wear rate. Students t-tests were 

performed on the data and the reported data are statistically different.   

Table 5.1: Comparison of abrasive types and sizes 

Slurry Type Abrasive Type 
Appx. Primary 

Particle Size 

Appx. Mean 

Aggregate Size 

Fujimi PL–4217 Fumed Silica 30 nm 100 nm 

Klebosol 1508–50 Colloidal Silica 50 nm 50 nm 

Table 5.2: pH values for slurries at different abrasive concentrations  

Concentration of Slurry in 

Weight Percent 
pH of Slurry 

 Fujimi PL–4217 Klebosol 1508–50 

0.5 10.48 10.22 

3.0 10.66 10.35 

12.5 10.95 10.65 

25 11.05 10.79 
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5.3 Results and Discussion 

Figure 5.1(a) shows the average pad wear rate as a function of fumed silica 

concentration. When ultra pure water (UPW) is used, the average wear rate is 14.5 

microns per hour. In this case, the pad is subjected to wear through the two-body contact 

mechanism between the diamonds and the pad. Introduction of small amounts of abrasive 

particles (i.e. 0.5 weight percent) initiates three-body contact among pad, diamonds and 

abrasive particles increasing the wear rate to 17.5 microns per hour. The abrasive 

particles are likely to first adhere to the pad asperities and later slide between the pad 

asperities and active diamonds, rendering pad wear. Upon further addition of fumed silica 

(i.e. 3 weight percent), the pad wear rate decreases by approximately 90 percent 

indicating that the lubrication effect dominates over the three-body contact mechanism. 

The lubrication effect is primarily due to the rolling of the slurry abrasive particles. As 

the particles roll rather than slide, they generate lubrication between the pad asperities 

and active diamonds and hence reduce pad wear. Similar lubrication effect among the 

wafer, pad and abrasive particles manifested in significant drops in the coefficient of 

friction (COF) and has been reported and explained in detail by Olsen et al and Choi et 

al. With further addition of slurry abrasives (i.e. 12.5 weight percent) more abrasives 

adhere to the pad asperities and make contact with the active diamonds, causing the pad 

wear rate to increase from 9.2 to 17.5 microns per hour. Further addition of fumed silica 

to 25 weight percent did not significantly change pad wear rate. This demonstrates an 

alternation in the characteristics of the interfacial dynamic contact due to the change in 

abrasive loading. 
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Figure 5.1: Pad wear rate as a function of silica concentration for (a) PL–4217 slurry and 

(b) 1508-50 slurry. 
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Figure 5.1(b) shows the average pad wear rate as a function of colloidal silica 

concentration. The pad wear rate using UPW is the same as reported in Figure 5.1(a). At 

3 weight percent colloidal abrasives, the pad wear rate decreases to 13.1 microns per 

hour. This is due to the effect of lubrication that is explained with respect to 3 weight 

percent of fumed silica slurry. With further addition of slurry abrasives i.e. 25 weight 

percent colloidal silica, the pad wear rate increases to 17.1 microns per hour due to the 

contact between the lower asperities and abrasive particles, which is basically the three 

body contact mechanism. The colloidal slurry at 25 weight percent contains 

approximately 8 times more number of particles than colloidal slurry at 3 weight percent 

and as a result, it induces higher pad wear rate. The extent of pad wear rate is different 

from the fumed slurry, but the mechanism is likely the same.  

 

Figure 5.2 compares pad wear rate of colloidal and fumed silica at the same 

abrasive concentration. Results indicate that pad wear rate using the colloidal silica slurry 

is higher by approximately 42 and 6 percent at 3 and 25 weight percent silica, 

respectively. The difference in pad wear rate at 3 weight percent silica is likely due to the 

presence of approximately 10 times more number of particles in the colloidal slurry 

compared to fumed silica slurry systems [Figure 5.3]. The decrease in the percentage 

difference in pad wear rate (i.e. from 42 to 6 percent) with the increase in abrasive 

concentration (i.e. from 3 to 25 weight percent) indicates that there is a saturation limit 

where further increase in number of particles will not contribute to changing the wear 

rate. 
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Figure 5.2: Pad wear rate comparison (a) low concentration and (b) high concentration. 
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Figure 5.3: Abrasive content comparison at low and high silica concentration. 

 

As seen in Figure 5.4, under same abrasive content (i.e. same number of particles 

per unit volume), pad wear rate for fumed slurry is 23 percent higher compared to 

colloidal slurry. Figure 5.5 shows the shape of fumed and colloidal slurry abrasives. 

Fumed slurry abrasives have large diameter and sharp edges that enhance pad wear rate. 
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Figure 5.4: Pad wear rate comparison at constant abrasive content. 

 

 

 

             
                               (a)                   (b) 

 

Figure 5.5: (a) Fumed silica and (b) Colloidal silica. 

 

5.4 Conclusions 

Results produced during STI CMP indicated that pad wear rate was dependent on 

the number of particles and the size of abrasive particles. With fumed silica slurry, pad 

wear rate increased slightly with introduction of small amounts of slurry abrasive because 
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of the three body contact mechanism among pad, diamonds and abrasive particle. Due to 

enhanced lubrication, pad wear rate decreased significantly at 3 weight percent of fumed 

silica. Further addition of slurry abrasive particles increased the pad wear rate through the 

three-body contact mechanism. A similar trend was observed for the colloidal silica 

abrasive. A comparison between fumed and colloidal silica abrasives at the same abrasive 

concentration showed that the colloidal slurry induced higher pad wear rate compared to 

the fumed slurry. This was due to the higher number of abrasive particles present in the 

colloidal slurry. A comparison between fumed and colloidal slurry at the same abrasive 

content showed that the fumed slurry induced higher pad wear rate compared to the 

colloidal slurry due to the fumed silica abrasives having larger diameters as well as sharp 

edges that induce a higher pad wear rate. This study underscored the importance of 

understanding the contribution of abrasives on pad wear rate in shallow trench isolation 

chemical mechanical planarization processes. 
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CHAPTER 6 

DIAMOND DISC DIAGNOSTIC METHOD BASED ON „DRY‟ COEFFICIENT OF 

FRICTION MEASUREMENTS 

 

In this chapter, a novel method for determining the dry coefficient of friction of 

CMP conditioner discs for purposes of quality assessment and problem diagnostics is 

presented. First, two „known good‟ (K1 and K2) and one „known bad‟ (K3) diamond 

discs are characterized. Results show that the COF of K3 is significantly higher than K1 

and K2 thus suggesting that COF can be potentially used as a screening metric for disc 

quality. Second, the study confirms the existence of a correlation between dry COF and 

total area of the furrows generated by the active diamonds such that COF increases with 

total area of the furrows. 

 

6.1 Introduction 

The effectiveness of a diamond conditioning disc for Chemical Mechanical 

Planarization (CMP) applications depends on the load exerted on the disc and the number 

and level of the „aggressiveness‟ of the active diamonds that actually contact and abrade 

the pad (Thear et al. 2004; Lawing 2002). During pad conditioning, active diamonds 

abrade the pad with a certain amount of shear force and cutting action that depend on a 

combination of disc characteristics such as total number of active diamonds, diamond 

grouping, diamond geometric arrays and patterns, substrate planarity, overall topography 

of the disc and the size and morphology of the diamonds (Borucki et al. 2007; Sung et al. 
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2000; Liao et al. 2007; Tsai et al. 2009). A detailed survey of the 7 most prevalent 

diamond disc suppliers‟ quality control systems indicates that discs are tested for (1) size, 

(2) substrate flatness, (3) thickness, (4) diamond grade, (5) diamond size and (6) diamond 

count, before they are shipped to various integrated circuit manufacturing facilities. As 

one may expect, many of the above parameters have no impact on disc performance, and 

those that do, suffer from a wide range between the upper and lower specified limits such 

that even though all discs may be within specification, there may be significant disc-to-

disc variability related to process performance. To overcome this issue, some disc 

suppliers have resorted to in-house pad cut rate tests on every disc, or on a certain 

percentage of discs, before they are shipped to the customer. These tests, aside from 

being quite expensive and time-consuming, take away several hours of useful life from 

the disc prior to shipment to the customer.  

 

In this chapter, we have developed a technique to rapidly and inexpensively 

differentiate among various diamond discs.  The first part of the chapter focuses on 

characterizing and comparing two „known good‟ discs (referred to as K1 and K2) with 

one „known bad‟ disc (referred to as K3) all of which have the same product number and 

have been manufactured to within specified limits. In the second part of the chapter, by 

using two very different types of conditioning discs (M1 and M2), manufactured by the 

same supplier, we strive to understand whether correlations exist between dry coefficient 

of friction and total surface area of furrows generated by the active diamonds on top of 

the dry polycarbonate sheets. 
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6.2 Experimental Procedure and Set-up 

All experiments were performed on an Araca DDD – 100 ® diamond dragging 

device (DDD stands for „diamond dragging device‟) equipped with the unique ability to 

acquire real-time shear force data for calculating the dry coefficient of friction. 

Performing the tests involved pressing a diamond disc against a polycarbonate sheet 

material on top of dragging counter surface. Polycarbonate was chosen since its material 

properties, such as ultimate tensile strength and Shore D hardness, were similar to typical 

hard polyurethane pads. The compatibility of using polycarbonate as a pad substitute 

material has been explained in detail elsewhere (Borucki et al. 2007).  

