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   = Poisson ratio constant 

δ  = Effective slurry thickness in the pad-wafer region 

ν  = Void fraction of the polishing pad 
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ABSTRACT 

 

This dissertation presents a series of studies with regards to wear and contact 

phenomena in existing and future large-scale chemical mechanical planarization (CMP). 

They are also evaluated with the purposes of reducing cost of ownership (COO) and 

minimizing environmental impacts.  

The first study is performed to investigate the effect of retaining ring slot design, 

material and temperature on pad wear during interlayer dielectric CMP. As a retaining ring 

makes contact with the pad surface, friction is generated at the retaining ring-pad interface 

resulting in pad wear. Three retaining rings with two different materials and slot designs 

are used in this study and the results show that the retaining ring material and temperature 

have significant impacts on the pad wear rate.  

In the next study, pad surface contact area and density are measured at elevated 

temperatures to provide more relevant and accurate pad surface analysis.  A custom-made 

sample holder is designed to heat pad sample. Pad surface contact area and density are 

measured at three different temperatures using laser confocal microscopy to illustrate the 

effect of temperature on the mechanical contact during CMP.  

In the third study, the tribological, thermal and kinetic attributes of 300 mm copper 

CMP process are investigated. The current state-of-the-art IC manufacturing factories have 

migrated from 200 mm wafer processes to 300 mm to reduce manufacturing COO and 

increase throughput. In this study, a two-step modified Langmuir-Hinshelwood model is 

used to simulate copper removal rate as well as chemical and mechanical dominance 

during CMP.  
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The fourth study evaluates the relationship between planarization and pad surface 

contact area and micro-topography using laser confocal microscopy. Results of confocal 

microscopic analysis (i.e. pad surface abruptness, contact area and summit curvature) are 

correlated with polishing performance in terms of coefficient of friction, removal rate, time 

to clear, dishing and erosion.  

As Ti has recently regained attention in copper barrier applications, the effect of 

temperature during Ti CMP is investigated in another study to provide fundamental 

understanding of Ti removal mechanism.  

The last contribution of this dissertation involves a study on 450 mm CMP process. 

Several integrate circuit (IC) makers have announced plans for adopting 450 mm wafers to 

further reduce manufacturing cost and increase throughout. An existing 300 mm CMP tool 

is modified to polish both 300 and 450 mm wafers to demonstrate experimentally whether 

any differences exist in the tribological and thermal characteristics of the two processes, 

and from that, to infer whether one can expect any removal rate difference between the two 

systems. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Semiconductor Technology 

Semiconductor devices serve as the kernel of the entire electronics industry, with 

global sales of over $2 trillion since 1998 (http://www.ipc.org). Advanced industries 

relying heavily on the development of semiconductor technology include solid-state 

computing, telecommunications, aerospace, automotive, and consumer electronics 

products.  Two key inventions behind them are the transistor and integrated circuits (ICs). 

Transistors are made from semiconductor materials (i.e. Si, Ge, GaAS, GaN, InSb, etc.), 

while integrated circuits are comprised of thousands, millions and now billions of 

transistors with specific functions. The semiconductor industry‟s productivity has been 

historically driven by Moore‟s law, which predicts that the number of transistors on a chip 

doubles every 18 to 24 months. In 1971, the world‟s first microprocessor (Intel 4004) only 

consisted of 2,300 transistors packed in an area of 12 mm
2
. In 2011, the number of 

transistors in an Intel i7 (Six-Core) microprocessor has already reached 2.27 billion with an 

area of 434 mm
2 

(http://en.wikipedia.org/wiki/Microprocessor_chronology). In order to 

keep following Moore‟s law and reducing the cost, ICs fabrication applies critical 

strategies such as decreasing the feature size of individual circuit elements, improvements 

in yields allowing large chip sizes, advances in equipment required for the finer features, 

and increasing wafer size (Kuhn et al. 2008). Figure 1.1 shows the exponential decrease of 

minimum feature size and the rapid increase of commercial wafer size. The technology 

node for Intel‟s transistor has shrunk to 22 nm, and the advanced 22 nm 3D tri-gate 

http://www.ipc.org/
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transistors can achieve 37% performance increase and more than 50% power reduction 

compared with 32 nm planar ones (http://newsroom.intel.com/docs/DOC-2032).  Wafer 

size (in diameter) has increased from 100 mm, which was common in 1975, to 300 mm 

starting in about 2000. In September 2011, several integrated circuit makers have even 

announced plans for adopting 450 mm wafers which would involve a significant 

investment in tools and fabrication facilities. Simulations suggest that 450 mm wafer 

manufacturing is able to at least deliver close to a 30% cost reduction in comparison with 

current 300 mm fab (Jones 2009). The studies in this dissertation are based on existing (200 

and 300 mm) as well as future (450 mm) large-scale wafer processes.  

 

 

Figure 1.1: Exponential decrease of minimum feature size and increase of wafer size. 

 

Basically, integrated circuits are the combination of active electronic devices (such 

as transistors and diodes) and passive components (such as resistors, capacitors and 

http://newsroom.intel.com/docs/DOC-2032
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inductors), fabricated side by side (“front end”) and wired together (“back end”) to perform 

a specified circuit function. Figure 1.2 shows a general schematic of a typical IC. The left 

image represents a thin cross-section of a modern IC, while the right one represents the 

details at the transistor level. The transistor is used to turn current on or off in a circuit, 

corresponding to digital value of 0 or 1. When a voltage is applied at the gate, a current is 

allowed to flow from the source to the drain, completing the circuit. As depicted in Figure 

1.2 (left), tungsten plugs and multi-layer (12-layer) copper interconnects are built upon the 

transistors to enable complex circuits.  

 

 

Figure 1.2: General schematic of a typical IC cross-section (Prof. Philipossian, University 

of Arizona, CHEE 515 Class Notes, 2011). 

 

A cross sectional SEM image of a representative multilevel (10-layer) interconnect 

network is shown in Figure 1.3. A multilevel wiring scheme leads to significant reduction 
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in signal processing delays and improvement in chip performance. Chemical mechanical 

planarization (CMP) is extensively employed throughout the process to keep every surface 

flat. Tungsten plugs at the bottom connect the underneath transistors with the first copper 

layer. The multilayer copper lines are isolated by low-k dielectrics (SiLK for M1-M4, 

SiOC for M5-M8) and SiO2 (for M9-M10), and connected by vertical vias. Low-k 

dielectric is used in current technology to reduce parasitic capacitance, enable faster 

switching speeds and lower the heat dissipation. It is noted that the copper lines on the 

lower levels are much narrower to match the dimensions of the transistors and other 

microstructures. Since the need for high-line density at top levels is reduced, there is more 

room for wider copper lines, which help avoid mismatches with the vertical vias.  