 

Figure 6.1 shows the experimental device. The disc was secured by an automated 

arm for moving the disc along the dragging counter-surface. To measure the shear force 

between the polycarbonate substrate and the disc during the dry dragging process, a 

sliding table was placed beneath the dragging counter surface. The sliding table consisted 

of a bottom plate held stationary by its attachment to the steel table, and an upper plate 

that the dragging apparatus was placed upon. When the disc and the polycarbonate 

substrate would become engaged, the upper plate would slide with respect to the bottom 

plate in only one direction due to friction between the diamond disc and polycarbonate 

sheet. The extent of sliding (in the form of shear force) was then quantified by coupling 

the two plates to a load cell. The load cell was attached to a strain gauge amplifier that 

would send a voltage to a data acquisition board. The apparatus was calibrated to report 

the force associated with a particular voltage reading. The device and the methods noted 

above have been described in detail in section 2.1.  
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Figure 6.1: Experimental setup. 

 

 

In all cases, dragging speed was kept constant at 40 cm/min and dragging was 

conducted for 1 minute. The conditioner discs were tested at multiple disc orientations to 

avoid (or to understand the presence of) any issues associated with the direction of drag. 

The reported value is the average of all orientations. 

 

Relating to the first part of the study, the observed performance differences 

among the 3 discs manufactured by the Kinik Company are summarized in Table 6.1. 

Furthermore, Figure 6.2 shows the Scanning Electron Microscope (SEM) images of the 3 

discs. The SEM images do not show significant differences among the „known good‟ and 

„known bad‟ discs in terms of average diamond size (179, 139 and 165 microns for K1, 

K2 and K3, respectively), shape (blocky in all cases), placement density (3.50, 3.24 and 

3.50 per square millimeter for K1, K2 and K3, respectively) and placement pattern (full-

face in all cases). In each case, the reported COF value is an average over the entire 

Traverse Assembly 

Aluminum Plate 
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dragging duration. To compare differences in COF, statistical method f-tests were 

performed on the COF data. In all cases, the disc down force was 5.5 lbf. 

Table 6.1: Comparison between „known good‟ and „known bad‟ discs used in this study.  

 

Diamond Disc 

 

Observed Useful Life Effect on Removal Rate 

Known Good (K1 and 

K2) 
More than 50 hours 

 

Removal rate remained 

within specified limits for at 

least 50 hours during high 

volume manufacturing 

 

Known Bad (K3) Less than 11 hours 

 

Removal rate dropped below 

the specified limit after 11 

hours of high volume 

manufacturing 
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                                 (a)                          (b) 

 

 

           (c) 

Figure 6.2: SEM images of diamond discs (a) K1, (b) K2 and (c) K3. 

 

 

For the second part of the study, two different types of 100-mm diamond discs 

(both manufactured by Morgan Advanced Ceramics) referred to as disc M1 and disc M2 

were used. Figures 6.3 and 6.4 shows the SEM images and working face of the 2 discs 

respectively. The SEM images were taken at different magnification to clearly show the 

features on the respective discs. The discs were characterized by first measuring the „dry‟ 
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coefficient of friction. Stylus profilometry was then employed to scan the furrows in 

terms of their depth and width that were created on the polycarbonate sheet due to the 

disc dragging process. The disc down force was kept at 6 lbf.  

 
 

(a) 

 

 
 

(b) 

                
Figure 6.3. SEM images of diamond discs (a) M1 and (b) M2. 
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(a) 

 

(b) 

Figure 6.4: Working face pictures of diamond discs (a) M1 and (b) M2. 
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6.3 Results and Discussions 

Part I: Figure 6.5 shows an example of the coefficient of friction as a function of 

disc dragging time. This study is aimed to show that average COF data can be used to 

differentiate among discs of varying quality. Figure 6.6 summarizes average coefficient 

of friction values for all three diamond discs. Results indicate that disc K3 resulted in 

consistently higher COF values compared to discs K1 and K2 by 25 and 16 percent, 

respectively. F-tests were performed on the COF data and the results indicate that the 

COF values for all three discs are significantly different within a 95 percent confidence 

interval. Based on the above findings, we suspect that there exists a critical COF value 

above which a disc can be concluded as bad, after performing the quick diagnostic tests. 

The reason behind the differences in the average COF values between the „known good‟ 

and „known bad‟ discs is unknown, but the above experiments indicates that DDD – 100 

® can be used to differentiate among diamond discs of varying quality. 
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Figure 6.5: Coefficient of friction as a function of time during a typical dragging test. 
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Figure 6.6: Coefficient of friction of diamond discs K1, K2 and K3. 
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Part II: In the second part of the study, the relationship between COF and total 

surface area of furrows is explored. Previous studies by Borucki et al. have shown that 

furrows on the polycarbonate sheet are generated by the active or working diamonds that 

make contact and cut the pad during polishing. In the present work, a stylus profiler is 

used to scan the furrows formed on the polycarbonate sheet at a certain longitudinal 

distance from a reference point. The direction of profiling was kept perpendicular to the 

direction of drag. The raw data from the stylus profiler is processed to account for the 

distortions in the shape of the polycarbonate sheet. Figure 6.7(a) and (b) show examples 

of the surface height profile for the two types of discs. It can be inferred that disc M1 has 

more active diamonds in comparison to disc M2 since disc M1 has induced a greater 

number of furrows across the scan distance. In addition, active diamonds of disc M1 have 

been seen to induce deeper furrows than those of disc M2. The total furrows surface area 

of disc M1 and disc M2 range from 2,757 to 2,858 and 1,643 to 1,988 um
2
 respectively. 

Such results indicate that disc M1 is more aggressive than disc M2. It also suggests that 

disc M1 should induce a higher pad cut rate than disc M2 during the actual CMP 

processes. 
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            (a) 

 

 
             (b) 

Figure 6.7: Sub-surface profilometry furrow data of diamond discs (a) M1 and (b) M2. 
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Figure 6.8 shows the relation between dry COF and total surface area of the 

furrows for both discs. It is evident that dry COF increases with the total surface area of 

furrows generated by active diamonds. The reason being, the disc with a larger total 

surface area of furrows is making intimate contact with the polycarbonate and hence 

results in a higher COF. Therefore, as a first order of approximation, average COF 

information can be also used as early and quick assessment of the aggressiveness of a 

given conditioning disc. 
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Figure 6.8: COF vs. total furrow surface area of diamond discs M1 and M2. 

 

6.4 Conclusions 

This study presented a novel method for determining the dry coefficient of 

friction of conditioner discs for CMP for purposes of quality assessment and problem 

diagnostics. The first part of the study dealt with characterizing two „known good‟ (K1 
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and K2) and one „known bad‟ (K3) diamond discs. Results showed that the coefficient of 

friction of disc K3 was significantly higher than discs K1 and K2 thus suggesting that 

COF could potentially be used as a screening metric for disc quality.  The second part of 

the study confirmed that there existed a correlation between dry coefficient of friction 

and total area of the furrows generated by the active diamonds such that coefficient of 

friction increases with total area of the furrows. 
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CHAPTER 7 

OPTIMIZING POLISHING KINEMATICS FOR REDUCED SHEAR FORCE AND 

OPTIMUM REMOVAL RATE DURING CHEMICAL MECHANICAL 

PLANARIZATION 

In this chapter, the effect of asynchronous polishing conditions on shear force, 

variance of shear force and polishing time in copper chemical mechanical planarization is 

investigated. In general, low values of shear force, variance of shear force and polishing 

time are preferred since they are known to minimize defects during chemical mechanical 

planarization. In the first part of this study, 200-mm blanket copper wafers are polished at 

a constant platen rotation rate of 25 RPM and polishing pressure of 1.5 PSI with different 

wafer rotation rates (23, 98 or 148 RPM) and slurry flow rates (200, 300 or 400 ml/min) 

using a Dow Chemical IC-1000 pad. Results indicate that increasing wafer rotation rate 

from 23 to 148 RPM reduces shear force, variance of shear force and polishing time and 

improved removal rate within-wafer-non-uniformity by approximately 2X. Slurry flow 

rate does not have a significant impact on polishing. In the second part of this study, 

polishing is performed at the optimal slurry flow rate of 300 ml/min and optimal wafer 

rotation rate of 148 RPM with different polishing pressures and platen rotation rates. 

Results indicate that the lowest combination of polishing pressure and platen RPM 

reduces shear force, variance of shear force and polishing time significantly. 
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7.1 Introduction 

Chemical Mechanical Planarization (CMP) has played an enabling role in 

attaining planar interconnection and metal layers essential for the realization and 

miniaturization of high performance devices. During CMP, 2-body and 3-body 

interactions among the wafer, the slurry particles and the pad generate a wide range of 

shear forces. A continuing shrinkage in device dimensions into nano-scale dimensions 

and low-k dielectrics, pose significant technical challenges for copper CMP, and 

therefore shearing needs to be re-visited vis-à-vis the mechanical integrity of the metal 

and underlying porous dielectric stack since high shear force, in combination with its 

large fluctuating component and long polishing times (especially to clear the barrier) 

become major defect-causing problems (Sampurno et al. 2009). Damages such as 

cohesive fractures and interface debondings can occur during integration processes, 

notably chemical mechanical polishing (CMP) and packaging. The impact of these 

processes on mechanical reliability needs to be more extensively studied to better define 

materials and interconnect structures (Leduc et al. 2006). 

 

As the shear force is linearly proportional to the applied pressure, a CMP process 

with low down force remains preferable for low-k compatibility. Tsan et al. performed 

experiments with different pressures and different sliding velocities to see the impact of 

these two parameters on shear force. They found out that at low pressures and high 

sliding velocities, the observed shear force was low and the process be low-k compatible. 

However, not enough data has been provided to prove the claim.
 
Sikder et al. conducted a 
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series of experiments to see the impact of pressure and platen RPM on COF. Results 

showed that COF decreased with increase in platen RPM. However, satisfactory 

explanations for their findings were not addressed. The study was based on the results 

extracted from polishing 1x1 inch coupons, which do not reflect the industrial standards. 

 

In this chapter, we will discuss the process conditions that are helpful in reducing 

the contributions of shear force, variance of shear force and required polishing time. A 

low-k compatible polish process is developed as the result. 

 

7.2 Experimental Procedure 

All experiments were performed on an APD-800 polisher and tribometer which is 

equipped with the unique ability to acquire shear force and down force in real-time. In 

this study, the force acquisition rate was set at 1,000 Hz. A precision-machined flat 

polycarbonate template and a Dow Chemical IC1000 pad were used in the polishing tests. 

Prior to data acquisition, the pad was conditioned for 30 min with a 4-inch diameter,100-

grit triple ring dots (TRD) diamond disc from Mitsubishi Materials Corporation at a 

pressure of 5.8 lbf, and a rotation rate of 95 RPM and sweep frequency of 0.33 Hz using 

ultra pure water (UPW). Break-in was followed by pad seasoning using 200-mm copper 

wafers until a constant COF was achieved. Typically, ten 1 min dummy runs were needed 

to obtain a constant COF. During polishing, the diamond disc, pad and wafer rotated 

counter-clockwise. The slurry used for this study was Hitachi Chemical HS-2H-635-12 

and the polishing time for each wafer was set to 90 seconds. The slurry mixing ratio was 
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7 volume parts of Hitachi Chemical HS-2H-635-12 slurry, 7 volume parts of UPW, and 6 

volume parts of 30% ultrapure H2O2 manufactured by MGC Pure Chemicals America 

Inc. In-order to test the accuracy of the process, each condition was repeated once and the 

reported values are the average of the two runs. 

 

In the first part of the study, the effect of slurry flow rate and wafer rotation rate 

was explored at constant platen rotation rate of 25 RPM and polishing pressure of 1.5 

PSI. The slurry flow rate was set at 200, 300 or 400 ml/min. The wafer rotation rate was 

set at 23, 98 or 148 RPM. In the second part of the study, the effect of polishing pressure 

and platen rotation rate were explored using the optimal slurry flow rate (300 ml/min) 

and optimal wafer rotation rate (148 RPM) obtained from the first part of the study. The 

polishing pressure was set at 1.5, 2 or 2.5 PSI. The platen rotation rate was varied at 25, 

40 and 55 RPM.  

 

Table 7.1 summarizes the average pad-wafer sliding velocity (v), for five 

combinations of wafer rotation rate (Ωw) and platen rotation rate (Ωp) used in this study. 

The value of v was calculated for 200-mm wafers with pad-wafer center separation (R), 

of 225 mm. 
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Table 7.1: The average asynchronous pad-wafer sliding velocity, A 

Platen RPM (Ωp)   Wafer RPM (Ωw) Mean sliding velocity (v) 

25 23 0.59 

25 98 0.71 

25 148 0.96 

40 148 1.11 

55 148 1.38 

 

7.3 Results and Discussions 

7.3.1 Effect of slurry flow rate and wafer rotation rate 

From the literature, it was clear that shear force can be reduced by polishing at 

higher sliding velocities (Tsan et al.; Sikder et al. 2001). Planning our experiments on the 

same basis, in the first part of the study, the effect of slurry flow rate and wafer rotation 

rate were studied at a constant platen rotation rate of 25 RPM and polishing pressure of 

1.5 PSI. This study aims to select the optimum slurry flow rate and wafer rotation rate to 

achieve lower shear force, variance of shear force and higher removal rate, as well as 

better removal rate within-wafer-non-uniformity (RRWIWNU). 

 

The extent of wafer-slurry-pad contact during CMP can be classified into three 

types based on the Stribeck curve as explained in detail in Section 3.1.3. By plotting the 

COF against the Sommerfeld number, the resulting graph is known as the Stribeck curve. 

The Sommerfeld number, So, is a dimensionless parameter which can be calculated using 

the formula: 





.

.

p

v
So                                                                                                                     Eq.  7.1 
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In the above equation µ is the slurry viscosity, v is the sliding velocity, p is the polishing 

pressure, and δ is the effective slurry thickness in the pad-wafer region. 

 

The detailed explanation about the Stribeck curve can be found in section 3.1. 

Figure 7.1 shows the generic Stribeck curve in this study. In our case, we used the pseudo 

Sommerfeld number to plot the Stribeck curve. A Pseudo Sommerfeld number can be 

defined as: 

p

v
So pseudo                                                                                                                 Eq. 7.2 

where, v is the sliding velocity and p is the polishing pressure. 

 

We use the pseudo Sommerfeld number as we assume that the slurry thickness 

will remain the same under the polishing conditions used in this study. Further, we 

assume that the slurry viscosity does not change appreciably. Recall that during polishing 

the force responsible for the mechanical abrasion of the substrate to be polished is the 

shear force between the pad and the wafer. This indicates that for a constant area of wafer 

(Awafer), lower the COF observed, lower the shear force value. In our case, lower COF 

values at higher pseudo Sommerfeld number values (in other words: higher sliding 

velocity, because the polishing pressure was kept constant) suggest a probable decrease 

in the value of shear force. In addition to reduction of COF at higher sliding velocities, it 

opens the discussion for reduction in pad wear.  
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Figure 7.1: Generic Stribeck curve. 

 

The reason for a lower COF is due to the fact that, as the pseudo Sommerfeld 

number increased, the lubrication mechanism shifted from boundary lubrication to partial 

lubrication. This behavior was likely due to the fact that, at higher sliding velocities, the 

slurry is pulled into the pad-wafer interface at a higher rate and thus increases the gap 

between the wafer and the pad.  

 

It should be noted that the change in slurry flow rate did not cause a significant 

variation in COF for all Sommerfeld numbers. The lubrication mechanism did not change 

with respect to slurry flow rate. 
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Figure 7.2 is the plot of shear force vs. wafer rotation rate at different slurry flow 

rates showing that shear force decreased with increasing wafer rotation rate (or sliding 

velocity). This behavior was observed because at higher wafer rotation rates, polishing is 

in the partial lubrication region, as observed through the Stribeck curves, and thus 

reduced the shear force. This can be associated with the kinematics. To bolster our claim, 

experiments were performed using UPW under the same sliding velocities and same 

polishing parameters. The pad used was an Dow Chemical IC1020 M-groove. Only one 

slurry flow rate (200 ml/min) was used for these experiments. In all cases, shear force 

and COF decreased with increasing wafer rotation rate. Figure 7.3 is the plot of shear 

force vs. wafer rotation rate using UPW. There can be another explanation for the drop in 

shear force which is associated with the chemical behavior of the system at higher wafer 

rotation rates. It is well documented that the shear force for different materials is 

different; in our case the shear force for copper-oxide is more than pure copper (Liang et 

al. 2002). At higher wafer rotation rates, the slurry spends less time at a given point and 

hence less or no copper-oxide is formed in the allotted time frame and therefore it 

involves polishing pure copper or less copper-oxide, leading to a decrease in the shear 

force.  
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Figure 7.2: Plot of shear force vs. wafer RPM. 
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Figure 7.3: Plot of shear force vs. wafer RPM using UPW. 
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  No definite conclusion can be drawn about the change of shear force values with 

respect to change in slurry flow rate for any of the above experiments. One possible 

explanation could be the possible increase in the abrasive amount available for polishing 

due to the increase in the slurry flow rate, leading to an increase in shear force. 

 

Figure 7.4 is the plot of average variance of shear force vs. wafer rotation rate at 

different slurry flow rates. It indicated that average variance of shear force decreased with 

increasing wafer rotation rate (or sliding velocity). The reasons behind this behavior are 

not well understood and are under investigation. One possible explanation could be 

attained by incorporating the effect of pad conditioner during polishing. During pad 

conditioning, the different degree and direction of groove slanting might produce 

different results, regardless of the fact that the same pad conditioning process i.e., 

conditioner type, rotation velocity, sweep frequency, and applied load is used. These 

differences may be in terms of asperity generation, asperity–wafer contact mechanisms, 

and pad temperature (Yeomans et al. 2008). For the case of variance of shear force, no 

particular trend was observed with the change in slurry flow rate. 
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Figure 7.4: Plot of variance of shear force vs. wafer RPM. 

 

Figure 7.5 is the plot of average pad leading edge temperature vs. wafer rotation 

rate at different slurry flow rates. It indicated that average pad leading edge temperature 

increased with increase in wafer rotation rate (or sliding velocity). This can be attributed 

to the fact that high sliding velocities do not leave enough time for the heat exchange to 

take place between the wafer, pad, slurry and the surroundings. 

 

Even though, ideally, the average pad leading edge temperature should decrease 

with the increase of slurry flow rate, because one is injecting cooler slurry into the 

system, no such effect was observed in this study.
 
More experiments are being conducted 

to address this.  
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Figure 7.5: Plot of average pad leading edge temperature vs. wafer RPM. 