 

 

Figure 1.3: SEM image of modern IC cross-section (Ohba 2002). 
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In general, integrated circuit fabrication begins with a thin, polished slice of single 

crystalline silicon and employs a variety of physical and chemical processes to create the 

complex integrated-circuit structures described above. These processes mainly include 

chemical vapor deposition (CVD), physical vapor deposition (PVD), wet chemical and 

plasma etching, oxidation, ion implantation, sputtering, chemical mechanical planarization 

(CMP), rapid thermal processing, photolithographic patterning techniques and packaging. 

The fabrication can be divided into hundreds of steps, and the precision and accuracy in 

each step must result in a well-controlled structure for the following steps. In view of price, 

ICs fabrication is very expensive, since much of the operation work is automated. 

Construction of a state-of-the-art semiconductor fab can cost over $3 billion.  

 

1.2 Introduction to Chemical Mechanical Planarization and Its Applications 

This dissertation investigates several issues related to chemical mechanical 

planarization (CMP) process, which is widely used in ultra-large-scale integration (ULSI) 

fabrication. To support the rapid development of semiconductor technology, continuous 

endeavor from industry and academia focuses on shrinking the minimum feature size and 

increasing the complexity of integrated circuits. The manufacturability of the very small 

features on a wafer is predominately limited by the capability of the photolithographic step 

(Li 2008). For the purpose of  precisely imaging lines or features across the wafer, a 

photolithographic tool must be able to focus at all points of interest, and in other words, the 

non-planarity of the wafer surface must be less than half of the depth of focus. Along with 

the decrease in minimum feature size, the depth of focus is also sharply reduced. To 

overcome such a challenge, efficient polishing skills must be utilized to attain flat wafer 
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surface. In advanced ICs fabrication, planarized surface offers numerous benefits 

including:  

i. higher photolithography and dry etch yields;  

ii. elimination of step coverage concerns;  

iii. minimization of prior level defects;  

iv. elimination of contact interruption, undesired contacts and electro-migration 

effects;  

v. reduction of high contact resistance and inhomogeneous metallization layer 

thickness; and  

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

Figure 1.4 presents a comparison between non-planarized and planarized surface 

topography. It clearly indicates that without planarization, the rugged topography 

aggravates as the number of interconnect levels increases, causing poor step coverage and 

stacking height limitation of metal layers. 

Before CMP, polishing methods used in ICs manufacturing consisted of spin on 

deposition (SOD), reflow of boron phosphorous silicate glass (BPSG), spin etch 

planarization (SEP), reactive ion etching and etch bask (RIE EB), and spin on deposition 

and etch back (SOD + EB). However, to date, CMP is the only planarization technology 

that can result in excellent local and global planarities at the same time. To be specific, 

CMP can yield local planarization of features in the order of tens of micron and near-global 

planarization as far as tens of millimeters (Oliver 2004). A list of advantages for CMP is 

shown below (Zantye et al. 2004): 
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Figure 1.4: Schematic of a non-planrized (left) and planarized (right) multi-layer 

metallization structure (Prof. Philipossian, University of Arizona, CHEE 515 Class Notes, 

2011). 

 

i. It can achieve global planarization; 

ii. It can planarize wide range of wafer surfaces; 

iii. It can planarize multiple materials during the same polish step; 

iv. It can contribute to increasing IC reliability, speed, yield of sub-0.5 µm circuits; 

v. It can remove surface defects; and 

vi. It does not use hazardous gases that are common in dry etch process. 

 Chemical mechanical planarization (CMP) was firstly developed by IBM in the 

mid-1980s based on the conventional polishing technique. Both chemical and mechanical 

actions are involved during CMP to selectively and effectively remove the exposed 

material from elevated features, resulting in a planar wafer surface. Figure 1.5 shows a 

general representation of rotary CMP process, in which the wafer surface to be polished is 
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placed face down on a polishing pad. The rotating wafer carrier applies a certain amount of 

down force to the wafer. The pad and the wafer rotate in the same direction with or without 

similar angular velocities. Slurry containing nano-scale abrasive particles and sorts of 

chemicals is injected on top of the pad and transported to the pad-wafer interface. Pad 

asperity and slurry particles mechanically contact the wafer to remove the chemically 

modified surface film. In order to provide stable polishing performance, a disk conditioner 

with embedded diamond rotates and oscillates back and forth across the radius of the pad to 

regenerate the asperities.  

 

 

Figure 1.5: Generalized schematic of rotary CMP system. 

 

The first application of CMP was to polish the interlayer dielectric (ILD) layer, but 

the number of application has significantly increased (Wolf 2004). Till now, CMP has been 

used to planarize metal-films (i.e. tungsten, aluminum, and copper), metal-barrier layers 

(i.e. Ta/TaN, Ti/TiN, etc.), poly-silicon, oxides, and low-k dielectrics. Shallow trench 

isolation (STI) CMP significantly improves front-end-of-the-line (FEOL) planarity and 
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compacts the area required for isolation by elimination the bird‟s beak characteristic of the 

LOCOS isolation. Poly-Si CMP enables sub-0.5 µm poly-gate patterning by further 

reducing FEOL topography. Tungsten (W) CMP effectively decreases BEOL defect 

density by replacing W etch-back processes, a notoriously defect riddled process.  

Copper has replaced aluminum and has become the primary interconnect metal for 

all types of ICs, yielding lower interconnect resistance and higher immunity to 

electro-migration. However, unlike aluminum, it is almost impossible to pattern a copper 

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

metallization uses a dual damascene process that incorporates simultaneous deposition for 

both the metal level and vias. Figure 1.6 shows a simple schematic for Cu damascene 

process. Trenches in the low-k dielectric layer are previously created using a 

photolithography technique. To prevent copper diffusion into the dielectrics, a metal 

barrier layer (Ta/TaN, for example) is deposited around the trenches. Subsequently, copper 

is deposited in excess on the wafer surface. Then Cu and barrier CMP processes are 

performed separately to remove the overburden, resulting in surface with high planarity.  

 

 

Figure 1.6: General schematic of the copper damascene process. 
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High-k metal-gate (HKMG) transistors were first implemented in 45 nm 

technology to overcome high leakage currents and higher power consumption of advanced 

devices. Since the high-k materials are not compatible with traditional poly-silicon gate 

electrodes, a metal (typically aluminum) is used as the gate material. CMP is used to 

remove the Al overburden and barrier metals from the field after Al gap fill. Because 

non-uniform gate height can cause gate resistance variation, and improper gate heights can 

result in subsequent contact etch problem, precise control of the gate height and uniformity 

is the major challenge for the metal gate Al CMP process (Dai et al. 2011). The other 

general challenges associated with CMP technology will be discussed in Section 1.4.  