 

Figure 7.6 is the plot of removal rate vs. wafer rotation rate at different slurry 

flow rates. The plot indicated that removal rate increased with increase in wafer rotation 

rate (or sliding velocity). This is in agreement with the Preston‟s equation which is: 

pvkmovalRate prRe                                                                                                Eq. 7.3 

where, 

kpr is the Preston constant 

p is the polishing pressure 

v is the sliding velocity 
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Figure 7.6: Plot of removal rate (RR) vs. wafer RPM. 

 

 In our case, increasing the wafer rotation rate from 23 RPM to 148 RPM 

increases the sliding velocity, whose immediate impact would be an increase in the 

removal rate, in accordance with the Preston‟s equation. As for the case of all earlier 

arguments, slurry flow rate did not have any major impact on the copper removal rate. 

 

Removal Rate With-in Wafer Non-Uniformity (RRWIWNU) 

It has been widely observed that the material removal rate across the wafer is non-

uniform. This non-uniformity is caused by the variation in applied pressure due to wafer 

curvature and non-uniform slurry film thickness due to the single point slurry delivery 

system (Fu et al. 2001; Thakurta et al. 2001). Mau et al. proposed a face-up CMP tool to 
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improve WIWNU by allowing the pad to translate away from the region of the wafer that 

has completed polishing. The suggested solution is very impractical as this would need a 

new design for the CMP tool. Transporting the slurry for this face-up CMP tool is another 

challenging task. Meyer et al. proposed the introduction of a platen ring for use with a 

platen on a linear polisher, in which the platen ring is used to reduce the fluctuations of 

the belt/pad assembly as it encounters the platen. This is again an impractical solution, as 

we would have to introduce linear polishers to reduce RRWIWNU. Hocheng et al. 

studied the impact of kinematic variables on non-uniformity in CMP. The effects of the 

rotational and translational speeds and carrier eccentricity were discussed. They found 

out that non-uniformity improved when the platen and carrier rotation rates were close to 

each-other. We propose a more simple and practical solution to improve RRWIWNU. 

This is based on the combination of pressure and sliding velocity distribution along the 

wafer surface during polishing. In a wafer-centered polar coordinate system, the pad-

wafer relative velocity, VP-W, at any point on the wafer (r, Ө) differs from the sliding 

velocity at the wafer center (r=0) by a factor Ä that depends on the wafer to platen 

rotation rate ratio Ωw/Ωp and the pad-wafer center separation R as follows (Muldowney et 

al. 2005): 
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167 

For synchronous pad-wafer rotation, the factor Ä is unity at any point on the 

wafer (r, Ө). 

For asynchronous pad-wafer rotation, the average asynchronous pad-wafer sliding 

velocity, A, across the wafer radius Rw can be calculated based on the area weighted 

distribution as follows: 
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                                                                                            Eq. 7.5 

 

Figure 7.7 is the plot of mean sliding velocity vs. distance from wafer center. It 

can be observed that sliding velocity increases from zero at the wafer center to a 

maximum value at the edge of the wafer. “Center-fast” removal has been one of the 

drawbacks of CMP and it is mainly associated with the variation in the distribution of 

pressure across the wafer area. The pressure at the center of the wafer is high and it 

reduces outwards. Since removal rate is directly proportional to pressure and sliding 

velocity, our proposed solution of asynchronous polishing conditions can mitigate the 

“center-fast” removal rate problem and hence achieve better RRWIWNU. 
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Figure 7.7: Plot of mean sliding velocity (v) vs. distance from wafer center. 

 

The increase in the sliding velocity helps to overcome this problem by increasing 

the local removal rate far from the wafer center proportionally because of the increasing 

nature of the sliding velocity from the wafer center to the wafer edge. Figure 7.8 is the 

plot of RRWIWNU vs. wafer rotation rate at different slurry flow rates. Higher sliding 

velocities tend to decrease RRWIWNU because of the same explanation associated with 

addressing the center fast polishing.  
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Figure 7.8: Plot of RRWIWNU (%) vs. wafer RPM. 

 

7.3.2 Effect of polishing pressure and platen rotation rate 

In the second part of the study, the effect of polishing pressure and platen rotation 

rate was explored under the optimal slurry flow rate (300 ml/min) and optimum wafer 

rotation rate (148 RPM) obtained in the first part of the study. Table 7.2 summarizes the 

five different combinations of polishing parameters used in this part of the study. 
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Table 7.2: Polishing conditions to explore the effect of polishing pressure and platen 

rotation rate.  

 

No. Pressure (PSI) 
Platen RPM 

(Ωp) 

Wafer RPM 

(Ωw) 

Mean sliding 

velocity (v) 

1 1.5 25 

148 

0.96 

2 1.5 55 1.38 

3 2.0 40 1.11 

4 2.5 25 0.96 

5 2.5 55 1.38 

 

Figure 7.9 is the plot of shear force vs. polishing power. The legends (1, 2, 3, 4 

and 5) are related to Table 7.2 (No. 1, 4, 3, 2 and 5). The plot indicated that shear force 

increased with polishing power. The lowest combination of polishing pressure and platen 

RPM produced the lowest shear force, whereas the highest combination of polishing 

pressure and platen RPM produced the highest shear force. At constant pressure, 

increasing the platen RPM increased the shear force, indicating that platen RPM plays a 

major role in determining the tribological mechanism for polishing. At constant platen 

RPM, increasing the polishing pressure increases the shear force as the wafer is being 

pressed harder. The variance of shear force also showed a similar trend (plot not shown) 

as the case for shear force, where the lowest combination of polishing pressure and platen 

RPM produced the lowest variance of shear force whereas the highest combination of 

polishing pressure and platen RPM produced the highest variance of shear force. 
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Figure 7.9: Plot of shear force vs. polishing power. 

 

Figure 7.10 is the plot of removal rate vs. polishing power. The legends (1, 2, 3, 4 

and 5) are related to table 7.2 (No. 1, 4, 3, 2 and 5). The plot indicated that removal rate 

increased with polishing power but the trend was non-linear. The lowest combination of 

polishing pressure and platen RPM produced the lowest removal rate whereas the highest 

combination of polishing pressure and platen RPM produced the highest removal rate. At 

constant pressure, increasing the platen RPM increased the removal rate. This was 

because the higher sliding velocity increased RR according to Preston‟s equation. At 

constant platen RPM, increasing the polishing pressure increases the removal rate in 

accordance with Preston‟s equation. 
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Figure 7.10: Plot of average removal rate vs. polishing power. 

 

The second part of the study concluded that shear force and variance of shear 

force was lowest at low values of polishing pressure and platen RPM and the polishing 

time was lowest at high values of polishing pressure and platen RPM. A process where 

the platen RPM and wafer RPM should be different was developed.  

 

7.4 Conclusions 

The novel technique of high wafer rotation speed decreased the shear force, 

variance of shear force and polishing time. The performance with respect to WIWNU 

improved significantly with the proposed polishing technique. Slurry flow rate was 

observed to have no significant impact on the output. The effect of polishing pressure and 
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platen RPM were studied in the second part of the study. It was found that low values of 

shear force and variance of shear force were possible when the separation between wafer 

RPM and platen RPM was maximum.   
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CHAPTER 8 

OPTIMIZING SLURRY UTLIZATION DURING CHEMICAL MECHANICAL 

PLANARIZATION 

In this chapter, the performance of a new slurry injection system for chemical 

mechanical planarization is investigated. The novel injector is designed to improve slurry 

utilization by efficiently introducing fresh slurry into the pad-wafer interface. The slurry 

utilization is studied by calculating the slurry mean residence time. The slurry mean 

residence time refers to the average time that the slurry spends in the pad-wafer interface 

during wafer polishing. Results show that the mean residence time for the new injector 

system is lower than that of the standard pad center injection method, confirming that the 

novel slurry injector provides more efficient slurry delivery to the pad-wafer interface 

than the standard pad center injection method. The advantage of mean residence time 

improvement is reflected through an increase in the removal rate during oxide polishing 

experiments. 

 

8.1 Introduction 

Chemical mechanical planarization (CMP) is widely used in the integrated circuit 

(IC) manufacturing industry to achieve both local and global surface planarity through 

combined chemical and mechanical forces. Compared with other unit processes used in 

IC manufacturing, CMP processes require huge cost of ownership (CoO) due to the 

consumables (i.e. slurry, polishing pad and diamond disc) used in the processes. Among 
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the consumables used in CMP processes, slurry accounts for up to 50% of the total CoO 

(Philipossian et al. 2003; Holland et al. 2002). In addition, slurry consumption has 

tremendous environmental impacts, as spent slurries can contain hazardous chemicals 

and metal contents with large amounts of nano abrasive particles after polishing. 

Although the recovery and reuse of spent oxide CMP slurries have been investigated 

(Kim et al. 2001; Kodama 1996), no IC manufacturer has reported to reclaim and recycle 

CMP slurries due to complex chemical constituents and reaction products in the spent 

slurries. Therefore, optimizing slurry usage is the best solution to achieve a more cost 

effective and environmentally benign process. 

 

For most current CMP polishers, slurry is applied to the pad center area. Pads 

with different groove designs are used by different IC manufacturers to help transport the 

slurry to the pad-wafer interface. As the pad rotates during polishing, however, a large 

amount of fresh slurry flows directly off the pad surface without entering the pad-wafer 

interface. This is due to the centrifugal force and results in very low slurry utilization 

(Philipossian et al. 2003). On the other hand, some spent slurry stays on the pad surface, 

mixes with the fresh slurry, and then re-enters the pad-wafer interface. As the spent slurry 

contains polishing by-products, it may decrease material removal rate. Additionally, large 

amounts of ultra pure water (UPW) are used to rinse the pad surface between wafer 

polishing which is referred as the pad rinsing step. At the end of the pad rinsing step, 

there is an appreciable amount of UPW staying on the pad surface and inside the pad 

grooves. When the fresh slurry is injected onto the pad surface to polish the next wafer, 
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the fresh slurry will mix with the residue UPW and get diluted, resulting in a lower 

material removal. In summary, the current pad center area slurry application method does 

not provide efficient slurry utilization. 

 

In this chapter, a novel slurry injection system, designed to improve slurry 

utilization by efficiently introducing fresh slurry into the pad-wafer interface is 

introduced. As the injector is placed directly on top of the pad surface during polishing, 

the leading edge of the injector blocks the spent slurry and residual UPW from re-

entering the pad-wafer interface, minimizing slurry mixing and dilution effects. Through 

more efficient slurry delivery and minimum slurry mixing and dilution, the novel slurry 

injector can achieve the same material removal rate with fewer polishing defects and 

significantly lower slurry consumption. This study employs the classical residence time 

distribution (RTD) technique to calculate slurry mean residence time (MRT) to quantify 

the improvement in slurry refreshing rate of the novel slurry injector over the standard 

pad center application method (Philipossian et al. 2003; Philipossian et al. 2004). MRT is 

especially critical in processes where multiple streams are required to be introduced to 

the system sequentially (Philipossian et al. 2004). Oxide wafer polishes using the novel 

slurry injector and standard pad center application method are also performed to support 

the MRT results. 

 

 

 



 

 

177 

8.2 Experimental Procedure and Theory 

Figure 8.1 illustrates the top view of a polisher platen with the standard pad center 

slurry application method and the novel injector. Figure 8.2(a) shows the parts of the 

novel slurry injector. The device‟s main body is a crescent-shaped slurry injector. The 

slurry injector has a gimbal joint and it is attached to the polisher by a support arm 

through this gimbal joint. Fresh slurry is introduced through one or multiple slurry inlets 

from the slurry tank, travels inside an internal channel, and flows out through the multiple 

holes in the trailing edge of the injector bottom. The injector is placed adjacent to the 

wafer on top of the pad surface as shown in Figure 8.1(b). The distance between the 

slurry injector and wafer carrier is about 1 inch. Such a short distance allows most of the 

fresh slurry to be delivered to the pad-wafer interface, thus significantly improving slurry 

utilization. When the slurry flows out of the injector bottom, it enters the pad-wafer 

interface almost immediately and reacts with the wafer surface. The injector also 

connects to a UPW line to allow UPW to flow through the internal channel for injector 

cleaning and pad rinsing. Because the pad rotates and creates momentum to tilt the 

injector during polishing, several weights are placed on top of the injector body to keep 

the injector balanced. The pressure exerted on the pad surface by the slurry injector is 

about 0.1 psi. Compared with the normal wafer polishing pressure (1.5 to 7 psi) applied 

during CMP processes, the pressure exerted by the slurry injector and its effect on the pad 

surface can be neglected. Figure 8.2(b) shows the slurry injector installed on the APD-

800X polisher.  
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(a)                (b) 

Figure 8.1: Top view of a polisher platen with a standard slurry application method (a) 

and the novel injector (b). 

 

            
(a)                       (b) 

Figure 8.2: Novel injector with the gimbal assembly, balance weights and the slurry input 

pipe (a), and when installed on the APD-800X polisher (b). 

 

All polishing was performed on the APD-800X polisher and tribometer which has 

the ability to acquire the frictional force among the wafer, slurry abrasives, and pad in 

Polisher Frame 

Injector mount and support arm 

Pad 

Wafer 

Polisher Frame 

Pad 
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real-time during polishing. The force acquisition frequency was set at 1,000 Hz. Blanket 

300-mm PECVD TEOS wafers were polished on a Dow Chemical IC1020 AMAT-

groove pad at the pressure of 4 PSI and sliding velocity of 0.6 m/s. A 3M A165 diamond 

disc was used to condition the pad at 10 lbf during wafer polishing. The diamond disc 

rotated at 95 RPM and swept 10 times per minute across the pad surface. During 

polishing, the diamond disc, the pad, and the wafer rotated in the counter clock-wise 

direction. Prior to data acquisition, the pad was subjected to ex-situ conditioning for 30 

minutes. Break-in was followed by pad seasoning using 300-mm TEOS wafers until a 

constant COF was achieved. Klebosol 1508-50 slurry was used at the flow rate of 150 

and 250 ml/min. The undiluted slurry contains 30 wt% silica abrasives. TEOS CMP 

using five different silica concentrations (10, 15, 20, 25, and 30 wt %) were performed to 

construct calibration curve (i.e. COF vs. concentration).  Slurries with 10 and 30 wt% of 

silica were used for the MRT tests.  

 

In the second part of this study, TEOS wafer polishing was performed to compare 

the removal rate between the novel slurry injector and standard pad center application 

method. Blanket 200-mm TEOS wafers were polished on a Dow Chemical IC1020 M-

groove pad at the pressure of 4 PSI and sliding velocity of 0.75 m/s. A 3M A165 

diamond disc was used to condition the pad at 6 lbf during wafer polishing. The diamond 

disc rotated at 95 RPM and swept 10 times per minute across the pad surface. During 

polishing, the diamond disc, the pad, and the wafer rotated in the counter clock-wise 

direction. Prior to data acquisition, the pad was subjected to ex-situ conditioning for 30 

minutes. Break-in was followed by pad seasoning using 200-mm TEOS wafers until a 
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constant COF was achieved. Fujimi PL-4217 slurry containing 12.5 wt% silica abrasives 

was used at the flow rate of 250, 200, 150, 100 and 50 ml/min using the novel slurry 

injector and standard pad center application method.  

 

Theory of Mean Residence Time 

Introducing a stimulus in the form of a tracer and measuring the response can be 

used to determine the distribution of residence times of the flowing fluid. Elements of 

fluid take different routes through the vessel so 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 RTD. This represents the exit ages of individual fluid elements (McMullin et al. 

1935). 

 

The RTD technique involves an abrupt introduction of a tracer into a reactor 

operating at steady-state. With no tracer initially present, a step input of tracer of 

concentration (C0) is imposed on the fluid stream entering the vessel. A time record of the 

concentration of tracer in the exit stream (C) is measured. The results are normalized so 

that time is zero (t=0) at the moment the tracer is introduced. The concentration of tracer 

in the exit stream is compiled as C/C0, such that the resulting curve rises from 0 to 1 over 

time. This plot is known as the F-curve. The E-curve is related to the F-curve via the 

following equation: 

Edt

dt

dF
                                                                                                                   Eq. 8.1 
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where Edt represents the fraction of the fluid leaving the reactor with an age between t 

and t+Δt.  

 

The mean of the E-curve, which represents τ, is found from: 





0

Edtt                        Eq. 8.2 

In the above equation t represents elapsed time and τ is the mean residence time. 

 

The importance of slurry MRT in CMP application has been highlightened by 

Philipossian et al. Assuming the pad-wafer interface to be a closed reactor, the slurry 

mean residence time (MRT) refers to the average time that the slurry spends in the pad-

wafer interface during wafer polishing. During the MRT test, a slurry is first injected onto 

the pad surface to polish a wafer. After achieving steady state, the slurry is turned off and 

simultaneously another slurry (the slurry type being the same) with either a higher or 

lower abrasive concentration is injected onto the pad surface to polish the same wafer. As 

the two slurries have different abrasive concentrations, different frictional forces are 

generated among the wafer, slurry abrasives, and pad during polishing. Based on the 

measured friction force data and the correlation curve between friction force and slurry 

concentration, slurry mean residence time can, therefore, be calculated using the classical 

chemical reactor theory explained above. In general, CMP processes with low slurry 

MRT values are preferred because they indicate that the slurry spends less time in the 

pad-wafer interface and is therefore fresher during wafer polishing.  
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8.3 Results and Discussions 

During the MRT experiment, Klebosol 1508-50 slurry with 30 wt% silica 

abrasives was first injected or applied onto the pad surface. After stable frictional force 

was achieved, the slurry was switched off and Klebosol 1508-50 slurry with 10 wt% 

silica was injected or applied onto the pad surface. The reason to select these two 

concentrations was that the COF response at these two concentrations was significantly 

different. This was obvious through the calibration curve which will be explained later. 

Figure 8.3 shows the COF data for the novel slurry injector and standard pad center 

application method during one of the MRT experiments. COF is calculated by dividing 

the measured frictional force over the applied polishing down force. Before conducting 

the actual MRT experiments, a calibration plot consisting of the COF responses of the 

novel slurry injector and standard pad center application method, at different abrasive 

concentrations were plotted. Figure 8.4 shows the calibration plot of COF vs. abrasive 

concentration for the novel slurry injector and standard pad center application method. 

The plot helped in deciding our choice of 10 wt% and 30 wt% for the actual MRT 

experiments as the COFs were significantly different at these concentrations.  
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                                                                             (b) 

Figure 8.3: COF data for the novel slurry injector (a) and standard pad center application 

method (b) during one of the MRT experiments. 
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              (b) 

Figure 8.4: Calibration plot of COF vs. abrasive concentration for the novel slurry 

injector (a) and standard pad center application method (b). 
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Once we have the plots of COF vs. time (from the MRT experiments), we can 

solve for the abrasive concentration from each COF value on the COF vs. time plot using 

the concentration vs. COF plot (from the calibration curves). This process yielded a plot 

of abrasive concentration as a function of time. An example of a plot of abrasive 

concentration over time, obtained by combining the data contained in Figures 8.3 and 8.4, 

is shown in Figure 8.5.  
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Figure 8.5: Plot of abrasive concentration vs. time for one of the MRT experiments. 