 

1.3 Consumables in CMP 

The CMP process involves a complex interplay between the wafer surface and the 

other consumables involved. The other consumables mainly include polishing pad, slurry, 

pad conditioner, and retaining ring.  

 

1.3.1 Wafer  

Wafers are made of highly pure (99.9999%) and nearly defect-free single 

crystalline silicon. They serve as the substrates for microelectronic devices. To finally 

become functional integrated circuits, wafers should undergo a series of micro-fabrication 

processes such as doping, deposition of various materials, chemical mechanical 

planarization, photolithographic patterning, dicing and packaging. In state-of-the-art 

technologies, each wafer consists of multiple dice, while each die consists of millions of 

transistors and has a particular computing capability. The patterning and deposition 
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processes during device integration and interconnect metallization result in a relatively 

high variation in surface height within each die. Therefore, CMP is used to polish the wafer 

topography created from the previous manufacturing steps. In addition, blanket 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. 

The diameter of a wafer has increased from 25 mm to current 300 mm. In order to further 

promote a high volume manufacturing (HVM) environment while maintain low production 

costs, several integrated circuit makers have recently announced plans for producing 450 

mm wafers. Larger wafers enable more dice per wafer, thus yielding a greater throughput. 

Figure 1.7 shows examples of typical wafers to be polished in the CMP process, which are 

300 mm patterned wafer, 300 mm Cu blanket wafer, and 450 mm bare silicon wafer, 

respectively. 

 

1.3.2 Polishing Pad 

The polishing pad plays a critical role in determining material removal rate and 

CMP process stability. CMP pad provides mechanical support for the whole system and 

transportation channel for slurry and polishing by-products. The polishing pad is subjected 

to repeated mechanical stress from the applied down-force and chemical attacks from 

slurry solutions. Thus, the first criterion for the CMP pad is sufficient mechanical integrity 

and the strength to resist wear and tear during polishing. Secondly, pads must be able to 

survive in the aggressive slurry chemistry and high temperature environment without 

degrading, delaminating, blistering, or warping. It is reported that pad temperature will 
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increase by approximately 20 – 30 ºC during CMP (Li 2005). Furthermore, in order to 

efficiently carry and deliver slurry, the pads must be sufficiently hydrophilic (Li 2008).  

 

 

(a) 

     

(b)                                                                (c) 

             

 

Figure 1.7: Top view of wafers to be polished in CMP: (a) 300 mm patterned wafer 

(Sampurno 2008), (b) 300 mm Cu blanket wafer, and (c) 450 mm bare silicon wafer. 

 

Most common CMP pads are made of polyurethane. As such, these pads have 

balanced mechanical properties such as strength, hardness, and storage modulus. Pads used 
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in the semiconductor manufacturing can be classified into four major types (Li et al. 2000; 

Muldowney GP et al. 2004): 

Type I: Felts and polymer impregnated felts (Dow Chemical Company); 

Type II: Microporous synthetic leathers (Dow Chemical Company); 

Type III: Filled polymer sheets (Dow Chemical Company; Cabot Microelectronics 

Corporation); and 

Type IV: Unfilled textured polymer sheets (Dow Chemical Company). 

Figure 1.8 shows the SEM images for the above four types of pad. The 

microstructure of Type I pad is characterized by polyester fibers, which are partially 

impregnated with polyurethane to leave open porosity throughout the pad. A Type II pad 

has the most complicated microstructure consisting of a porous layer (open pores) on a 

supporting substrate. Both Type I and II pads are considered as soft pads. They have lower 

specific gravity, more slurry carrying capacity and greater compressibility due to the 

characteristic of the porous fiber structure. Typically, the applications of soft pad include 

tungsten CMP, titanium CMP, and final buffing for inter layer dielectric (ILD) CMP. Soft 

pads are also used as the material for sub-pad. A Type III pad is essentially a closed-cell 

foam, and predominantly used for CMP process of ILD, STI, and Cu, due to high stiffness 

and resultant ability. A Type IV pad is non-porous and unfilled hard pad with applications 

similar to Type III pads. Hard pads usually result in lower within-die non-uniformity and 

better local planarity, since they cannot easily conform to the pre-existing topography of a 

polished wafer. On the contrary, soft pads offer better global planarity and less scratch 

defects (Sun 2009). To achieve a balance, multilayer or stacked pads are commonly used in 

the CMP processes for better polishing performance across the wafer surface. A multilayer 
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pad usually consists of a stiff, hard top layer and a soft, flexible sub-pad, as shown in 

Figure 1.9. 

 

 

Figure 1.8: Cross-section SEM images of (a) Type I (Dow Chemical), (b) Type II (Dow 

Chemical), (c) Type III (Dow Chemical) and (d) Type IV pads (Li 2008). 

 

 

Figure 1.9: Schematic cross-section of a multilayer polishing pad (Muldowney et al. 2004). 

 

Macrostructures of polishing pads are in the form of either vertical perforations 

through the pad or surface grooves created by embossing, molding, or machining (see 

Figure 1.9). Pad grooves can provide efficient and uniform slurry distribution across the 

pad surface, facilitate the removal of polish debris, heat and spent slurry from the 

pad-wafer interface, and even prevent wafer from hydroplaning. Common groove design 

includes concentric circular or spiral grooves, XY groove, perforation or a mix of these 



39 

 

 

 

(see Figure 1.10). An optimal groove design depends on many factors including pad type, 

materials to be polished, polishing tool, and even polishing conditions (down-force, pad 

and carrier rotation speed, slurry flow rate, and the like).  

Soaking and conditioning, known as pre-treatment for CMP pads, are also 

important during CMP process. Soaking improves the wetting capability of the pad thus 

improving slurry distribution, and affects the storage and loss moduli to enhance removal 

rate and within-wafer-non-uniformity (WIWNU) (Li et al. 1995), while pad conditioning 

is crucial to maintain a stable pad surface micro-texture. This dissertation will investigate 

the relationship between pad surface contact area and micro-topography and copper 

planarization performance, to better understand pad behavior during polishing and provide 

useful guidance for CMP pad development.  

 

1.3.3 Slurry  

During typical CMP process, aqueous slurry containing abrasive particles and 

certain chemicals is transported to the pad-wafer interface for chemical modification and 

mechanical abrasion. In detail, the critical role of CMP slurry can be divided into four 

aspects as follows:   

i. Provides suitable chemistry to the polished surface; 

ii. Provides mechanical action through nano-sized abrasive; 

iii. Provides a lubricating layer in the pad-wafer interface, adsorbing and controlling 

temperature rises generated by frictions among the pad, the wafer and the abrasive 

particles; and  

iv. Serves as a medium to remove polishing by-products (i.e. pad debris, used slurry, 

chemical, dissolved material) away from pad surface (Sampurno 2008).  
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                                       (a)                    (b) 

 

                                        (c)                                                           (d) 

   

                                       (e)                                                          (f) 

Figure 1.10: Top view of various polishing pad groove design: (a) flat, (b) perforated, (c) 

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

et al. 2005).  
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In order to perform a CMP process with high removal rate, high selectivity, good 

planarity and few defects, the type of abrasive particle and the chemistry are most 

important criteria in the perspective of slurry development (Sun 2009). To begin with, the 

abrasive particles must have the right surface charge to stay suspended, the right hardness 

to attack the wafer surface, the right chemical properties to not dissolve in the solution and, 

particularly for dielectric CMP, and the right chemical bonding structure to adhere to the 

wafer surface. The particle size typically varies between 10 to 100 nm and the 

concentration of the particles in the solution ranges between 0.1 to 30% by weight 

(Sampurno 2008). Abrasive types are selected according to its behavior on material 

removal rate and wafer surface defects. Currently, commercially available particles used in 

CMP are silica, alumina and ceria (Yi et al. 2001). As the most commonly used abrasive 

particle, silica is produced either in fumed or colloidal form. Figure 1.11 shows TEM 

images of both types of silica particle. Fumed silica particles are made via a combustion 

process of silicon chloride in a hydrogen and oxygen mixture, and comprised of 

nanometer-sized primary particles that chain together to form a larger secondary aggregate 

particle (with approximate a mean diameter of 90 – 200 nm). In comparison, colloidal 

particles are made in solution through the nucleation of sodium silicate in silicic acid where 

a desired particle size distribution can be achieved by controlling the seed concentration 

and the condensation growth rate. As a result, colloidal particles are smaller in mean 

diameter (approximately 10 to 50 nm) than fumed silica particles. During the ILD film 

CMP using the colloidal silica slurry, the surface shows better quality than that using the 

fumed silica slurry. It is considered that the spherical shape of colloidal silica particles 

causes less defects and scratches. However, the removal rate of the colloidal silica slurry 



42 

 

 

 

would be lower due to the lower friction between the silica particles and the substrate 

during CMP (Doi et al. 2000).  

 

 

Figure 1.11: TEM images of (a) fumed silica (Dow Chemical) and (b) colloidal silica 

(Precision Colloids, LLC). 

 

Typical chemicals in the CMP slurry include organic and inorganic acids and bases, 

anti-coagulating agents, surfactants, oxidizing agents, corrosion inhibitors, chelating and 

complexing agents, pH buffers, fungicides and bactericides. These components must work 

in concert to produce adequate material removal rate, high planarization efficiency, and 

minimal surface defects. For example, the oxidizer reacts with the metal surface to raise the 

oxidation state of the material, which results in either the dissolution of the metal or the 

formation of a softer surface film that can be removed more easily by the mechanical 

component of the process. A hydrogen peroxide solution is the major oxidizer used in 

metal CMP. However, to prevent damage to low-k dielectrics, ammonium persulfate 

(APS) has been increasingly used as an oxidizer in slurries for low-pressure copper CMP 

(Shima et al. 2007). In comparison with H2O2, APS has stronger reactivity with exposed 
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metal surfaces. Inhibitors are added into metal slurry for the purpose of controlling the 

corrosion or etching. Benotriazole (BTA) is commonly used as the corrosion inhibitors to 

cover the surface and restrain rapid oxidation of the copper film. Complexing agents 

(Ethylenediaminetetra acetic acid, EDTA, for example) are also added into metal slurry to 

band with partially or fully charged species in the solution or at the wafer surface, in order 

to facilitate the dissolution process. Considering the use of pH buffers, the pH of ILD and 

copper CMP slurry is different. A high pH solution is required in ILD CMP while neutral 

or slightly low pH solutions are favorable in a copper CMP. 

Dispersion stability is an important issue for all CMP slurries. For example, 

particle-particle aggregation may significantly increase the mean slurry particle size and 

cause surface defects such as scratches and delamination. Severe aggregation can also 

accelerate the setting of slurry, which can drastically alter the physical and chemical 

characteristics of a slurry. The existence of impurities may facilitate aggregation of 

particles (see Figure 1.12). One of the most effective methods for the stabilization of a 

colloidal dispersion is the use of surfactant.  

 

 

Figure 1.12: Particle aggregation in the presence of impurities (Fujimi Incorporation). 
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1.3.4 Pad Conditioner 

Repeated mechanical contact between the pad and the wafer erodes the pad surface 

topography and results in its plastic deformation during polishing. Subsequently, pad 

asperities are flattened and pores are clogged with pad material, used slurry abrasive 

particles and polishing by-products, causing a phenomenon called pad glazing (Oliver 

2004). Figure 1.13 shows SEM images for pad surface at three different stages: a 

well-conditioned pad, a plastic deformed pad and a glazed pad. The glazed areas 

significantly reduce the pad porosity and surface roughness, which affect the slurry 

transport, material removal and wafer surface planarity (Hooper et al. 2002). Pad 

conditioning is performed to open up the closed cells in the polyurethane pad and 

regenerate pad asperities to provide a consistent polishing performance throughout the 

pad‟s lifetime. Pad conditioning performed concurrently with polishing refers to in-situ 

pad conditioning, and the one performed between polishes refers to ex-situ pad 

conditioning. However, abrasive cutting by the conditioner diamonds causes loss of pad 

material (i.e. pad wear), reducing the pad lifetime. A goal for conditioner design is that it 

should be less aggressive (providing low pad wear rate) and more effective (taking short 

time to bring to and stabilize coefficient of friction as its conditioned-pad level).   

A pad conditioner typically refers to an array of diamonds embedded on nickel 

plated or steel discs, or polycarbonate substrates. Figure 1.14 shows the top view of 

embedded diamonds. The size of diamonds is determined by the grit system. A higher grit 

size number usually means that the average size of the diamonds is smaller and finer. 

Typical diamond conditioning discs can be categorized in several ranges from coarse 

(16-24 grit), to medium (36-60 grit), fine (80-120 grit) and superfine (150-325 grit). In 
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general, the smaller grits typically offers a fast and aggressive stock removal, while the 

higher grits cause a smaller stock removal but with a better pad surface finish.  

 

 

Figure 1.13: SEM images of (a) a well-conditioned pad, (b) a plastic deformed pad and (c) 

a glazed pad (Charns 2003). 
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Figure 1.14: SEM of a top view of a conditioner (Meled 2011).  