 

Normalizing and fitting the concentration response would result in the F-curve. 

An example of the F-curve is shown in Figure 8.6. The E-curve can be generated from 

the F-curve by differentiating the F-curve. Figure 8.7 shows an example of the E-curve.  
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Figure 8.6: Plot of a F-curve for one of the MRT experiments. 
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Figure 8.7: Plot of a E-curve for one of the MRT experiments. 
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The total polishing time for slurry flow rate 150 cc/ min was 190 seconds with the 

slurry interchange done at 65 seconds from the start of the experiment. Similarly, the total 

polishing time for a slurry flow rate of 250 cc/min was 140 seconds with the slurry 

interchange done at 45 seconds from the start of the experiment. The difference in the 

total polishing time for the two slurry flow rates was due to the fact that they achieved 

stable frictional force at different times. 

Figure 8.8 shows the slurry mean residence time comparison between the novel 

injector and the standard slurry application method at two different slurry flow rates. The 

experiments for each condition were done twice to see the repeatability of the process. 

The difference in the MRT values between runs was at the maximum 1 second which is 

well within the experimental error. At both slurry flow rates, it takes less time for the 

novel slurry injector to achieve a new stable COF value after the slurry switch. This 

indicates that it takes less time for the novel slurry injector to replace the old slurry 

containing 30 wt% silica abrasives with the new slurry containing 10 wt% silica 

abrasives in the pad-wafer interface. At a slurry flow rate of 150 ml/min, MRT for the 

novel injector was 27 percent less that of the standard slurry application method. At 

slurry flow rate of 250 ml/min, MRT for the novel injector was approximately half that of 

the standard slurry application method. The above results confirm that the novel slurry 

injector provides more efficient slurry delivery to the pad-wafer interface than the 

standard pad center application method. 



 

 

188 

0

5

10

15

20

25

30

150 250

Slurry Flow Rate (ml/min)

S
lu

rr
y

 M
ea

n
 R

es
id

en
ce

 T
im

e 
(s

)

Novel Injector Standard Application

 

Figure 8.8: Slurry mean residence time comparison between the novel injector and the 

standard slurry application method at two different slurry flow rates. 

 

The reasons for the better performance of the novel injector over the standard 

slurry application method are that the novel injector distributes the slurry very effectively 

because of its advantage of the geometric set-up and design. The second reason is that the 

trailing edge of the novel injector acts as a barricade for the old spent slurry and prevents 

the old slurry from reentering the pad-wafer interface. The reason for the difference in the 

percentage decrease of the MRT values for the two types of slurry injection techniques 

with the increase in slurry flow rate is due to the definition of MRT. 



 

 

189 

The immediate impact due to the decrease in the MRT (for the novel injector) is 

related to the improvement in the removal rate due to the fact that fresh slurry is being 

fed at a quicker rate and therefore we have a better chemical response and ultimately see 

either an increase in the removal rate or a decrease in slurry consumption. The benefits of 

reduction in slurry reduction are multiple. Firstly, the CoO of the entire CMP process is 

reduced. Secondly, reduction in waste treatment can be achieved which indirectly helps 

in CoO reduction. Another advantage associated with reduction in slurry consumption is 

the fact that the process can be more environmentally benign.  

 

In the second part of our study, we have quantified the improvement in the 

removal rate for the novel injector over the standard slurry application method using 

oxide wafers. The experimental details have been discussed earlier.  

 

 Figure 8.9 shows the removal rate comparison between the novel slurry injector 

and standard pad center application method at different slurry flow rates. The novel slurry 

injector achieves consistently higher removal rates than the standard pad center 

application method for all slurry flow rates. For example, under the slurry flow rate of 

150 ml/min, the novel slurry injector achieves 27% higher removal rate than the standard 

pad center application method.  
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Figure 8.9: Removal Rate comparison between the novel injector and the standard slurry 

application method for 200 mm oxide polishing. 

  

 Foam generation during polishing is posing a threat for effective polishing as the 

device size is getting reduced. This is due to the fact that the size of some of the bubbles 

in the foam is larger than the feature size being polished. This problem can be addressed 

using the novel injector; as the novel injector sits gently on top of the pad surface, the 

leading edge effectively blocks the spent slurry and residue UPW from entering the pad-

wafer interface, which is confirmed by the thick bow wave observed at the leading edge 

of the injector during wafer polishing as shown in Figure 8.10. Fresh slurry is injected at 

the trailing edge of the novel injector body that allows most of the fresh slurry to be 
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delivered to the pad-wafer interface, thus significantly improving the slurry utilization 

(i.e. low MRT values). 

 

 

Figure 8.10: Bow wave observed at the leading edge of the novel injector during wafer 

polishing. 

 As observed from Figure 8.10, the novel injector acts as a barricade for the spent 

slurry which contains polishing byproducts. These polishing byproducts are known to 

generate defects on the surface of the wafer. The use of the novel injector reduces the 

number of defects as it blocks away the spent slurry and polishing byproducts. 

Experiments were carried out to see the impact of the novel injector in reducing the 

number of defects. Figure 8.11 shows a comparison between the novel injector and the 

standard pad center slurry application method in terms of the number of defects. It can be 

seen that the number of defects reduced by approximately 50 percent when the novel 

injector was used. 
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Figure 8.10: Number of defects comparison between the novel injector and the standard 

slurry application method. 

  

 “Center-fast” removal has been one of the drawbacks of CMP and it is mainly 

associated with the variation in the distribution of pressure across the wafer area. The 

pressure at the center of the wafer is high and it reduces outwards. Because of the 

variation in the distribution of pressure across the wafer area, the slurry thickness also 

varies under the wafer-pad interface. A combination of the variation of pressure and 

slurry thickness causes uneven removal across the wafer surface. The novel injector has 

multiple UPW injection lines. Figure 8.11 shows the novel injector with the multiple 

UPW injection points.  
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Figure 8.11: Removal Rate profile control system attached to the novel injector. 

 

By clinically controlling the amount of UPW input, the removal can be controlled 

by diluting the slurry at certain points in the pad wafer interface. Experiments were 

performed to see the impact of this idea on RRWIWNU. Figure 8.12 shows a comparison 

of the removal rate profiles between the novel injector and the novel injector with the 

removal rate profile system attached.  
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       (b) 

Figure 8.12: Removal rate profiles using (a) the novel injector and (b) the novel injector 

with the removal rate control system attached. 
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8.4 Conclusions 

The MRT in the wafer pad region was shown to be significantly lesser for the 

case of the novel injector compared to the conventional slurry injection system. This 

directly impacts the refreshing rate of the slurry under the wafer-pad region and improves 

the oxide removal rates. In the second part of this study, experiments to confirm the 

improvement in RR with decrease in MRT were carried out at various slurry flow rates 

and the results indicated a significant improvement in RR for the case of the novel 

injector as compared to the conventional slurry injection system. A direct impact of 

improvement in RR is the reduction in slurry consumption. The reduction in slurry 

consumption reduces CoO of the CMP process and makes it an environmentally benign 

process. The novel injector played a role in handling foam generated during polishing and 

reduced the number of surface defects, as it does allow foam, pad debris or any polishing 

byproducts to re-enter the pad-wafer interface. By employing the removal rate control 

system along with the novel injector, RRWIWNU was significantly improved.   
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CHAPTER 9 

OPTIMIZING PAD GROOVE DESIGN FOR OPTIMUM REMOVAL RATE DURING 

COPPER CHEMICAL MECHANICAL PLANARIZATION 

In this chapter, the effect of pad groove design, shear force, variance of shear 

force and removal rate during copper chemical mechanical planarization is investigated. 

Experiments were done using two types of pad groove designs as follows: Positive 20° 

slanted concentric grooves super-imposed on 0° logarithmic positive grooves, and 

positive 20° slanted concentric grooves super-imposed on 0° logarithmic negative 

grooves. Results show that positive 20° slanted concentric grooves super-imposed on 0° 

logarithmic negative groove pad produce higher shear force and achieve higher removal 

rate as it allows transport of the slurry into the pad-wafer interface (by the slanted 

positive 20° concentric grooves) and the discharge of by-products away from the pad-

wafer interface (by the 0° negative logarithmic grooves). 

 

9.1 Introduction 

Chemical Mechanical Planarization (CMP) has played an enabling role in 

attaining planar interconnection and metal layers essential for the miniaturization of high 

performance devices. Understanding and optimizing the interactions between the pad and 

the slurry are very important. The interactions between pad-slurry-wafer are known to 

generate shear force (or frictional force) which aids in achieving the removal of the 
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material. The magnitude of the shear force decides the removal rates (Muldowney 2005; 

DeNardis 2006).  

 

Chemistry plays a vital role during copper CMP. Many factors are responsible to 

affect this chemistry (Muldowney 2005; DeNardis 2006). Pad groove design is another 

factor known to have an influence on the chemical as well as mechanical aspects during 

copper CMP. The effect of pad grooves on the chemical nature of CMP are net flow of 

slurry under the pad, and by-product concentration and temperature effects (Muldowney 

2005, Yeomans et al. 2008, Yeomans et al. 2008, Yeomans et al. 2008). The effect of 

pad grooves on the mechanical nature of CMP are slurry film thickness, pad 

compressibility and pad-wafer contact area. 