 

Figure 1.15 compares the pad surface of a new pad with the surfaces of pad 

conditioned by various diamond grits. Compared to the surface of new pad 

(unconditioned), conditioner with 60-grit is so aggressive that it destroys the porous 

micro-structure, representing “over-conditioning” and significantly shortening pad life, 

leading to high cost of ownership and less tool availability (Sampurno 2008). While 

conditioner with high grit (i.e. 200-grit) abrades the pad surface too gently, and fails to 

roughen the surface completely. This means that the pad is not effectively conditioned, and 

the material removal rate will decrease significantly. Finally, the 100-grit conditioner 

generates the relatively favorable pore structure and surface roughness, which in turn 

results in better planarization output (i.e. removal rate, non-uniformity, etc.).  
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Figure 1.15: SEM images of a Freudenberg FX-9 pad conditioned by various diamond 

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

 

Diamond substrate corrosion and diamond wear are two critical failure modes 

related to conditioning process. The diamond disc substrate corrosion results from 

chemical attack and mechanical abrasion during conditioning. It is reported that among the 

several tens of thousands of diamonds on the disc substrate, only a few diamonds (typically 

10 to 20) are responsible for most of the cutting work by creating deep and wide furrows on 

the pad surface, which are called “abrasive diamonds” (Borucki et al. 2007
(5)

). The 

aggressive diamonds gradually wear out by rubbing with the pad surface and slurry 
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abrasive particles under polishing stress. Figure 1.16 shows SEM images of an aggressive 

diamond on the conditioner disk before and after wear test in copper slurry. Significant 

surface corrosion on the diamond disc substrate and micro-wear on the cutting edges of the 

aggressive diamond are clearly indicated in the images (Meled et al. 2010
(54)

). 

 

 

Figure 1.16: SEM images of an aggressive diamond (a) before and (b) after the wear test 

using Fujimi PL-7103 slurry at 25 ºC (Meled et al. 2010
(54)

). 

 

1.3.5 Retaining Ring 

The primary function of the retaining ring is to prevent the wafer from slipping out 

from the wafer carrier during polishing, and to facilitate efficient and uniform slurry 

distribution in the pad-wafer interface. There are two types of retaining ring designs, 

non-contact retaining ring carrier (NRRC) and contact retaining ring carrier (CRRC) (see 

Figure 1.17). In the case of NRRC, there is usually a 100 to 200 µm gap between the 

retaining ring (RR) and the pad. On the other hand, the CRRC design allows the retaining 

ring to mechanically contact the polishing pad. For a typical polishing platform, such as 
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Applied Materials Mirra
®
 and Reflexion

®
 polishers, the retaining ring is pressed against 

the pad surface at a pressure equal to or higher than the wafer polishing pressure. As a 

result, frictional force is generated among the retaining ring, the slurry and the pad surface, 

leading to an increase in the pad temperature. This in turn impacts material removal rate 

and non-uniformity. 

 

 

Figure 1.17: Schematic of (a) non-contact retaining ring carrier and (b) contact retaining 

ring carrier (Gitis et al. 2004). 

 

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

fabrication. They include polycarbonate (PC), polyphenylene sulfide (PPS), 

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

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

polybenzimidazole (PBI) and polyetherimide (PEI) (Wei 2010). Figure 1.18 shows the top 

view of a typical PEEK retaining ring designed for 300 mm wafer CMP. During CMP, the 

retaining ring is subjected to a plastic-to-plastic friction force against the polyurethane pad, 

and chemical attach from the chemicals in the slurry, as well as an abrasive component 

associated with slurry particles. Gitis et al. performed wear tests on three materials 
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commonly used for CMP retaining rings (i.e. PPS, PEEK and PC), and reported the values 

of coefficient of friction (COF) and wear rates (Gitis et al. 2004). Wei et al. also 

investigated the tribological, thermal, and wear characteristics of PPS and PEEK retaining 

rings in ILD CMP (Wei et al. 2010). Their results indicate that the PEEK retaining ring 

generates lower COF and wear rate than PPS retaining ring.  

 

 

Figure 1.18: Top view of a 300 mm PEEK retaining ring (Wei 2010).  

 

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

retaining ring design. A CMP retaining ring has a generally annular body with a top 

surface, a bottom surface, an inner diameter surface and an outer diameter surface. Instead 

of simply using a flat bottom surface in retaining ring design, a number of channels have 

been machined on the bottom surface to enhance CMP performance. Typically, the 

channels extend from the inner diameter surface to the outer diameter surface. They are 

helpful to improve the transport of CMP slurry into the polishing area within the periphery 

of retaining ring. Two slot designs are shown in Figure 1.19 in detail. One has sharp edges 
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at both entrance and exit of the slots, and the other one has rounded edges at both the 

entrance and exit of the slots. Previous study in our group concluded that different slot 

designs resulted in different fluid film thicknesses beneath the wafer surface (Wei et al. 

2010). In Chapter 4, the effect of retaining ring materials and slot design on pad wear 

during ILD CMP will be investigated. 

 

 

Figure 1.19: Photographs of two slot design with (a) sharp edge and (b) round edge (Wei 

2010).  

 

1.4 Challenges in CMP  

1.4.1 Local and Global Planarity  

As mentioned above, CMP has the ability of achieving local (μm) and global (mm) 

planarity simultaneously. Local planarization generates a flat surface over an array of 

circuit features, while global planarization significantly decreases long-range variations 

across the wafer topography. Different pattern densities coexist on an advanced IC chip 

(see Figure 1.20), leading to similar topography for the subsequent deposition film. Ideal 

CMP process is to provide a perfect planarity throughout the wafer surface. Figure 1.21 

shows the dynamic process to achieve complete global planarization. As illustrated in the 

figure, step height refers to the vertical height of a feature from its surface, and it decreases 
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as polish time continues until a perfectly planar surface is achieved. However, in reality, 

the removal of bulk material depends on the pattern density. Lower material removal rate 

in high density area results from the lower local contact pressure during CMP process. A 

transition ramp between the two different regions is finally formed and refers to a term 

called planarization length (see Figure 1.22). The planarization length can be defined as the 

spatial length as which polishing cannot reduce the step height of a feature in the film 

thickness.  

Pad material also affects the extent of local and global planarity. A soft pad can 

easily conform to the topography of the non-planar wafer surface, and hence it 

simultaneously polishes the low regions as well as the high regions and offer good global 

planarity. On the other hand, a hard pad dominantly polishes the high regions, generating 

better local planarity. It should be considered that a hard pad would have a higher 

probability of inducing defects such as scratches. So it is important to choose the pad 

material that conforms to topography so as 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 efficiently 

reduce the step height, followed by a soft pad to polish away the defects. 

 

 

Figure 1.20: Side view image of various levels of pattern density on the surface of the 

wafer (Prof. Philipossian, University of Arizona, CHEE 515 Class Notes, 2011).  
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Figure 1.21: Concept of local and global planarization (Steigerwald et al. 1997).  

 

 

 

Figure 1.22: Illustration of planarization length (D. Boning). 
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1.4.2 Dishing and Erosion  

Due to inconsistent removal rate across the wafer and die surface, patterned wafer 

polishing renders two of the most detrimental defects, dishing and erosion. Ideally, 

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

However, metal removal rate is actually much higher than neighboring dielectric removal 

rate. Figure 1.23 illustrates the difference between dishing and erosion. Dishing is the loss 

of the copper from copper lines, resulting in a deviation from the desired flatness of the 

metallization layer (Zantye et al. 2004). The amount of dishing depends on the width of 

wiring or isolation grooves, the elasticity of the polishing pad, slurry characteristics, 

polishing conditions, and the amount of over-polishing. In contrast, erosion is the loss of 

dielectric material during the over-polishing step. The amount of erosion depends on 

pattern density of vias and wirings, properties of the slurry, polishing conditions and the 

amount of over-polishing. Dishing and erosion account for larger surface non-uniformity, 

higher line resistance and possible shorting of adjacent lines on higher metal levels.  

 

 

Figure 1.23: Illustration of dishing and erosion. 
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1.4.3 Surface Defects  

Besides dishing and erosion, other common types of surface defects arising from 

CMP process are shown in Figure 1.24. Defects include corrosion, scratches, metal 

residues, pitting and voids, large abrasive slurry particles, defective pads, diamond disc 

fracture, delamination, etc. The defects on the wafer could result in re-working or discard, 

leading to an increase in the cost of ownership (COO). Advanced sub-0.2 µm device raises 

critical demand for defect minimization in CMP.  Post-CMP scrubbing process can help to 

remove some of the defects shown in Figure1.24, such as surface particles, slurry residues, 

and, in some cases, micro-scratches.  

 

 

Figure 1.24: Various types of wafer surface defects (KLA-Tencor).  
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1.5 Cost of Ownership and Environmental Considerations  

Although CMP is the most preferred planarization technology used in IC 

manufacturing, it is a fairly expensive process. The cost of ownership (COO) in CMP 

includes equipment, polishing pad and slurry, labor, and other elements. A pie-chart 

depicts how these factors generally contribute in COO (see Figure 1.25) (Holland et al. 

2002). 

 

 

Figure 1.25: Major factors contributing to COO during CMP (Prof. Philipossian, 

University of Arizona, CHEE 515 Class Notes, 2011). 

 

Environmental concerns (EHS) are also significant in CMP. As shown in the above 

chart, the usage of slurry and pad represents two thirds of the total COO, making it 

important to enhance their performances by reducing slurry flow and increasing pad life. 

Depending on the pad design, slurry utilization is relatively small and varies between 2% 
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and 25% (Mitchell 2002). Most of the slurry injected on top of the pad is discharged to the 

waste stream without ever being delivered in the pad-wafer region. A novel slurry injection 

system designed by our group provides more efficient slurry delivery to the pad-wafer 

interface as compared to the standard pad center area slurry application method, which is 

currently used in the IC manufacturing industry (Meled et al. 2011). Besides slurry, pad is 

another expensive consumable. Increasing the number of wafer polishes per pad can not 

only reduce the consumption of the pads, but also can increase equipment availability. Pad 

life can be affected by groove design, slurry abrasive particles and chemical, pad 

conditioning, and other factors.  

CMP uses water extensively to dilute the slurry and to rinse 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 (Sampurno 2008). Lowering COO and 

the environmental impacts continue to be important goals of CMP research.  

 

1.6 Research Motivation and Goals  

The prime motivation of this work is to investigate and characterize various aspects 

in the field of CMP technology, and attempt to explore solutions to the challenges outlined 

in Section 1.4. These solutions are in the form of various strategies, ranging from 

investigating different consumable sets to implementing process parameters and analysis 

methods. They are evaluated with the criterion of minimizing the COO and the 

environmental impacts. Fundamental studies and experimental results are used to provide 

further insight into the CMP process, which is useful for designing future tools. There are 

six primary studies in this dissertation. Each one has individual motivations that contribute 
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to the overall goal of this work. There studies appear as chapters and the motivation of each 

is separately described below:  

 Effect of Retaining Ring Slot Design, Material and Temperature on Pad Wear 

during Interlayer Dielectric Chemical Mechanical Planarization (Chapter 4): 

During CMP, retaining ring makes contact with the polishing pad, and thus it is 

essential to understand the friction behavior and wear characteristics with respect to 

process parameters. In this study, the effect of retaining ring slot design, material 

and temperature on pad wear during ILD CMP is investigated. Three retaining 

rings with two different materials and slot designs were used in this study. Pad wear 

not only causes short pad life but also affects the planarization performance. Better 

understanding of the retaining ring effect on pad wear will facilitate new retaining 

ring designs to reduce the pad cost. 

 Effect of Temperature on Pad Surface Contact Area in CMP (Chapter 5): 

Pad-wafer contact is necessary for material removal. It is noted that the pad surface 

temperature can exceed 50 ºC during current large-scale wafer CMP. To provide 

more relevant and accurate pad surface analysis, it is necessary to measure pad 

surface contact area at elevated temperatures. In this study, a custom-made sample 

holder was designed to heat pad samples and pad surface contact area was 

measured at different temperatures using laser confocal microscopy to illustrate the 

effect of temperature on the mechanical contact during the CMP process. 

 Tribological, Thermal and Kinetic Charactrization of 300 mm Copper Chemical 

Mechanical Planarization Process (Chapter 6): The current state-of-the-art IC 

manufacturing factories have migrated from 200 mm wafer processes to 300 mm to 
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reduce the manufacturing COO and increase the throughput. This chapter 

investigates the effect of pad type, polishing pressure and sliding velocity on 

friction force, pad temperature and removal rate during 300 mm copper CMP. A 

two-step modified Langmuir-Hinshelwood model is used to simulate removal rate 

as well as chemical and mechanical dominance. This study is helpful in gaining a 

deep understanding of 300 mm CMP mechanisms and to reveal opportunities for 

process optimization.  

 Correlation between Pad Surface Micro-Topography and Planarization in 

Copper Chemical Mechanical Planarization (Chapter 7): In this study, the 

relationship between planarization and pad surface micro-topography is 

investigated to gain a deeper understanding and control of factors that affect pad 

topography and pad contact area, and to prove that pad surface micro-topography 

can predict planarization behavior. It is expected that IC makers can screen myriad 

of new consumables analytically instead of resorting to high-cost blanket and 

patterned wafer processing.  

 Effect of Temperature in Titanium Chemical Mechanical Planarization (Chapter 

8): Ti has recently re-gained attention in copper barrier applications. For advanced 

Cu/low-k interconnects, Ti-based barrier is more compatible with porous ultra 

low-k dielectrics than the Ta-based barrier. Ti also offers significantly lower COO. 