 

In this Chapter, we will discuss the impact of two types of pad groove designs i.e. 

positive 20° slanted concentric grooves super-imposed on 0° logarithmic positive grooves 

(Type-I) and positive 20° slanted concentric grooves super-imposed on 0° logarithmic 

negative grooves (Type-II). 

 

9.2 Experimental Procedure 

All experiments were performed on an Araca APD-800 polisher and tribometer 

which is equipped with the unique ability to acquire shear force and down force in real-

time. In this study, force acquisition rate was set at 1,000 Hz. Polishing was performed on 

two foamed polyurethane pads with different groove designs i.e. Type I and II. Both 
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these pads were originally flat Dow Chemical IC1000 pads. An ultraprecision pad 

grooving machine, CMP 1000S from Toho Engineering Co., was used to create these 

patterns on flat Dow Chemical IC-1000 pads. In all cases, the grooves were 1 mm deep 

and 0.5 mm wide, with a pitch of 1 mm. Figure 9.1 illustrates the groove patterns and 

scanning electron microscope (SEM) images of the top and side views of all groove 

patterns used in this study. A precision-machined flat polycarbonate template was used in 

the polishing tests. Prior to data acquisition, each pad was conditioned for 30 min with a 

4-inch diameter,100-grit triple ring dots (TRD) diamond disc from Mitsubishi Materials 

Corporation at a pressure of 5.8 lbf, a rotation rate of 95 RPM and a sweep frequency of 

0.33 Hz using UPW. Break-in was followed by pad seasoning using 200 mm copper 

wafers until a constant COF was achieved. Typically, ten 1 min dummy runs were needed 

to obtain a constant COF. During polishing, the diamond disc, pad and wafer rotated 

counter-clockwise. The slurry used for this study was Hitachi Chemical HS-2H-635-12 

and the polishing time for each wafer was set to 90 seconds. The slurry mixing ratio was 

7 volume parts of Hitachi Chemical HS-2H-635-12 slurry, 7 volume parts of ultra pure 

water (UPW), and 6 volume parts of 30% ultrapure H2O2 manufactured by MGC Pure 

Chemicals America Inc. In-order to test the accuracy of the process, each condition was 

repeated once and the reported values are the average of the two runs. Immediately after 

polishing, the wafers were scrubbed with UPW for 30s, and dried in an ultra-high purity 

nitrogen gas stream.  
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                             (a)                               (b)   

                     

                            (c)          (d)               

 

Figure 9.1: Groove patterns, (a) Type I, (b) Type II, (c) SEM images of the top  and (d) 

side views of the slanted groove patterns utilized in this study. 

 

The effect of slurry flow rate, wafer rotation rate and pad groove design was 

explored at constant platen rotation rate of 25 RPM and polishing pressure of 1.5 PSI. 
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The slurry flow rate was set at 200, 300 or 400 ml/min. The wafer rotation rate was set at 

23, 98 or 148 RPM.  

 

9.3 Results and Discussions 

The effect of pad groove design, slurry flow rate and wafer rotation rate was 

studied at a constant platen rotation rate of 25 RPM and polishing pressure of 1.5 PSI. 

This study aims to select the optimum slurry flow rate, wafer rotation rate and pad groove 

design to achieve lower values of shear force and polishing time for these two pad 

designs. 

 

The extent of wafer-slurry-pad contact during CMP can be classified into three 

types based on the Stribeck curve. The detailed explanation about Stribeck curve can be 

found in Section 3.1.3. Figure 9.2 shows the generic Stribeck curve for both pads used in 

this study. In our case, we used the pseudo Sommerfeld number to plot the Stribeck 

curve. The pseudo Sommerfeld number can be defined as: 

p

v
So pseudo                                                                                                                  Eq. 9.1 

where, 

v is the sliding velocity and p is the polishing pressure. 
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                                                                            (b) 

Figure 9.2: Generic Stribeck curves for (a) Type I and (b) Type II. 
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We use the pseudo Sommerfeld number as we assume that the slurry thickness 

will remain the same under the polishing conditions used in this study. Further, we 

assume that the slurry viscosity does not change. During polishing the force responsible 

for the mechanical abrasion of the substrate to be polished is the shear force between the 

pad and the wafer. This indicates that for a constant area of wafer (Awafer), the lower the 

COF observed, the lower is the shear force value. In our case, lower COF values at higher 

pseudo Sommerfeld number values (in other words: higher sliding velocity, because the 

polishing pressure was constant) suggest a probable decrease in the value of shear force.  

 

The reason for a lower COF is due to the fact that, as the pseudo Sommerfeld 

number increases the lubrication mechanism shifted from boundary lubrication to partial 

lubrication. This behavior was likely due to the fact that, at higher sliding velocities, the 

slurry is pulled into the pad-wafer interface at a higher rate and thus increases the gap 

between the wafer and the pad. If a comparison is made among the two pads, it is 

observed that the Type II pad generated higher COF in comparison with the Type I pad. 

This was because the design of 0° logarithmic negative grooves does not support free 

flow of slurry into the pad-wafer interface. And due to this kind of slurry starvation, there 

might be intimate contact between the pad and wafer. It should be noticed that the change 

in slurry flow rate did not have a significant variation in COF for all Sommerfeld 

numbers and for both the pads. The lubrication mechanism did not change with respect to 

slurry flow rate. 
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Figure 9.3 is the plot of shear force vs. wafer rotation rate for both pads used in 

this study. It indicated that shear force decreased with increasing wafer rotation rate (or 

sliding velocity). This behavior was observed because, at higher wafer rotation rate, 

polishing is in the partial lubrication region as observed through the Stribeck curves and 

thus reduces the shear force. A comparison of both pads used in this study indicated that 

the Type II pad generated higher shear force than the Type I pad. This was an extension 

from the COF plots as the down-force for both the pads was the same. Even though a 

higher shear force (or COF) between the pad and the wafer is know to produce higher 

RRs, the productive life of the pad is decreased due to excessive pad wear.  
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Figure 9.3: Plot of shear force vs. wafer RPM for (a) Type I and (b) Type II pads. 

 

Figure 9.4 is the plot of variance of shear force vs. wafer rotation rate for both the 

pads used in this study. The plot indicated that variance of shear force decreased with 

increasing wafer rotation rate (or sliding velocity). For the case of variance of shear force, 

no particular trend was observed with the change in slurry flow rate for the pads used in 

this study. The reasons behind this behavior are not well understood and are under 

investigation. One possible explanation could be attained by incorporating the effect of 

pad conditioner during polishing. During pad conditioning, the different degree and 

direction of groove slanting might produce different results, regardless of the fact that the 

same pad conditioning process i.e., conditioner type, rotation velocity, sweep frequency,  
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Figure 9.4: Plot of variance of shear force vs. wafer RPM for (a) Type I and (b) Type II 

pads. 
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and applied load is used. These differences may be in terms of asperity generation, 

asperity–wafer contact mechanisms, and pad temperature (Yeomans et al. 2008). 
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Figure 9.5: Plot of removal rate (RR) vs. wafer RPM for (a) Type I and (b) Type II pads. 
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Figure 9.5 is the plot of removal rate (RR) vs. wafer rotation rate for both the pads 

used in this study. The plot indicated that removal rate increased with increase in wafer 

rotation rate for both the pads. This is in agreement with the Preston‟s equation which is: 

pvkmovalRate prRe                                                                                                Eq. 9.2 

where, 

kpr is the preston constant 

p is the polishing pressure 

v is the sliding velocity  

 

In our case, increasing the wafer rotation rate from 23 RPM to 148 RPM increases 

the sliding velocity, and the immediate impact would be an increase in the removal rate, 

in accordance with the Preston‟s equation. A comparison between pads indicated that 

Type II pad generated higher RR than the Type I pad. The reason for this is that the Type 

II pad is designed in such a way that it allows transport of the slurry into the pad-wafer 

interface (by the slanted positive 20° grooves) and the discharge of by-products away 

from the pad-wafer interface (by the 0° negative logarithmic grooves). The grooving 

effect of the negative logarithmic grooves seems to decrease the concentration of 

detrimental by-products and increase the rate of slurry refreshing by creating a path for 

the slurry during copper polishing. RR results indicated the possibility of controlling 

slurry transport into and out of the pad-wafer interface, by combining slanted concentric 

grooves and logarithmic grooves. As for the case of all earlier arguments, the slurry flow 

rate did not have any major impact on the copper removal rate for both the pads.   
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Figure 9.6 is the plot of average pad leading edge temperature vs. wafer rotation 

rate for both the pads used in this study. The plot indicated that average pad leading edge 

temperature increased with increase in wafer rotation rate for both the pads. This can be 

attributed to the fact that high sliding velocities do not leave enough time for the heat 

exchange to take place between the wafer, pad, slurry and the surroundings. If a 

comparison is made between both the pads used for this study, the Type II pad generated 

higher temperature as compared to the Type I pad. Associating this conclusion with the 

RR results, it is evident that temperature plays a vital role during copper CMP. 
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Figure 9.6: Plot of average pad leading edge temperature vs. wafer RPM for (a) Type I 

and (b) Type II pads. 

 

9.4 Conclusions 

In this study, the effect of pad groove, design shear force, variance of shear force 

and removal rate during copper chemical mechanical planarization was investigated. 

Experiments were done using two types of pad groove designs i.e. positive 20° slanted 

concentric grooves super-imposed on 0° logarithmic positive grooves, and positive 20° 

slanted concentric grooves super-imposed on 0° logarithmic negative grooves. Results 

showed that positive 20° slanted concentric grooves super-imposed on 0° logarithmic 

negative groove pad produced higher shear force and achieved higher removal rate as it 
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allowed transport of the slurry into the pad-wafer interface (by the slanted positive 20° 

grooves) and the discharge of by-products away from the pad-wafer interface (by the 0° 

negative logarithmic grooves). 
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CHAPTER 10 

CONCLUSIONS AND FUTURE PLANS 

 

10.1 Conclusions 

Several studies were conducted in this dissertation to understand and optimize 

some of the fundamental characteristics of CMP, as well as to address possible solutions 

to some of the CMP challenges that the semiconductor industry will continue to face as 

IC technology advances. The major conclusions reached in each study are presented 

below. 

 

 Analyses of Diamond Disc Substrate Wear and Diamond Microwear in Copper 

CMP Process (Chapter 4): In this study, diamond disc substrate wear and 

diamond micro-wear in copper CMP process at two different temperatures and 

using two different slurries were investigated. Three types of diamond discs from 

different manufacturers were used in this study. SEM images of selected 

aggressive and non-aggressive diamonds were taken before and after the tests. 

SEM images showed that there was no diamond micro-wear for all three types of 

discs during the static etch tests. Results indicated diamond disc substrate wear on 

two of the diamond discs used for the tests. The diamond disc substrate wear 

increased with increase in temperature. ICPMS results supported the above 

findings. During the wear tests, SEM images indicated diamond micro-wear for 

the case of aggressive diamonds for all three types of diamonds discs, using both 
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slurries and at both temperatures. On the other hand, no diamond microwear was 

observed on the non-aggressive diamonds for all experimental conditions, 

confirming that non-aggressive diamonds did not participate in conditioning. 

 

 Slurry-Induced Pad Wear Rate in CMP (Chapter 5): In this study, the extent of 

pad wear rate during shallow trench isolation chemical mechanical planarization 

process was investigated for several combinations of type of abrasive particles 

(i.e. colloidal and fumed silica), abrasive content and abrasive concentration. 

Results produced during STI CMP indicated that pad wear rate was dependent on 

the number of particles and the size of abrasive particles. With the fumed silica 

slurry, pad wear rate increased slightly with introduction of small amounts of 

slurry abrasives because of the three body contact mechanism among pad, 

diamonds and abrasive particle. Due to enhanced lubrication, pad wear rate 

decreased significantly at 3 weight percent of fumed silica. Further addition of 

slurry abrasive particles increased the pad wear rate through the three-body 

contact mechanism. A similar trend was observed for colloidal silica abrasive. A 

comparison between fumed and colloidal silica abrasives at the same abrasive 

concentration showed that colloidal slurry induced higher pad wear rate compared 

to fumed slurry. This was due to the higher number of abrasive particles present 

in colloidal slurry. A comparison between fumed and colloidal slurry at the same 

abrasive content showed that fumed slurry induced a higher pad wear rate 

compared to the colloidal slurry due to fumed silica abrasives having a larger 
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diameter as well as sharp edges that induce a higher pad wear rate. This study 

underscored the importance of understanding the contribution of abrasives on pad 

wear rate in shallow trench isolation chemical mechanical planarization processes. 

 

 Diamond Disc Diagnostic Method Based on ‘Dry’ Coefficient of Friction 

Measurements (Chapter 6): In this study, a novel method for determining the dry 

coefficient of friction of conditioner discs for CMP for purposes of quality 

assessment and problem diagnostics was presented. Results showed that the 

coefficient of friction can be used to distinguish good and bad diamond discs. The 

study also confirmed the existence of a correlation between dry coefficient of 

friction and total area of the furrows generated by the active diamonds. 

 

 Optimizing Polishing Kinematics for Reduced Shear Force, Low Force 

Fluctuation and Optimum Removal Rate in Copper CMP (Chapter 7): In this 

study, the effect of asynchronous polishing conditions on shear force, variance of 

shear force and polishing time in copper chemical mechanical planarization was 

investigated. In general, low values of shear force, variance of shear force and 

polishing time are preferred since they are known to minimize defects during 

chemical mechanical planarization. The novel technique of high wafer rotation 

rate decreased the shear force, variance of shear force and polishing time. The 

performance with respect to RRWIWNU improved significantly with the 

proposed polishing technique. Slurry flow rate was observed to have no 
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significant impact on the output. The effect of polishing pressure and platen RPM 

was also investigated and results showed that the combination of the lowest 

polishing pressure and the lowest platen RPM produced lowest values of shear 

force, variance of shear force and polishing time. 

 

 Slurry Injection System to Optimize Slurry Utilization during Chemical 

Mechanical Planarization (Chapter 8): In this study, a new slurry injection system 

for chemical mechanical planarization was investigated. The novel injector was 

designed to improve slurry utilization by efficiently introducing fresh slurry into 

the pad-wafer interface. The slurry utilization was studied by calculating the 

slurry mean residence time. The slurry mean residence time refers to the average 

time that the slurry spends in the pad-wafer interface during wafer polishing. 

Results showed that the mean residence time for the new injector system was 

lower than that of the standard pad center application method, confirming that the 

novel slurry injector provided more efficient slurry delivery to the pad-wafer 

interface than the standard pad center application method. This directly impacted 

the refreshing rate of the slurry under the wafer-pad region and improved the 

oxide removal rates. In the second part of this study, experiments to confirm the 

improvement in RR with decrease in MRT were carried out at various slurry flow 

rates and the results indicated a significant improvement in RR for the case of 

novel injector as compared to standard slurry application method. A direct impact 

of improvement in RR is the reduction in slurry consumption. The reduction in 
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slurry consumption reduces CoO of the CMP process and makes it an 

environmentally benign process.   

 

 Optimizing Pad Groove Design for Optimum Removal Rate during Copper CMP 

(Chapter 9): In this study, the effect of pad groove design on shear force, variance 

of shear force and removal rate in copper chemical mechanical planarization was 

investigated. Two types of pad groove designs: positive 20° slanted concentric 

grooves super-imposed on 0° logarithmic positive grooves and positive 20° 

slanted concentric grooves super-imposed on 0° logarithmic negative grooves 

were used in this study. Results showed that positive 20° slanted concentric 

grooves super-imposed on 0° logarithmic negative groove pad produced lower 

shear force and achieved higher removal rate as it allowed transport of the slurry 

into the pad-wafer interface (by the slanted positive 20° grooves) and the 

discharge of by-products away from the pad-wafer interface (by the 0° negative 

logarithmic grooves). 

 

10.2 Future plans 

Given the variety of work conducted in this dissertation, several future studies are 

proposed: 

 

 Analyses of Diamond Disc Substrate Wear and Diamond Microwear in Copper 

CMP Process (Chapter 4): In this study, diamond disc substrate wear and 
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diamond micro-wear in copper CMP process was investigated. Initial studies 

relating to the impact of process temperature on pad wear rate was conducted. 

Results indicated that pad wear rate decreased with the increase in temperature. 

An effort to understand as to why some diamond discs result in lower pad wear 

rate as process temperature increased should be made. An attempt to understand 

the interactive effect of diamonds and slurry abrasives on pad wear rate is 

required. Additionally, removal rate data to highlight the impact of aggressive and 

non-aggressive diamond should be produced. A window is open to carry out 

polishing experiments and perform defect analysis of the polished wafers to show 

the impact of substrate wear and diamond break down on defect generation.  

 

 Slurry-Induced Pad Wear Rate in CMP (Chapter 5): In this study, the extent of 

pad wear rate during shallow trench isolation chemical mechanical planarization 

process was investigated for several combinations of type of abrasive particles 

(i.e. colloidal and fumed silica), abrasive content and abrasive concentration. It is 

equally important to investigate the impact of type of abrasive particles, abrasive 

content and abrasive concentration under actual polishing conditions. 

 

 Diamond Disc Diagnostic Method Based on ‘Dry’ Coefficient of Friction 

Measurements (Chapter 6): In this study, a novel method for determining the dry 

coefficient of friction of conditioner discs for CMP for purposes of quality 

assessment and problem diagnostics was presented. Results showed that the 
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coefficient of friction can be used to distinguish good and bad diamond discs. 

Real polishing involves wet COF. Therefore it is important to improve the 

technique explained in Chapter 6 to measure the wet COF.  

 

 Optimizing Polishing Kinematics for Reduced Shear Force, Low Force 

Fluctuation and Optimum Removal Rate in Copper CMP (Chapter 7): In this 

study, the effect of asynchronous polishing conditions on shear force, variance of 

shear force and polishing time in copper chemical mechanical planarization was 

investigated. As showed in the results, slurry flow rate did not have a major 

impact. But, the impact of slurry injection position is one area to be explored. 

Also CMP process is known to behave differently with different set of 

consumables. Therefore, a variety of consumables ranging from slurry, pad, 

diamond discs etc should be explored. 

 

 Optimizing Pad Groove Design for Optimum Removal Rate during Copper CMP 

(Chapter 9): In this study, the effect of pad groove design on shear force, variance 

of shear force and removal rate in copper chemical mechanical planarization was 

investigated. Two types of pad groove designs: positive 20° slanted concentric 

grooves super-imposed on 0° logarithmic positive grooves and positive 20° 

slanted concentric grooves super-imposed on 0° logarithmic negative grooves 

were used in this study. Results showed differences in performance based on pad 
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groove design. Therefore, repeating the experiments described in Chapter 9 using 

different pad grove design is always an option. 
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