Temperature plays a critical role in metal CMP performance. This study 

investigates the effect of temperature in Ti CMP process in order to achieve a better 

process control and favorable planarization.  
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 Tribological, Thermal and Kinetic Attributes of 300 vs. 450 mm Chemical 

Mechanical Planarization Processes (Chapter 9): Several IC makers have 

announced plans for adopting 450 mm wafers to further reduce cost and increase 

yield. An existing 300 mm CMP tool has been modified to polish 450 mm wafers in 

order to demonstrate experimentally whether any differences exists in the 

tribological and thermal characteristics of the two processes, and from that, to infer 

whether one can expect any removal rate difference between the two systems.  
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CHAPTER 2 

EXPERIMENTAL APPARATUS 

 

The studies in this dissertation are conducted with the help of a major CMP system 

and several characterization techniques and tools. The CMP system is the Araca APD-800 

polisher and tribometer at the University of Arizona, which is described in Section 2.1. The 

analytical techniques and tools used in this work are listed below: 

 IR camera 

 Film thickness measurement 

 Dynamic mechanical analyzer 

 Laser confocal microscope 

The general configurations and theoretical principles associated with these tools are 

explored in Section 2.2.  

 

2.1 The Araca APD-800 Polisher and Tribometer 

The Araca 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 with data collection and analyses 

hardware and software integrated by Araca, Inc. Intended for process research and 

development, APD-800 offers flexible and robust capability for a variety of polishing 

applications. It has the unique ability to accurately measure shear force and down force in 

real time during CMP process. Figure 2.1 shows the hardware components of the APD-800 
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tool. Their functions are listed in Table 2.1. Some individual hardware components and 

their functions are further described in subsequent figures and tables. 

 

 

Figure 2.1: Hardware components of APD-800 (Araca APD-800 Operations Manual).  
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Table 2.1: Hardware components and their functions (Araca APD-800 Operations 

Manual). 

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) 

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

(See Figure 2.2) 

F Emergency stop switch 

Turn off APD-800 immediately in 

case of emergency 

(See Figure 2.2) 

G Automatic run switches 

Run polishing sequence with 

automatic set up 

(See Figure 2.2) 

H Additional control switches 

Attach/release wafer and raise/lower 

carrier 

(See Figure 2.4) 

I Signal amplifiers 
Reset and amplify force signal  

(See Figure 2.2) 

J Platen, wafer and conditioner carriers See Figures 2.5 – 2.7 for more details 

K Down force load cells Measure down force 

L Tank and slurry delivery system Deliver slurry or water to the system 

 

The front panel of the APD-800 is shown in Figure 2.2, and its components 

functions are listed in Table 2.2. 

 



64 

 

 

 

 

Figure 2.2: The front panel of APD-800 polisher and tribometer (Araca APD-800 

Operations Manual). 
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Table 2.2: Parts and functions of APD-800 front panel (Araca APD-800 Operations 

Manual). 

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 

 

Figure 2.3 shows the primary ON/OFF switch located at the right side of the APD–

800.  
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Figure 2.3: Primary ON/OFF switch (Araca APD-800 Operations Manual). 

 

The switches on the front side of APD-800 are shown in Figure 2.4, and their 

functions are listed in Table 2.3. These switches are used for manual operation and operate 

independently from the control panel.  

 

 

Figure 2.4: Manual switches of APD-800 polisher and tribometer (Araca APD-800 

Operations Manual). 
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Table 2.3: Manual switches and functions of APD-800 front panel (Araca APD-800 

Operations Manual). 

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 

 

The platen, wafer and conditioner carriers of the APD-800 are shown in Figures 2.5 

to 2.7.  

 

 

Figure 2.5: Platen of APD-800 polisher and tribometer (Meled 2011).  
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Figure 2.6: Wafer carrier of APD-800 polisher and tribometer (Meled 2011). 

 

 

Figure 2.7: Conditioner of APD-800 polisher and tribometer (Meled 2011). 
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2.1.1 Polisher and Z-direction Load Cells 

Figure 2.8 shows the polisher body and two down force load cells located on the 

front side (i.e. Fz 1 and Fz 2, circled in red). The polisher incorporates a ceramic platen on 

which a polishing pad is attached. The ceramic material is selected in order to minimize the 

chemical attach (corrosion, for example) from slurries used during CMP. The body of the 

polisher is set-up on top of four down-force (Z-direction) load cells. Figure 2.9 represents 

the location of the four load cells. In principle, the load cell converts the actual force during 

polishing into a voltage signal, which is then transferred to an amplifier and the output 

signal is ready for data acquisition. The applied down force is linearly correlated with the 

voltage signal and all load cells are pre-calibrated by the manufacturer.  

 

 

Figure 2.8: Two down force load cells of APD-800 polisher and tribometer (Meled 2011).  
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Figure 2.9: Location of the four down force load cells of APD-800 polisher and tribometer 

(Meled 2011).  

 

Figure 2.10 shows an example of the actual forces applied on four load cells during 

CMP. All load cells acquire the force measurement at a frequency of 1000 Hz. Load cells 

installed in Fz 2 and Fz 3 are placed nearby the wafer carrier head, where the down force 

comes. Therefore, load cells Fz 2 and Fz 3 show relatively higher actual force than load 

cells Fz 1 and Fz 4. Finally, the overall down force applied on top of the polishing pad is 

reported as the summation of four load cells (see Figure 2.11).  

 

 

Figure 2.10: Example of actual forces applied on the four load cells during CMP. 
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Figure 2.11: The overall actual down force during CMP. 

 

2.1.2 Wafer Carrier System and Y-direction Load Cell 

Figure 2.12 shows the wafer carrier system. A motor and a hydraulic piston are 

installed for the rotation and vertical movement of the wafer head. Two separate 

vacuum-pressure lines are installed inside the wafer carrier system. One line is connected 

to holes in a ceramic template for holding the polycarbonate template (i.e. the wafer 

holder). The holes in the ceramic template allow the vacuum line to hold the polycarbonate 

template during polishing. The other line is to apply pressure to a chamber for the whole 

ceramic template, which applies the down force during polishing. 

Figure 2.13 shows the whole ceramic template of the wafer carrier head. The 

template is secured by a circular rubber sheet along the perimeter to the outer part of the 

head. The rubber sheet acts as a gimbal system for the ceramic template to accommodate 

the dynamic process among the pad, wafer and slurry causing dynamic tilting of the wafer 

during polishing.  
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Figure 2.12: Wafer carrier system of APD-800 (Meled 2011). 

 

 

Figure 2.13: Ceramic template in the wafer carrier system of APD-800 (Meled 2011). 
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Figure 2.14 shows the polycarbonate template with a backing film (made by PR 

Hoffman
®
) designed for 300 mm wafer CMP. The backing film consists of a sheet of 

carrier film and a retaining ring (see the green part). The geometry of the retaining ring is 

11.831 inch in inside diameter and 14.567 inch in outside diameter. During polishing, this 

retaining ring design does not contact the polishing pad. To prevent the wafer slipping 

away from the backing film and ensure the wafer to make solid contact with the pad 

simultaneously, it is critical to have a retaining ring thinner than the thickness of the wafer 

to be polished. For this system, the pocket depth is 0.025 inch. For the carrier film, the 

buffed porous material backed by a non-absorbent fabric, when wet, offers 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.  As seen in Figure 2.14 (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, and securely held by the vacuum. 

To measure the shear force during CMP, one load cell in Y-direction is installed in 

the wafer carrier system as shown in Figure 2.15 (circled in red). The wafer carrier system 

is constructed on three parallel plates (stainless steel plate) attached on top of the rigid 

frame of the APD-800 (i.e. painted in white). Between the top and the middle plates, there 

are two parallel sliders that allow the movement of the top plate to stay within a 

perpendicular orientation to pad center and wafer center. A load cell called “Fy” is 

installed, shown in Figure 2.15, to restrict such movement and to quantify forces in that 

particular direction. There is no “Fx” load cell installed in APD-800, because the force in  
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                                   (a)                                                                 (b) 

Figure 2.14: Polycarbonate template with backing film installed on the polishing side: (a) 

is the polishing side and (b) is the back side (Meled 2011).  

 

 

Figure 2.15: APD-800‟s shear force load cells in Y-direction (Meled 2011). 

 

X-direction tightly fluctuates near the 0 lbf region due to the particular configuration of 

APD-800 (Sampurno 2008). The shear force generated between the pad and wafer during 

polishing is mainly transferred to the top plate. The load cell converts the actual force 
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during polishing into a voltage signal. The voltage signal is then transferred to an amplifier 

and the output signal is ready for data acquisition. The force is linearly correlated with the 

voltage signal and all load cells are pre-calibrated by the manufacturer. Figure 2.16 shows 

an example of actual shear force recorded during CMP polishing. 

 

 

Figure 2.16: Example of shear forces in Y-direction during CMP using APD-800. 

 

2.1.3 Pad Conditioning System 

The pad conditioning system of the APD-800 is shown in Figure 2.17. 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 independent zones. Users can input the length of the zone as well as the sweeping speed 

or the dwelling time in the defined zone. 
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Figure 2.17: Conditioner system of APD-800 (Meled 2011).  

 

Figure 2.18 shows the side view of the conditioner head, and Figure 2.19 shows the 

top view of the base plate (i.e. conditioner holder) and attachment plate. The conditioner 

disc is attached to the base plate through two attachment screws (circled in red in Figure 

2.19 (a)). As seen in Figure 2.19 (b), a rubber sheet is installed between the base plate and 

the attachment plate. A pressure line is connected to a chamber surrounded by the rubber 

sheet and during polishing it is able to accommodate the dynamic processes among the pad, 

disc and slurry that cause dynamic tilting of the disc during polishing. The component of 

the attachment plate is shown in detail in Figure 2.20.  
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Figure2.18: Side view of the conditioner with the case being dissembled. 

 

 

                                      (a)                                                             (b)           

Figure 2.19: (a) Base plate (i.e. conditioner holder) and (b) attachment plate (Meled 2011).  
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Figure 2.20: (a) Top ring with trench, (b) bottom ring, (c) middle holder, (d) rubber sheet 

and (e) rubber ring (Araca APD-800 Operations Manual).  

 

2.1.4 Slurry Distribution System   

The APD-800 has three independent slurry tanks as shown in Figure 2.21. Each 

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

pad surface using an electromagnetic pump. The tubing of the slurry is directed to the pad 

surface using a slurry delivery nozzle with a blue and orange color shown in Figure 2.22. 
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Figure 2.21: Three slurry tanks of APD-800 (Meled 2011). 

 

 

Figure 2.22: Surry injection lines (Araca APD-800 Operations Manual). 
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2.1.5 Data Acquisition Program 

  The data acquisition program designed for the APD-800 is compiled 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 as the baseline 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 2.23 shows the 

interface of the conditioning down force program. 

 

 

Figure 2.23: Data acquisition program: conditioning down force (Araca APD-800 

Operations Manual). 
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The polishing measurement program, shown in Figure 2.24, is used to acquire the 

polishing parameters in real time during the actual wafer polishing. The interface displays 

the collected data that includes:  

 Forces  

The graph shows shear force and down force measurements, which are represented 

by red and green lines, respectively. 

 Temperature 

The graph shows the real time pad temperature recorded by a single-point pad 

surface IR detector. 

 Slurry flow rate  

The graph shows the flow rates of tank 1, tank 2, and tank 3 in blue, red, and green, 

respectively.  

 Velocity  

The graph shows the rotational velocity of the wafer, pad, and conditioner in blue, 

red, and green, respectively. 

 Conditioner position and oscillation 

The graph shows the conditioner position relative to the edge of the platen and 

conditioner sweep velocity in blue and red, respectively.  

 Motor current 

The graph shows the motor current for the condition, the platen and carrier in blue, 

red and green, respectively.  
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Figure 2.24: Data acquisition program: polishing measurements (Araca APD-800 

Operations Manual). 

 

2.1.6 Tool Specifications 

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

are listed in Table 2.4. 
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Table 2.4: APD-800 tool and major hardware specifications (Araca APD-800 Operations 

Manual). 

Wafer Size 300 mm ( or smaller) 

Wafer Carrier 

Down force control = Pneumatic 

Pressure = 0.6 to 8.0 PSI ( 1.4 to 8.0 PSI for 200 mm) 

Rotation rate = 15 to 200 RPM 

Platen 

Ф = 800 mm 

Rotation rate = 20 to 180 RPM 

Material = ceramic 

Built-in heat exchanger (requires external coolant) 

Conditioner 

Ф = 108 mm 

Rotation rate = 12 to 120 RPM 

Stroke length = 320 mm 

Sweep velocity = 0 to 500 mm/sec through 10 independently 

controlled zones 

Down force = 3.3 to 13.2 lbf 

Scheme = ex-situ or in-situ 

Chemical Delivery 

Systems 

Three computer-controlled, 20-liter, chemical-resistant, 

removable tanks with impeller mixers, roller pumps and level 

sensors 

Flow rate = 10 to 450 cc/min 

Pad Water Rinse 
Dedicated high flow rate water rinse injector  

Flow rate up to 3000 cc/min 

Force Sensors Shear force (1 sensor) and down force (4 multiplexed sensors) 

Temperature Sensor Adjustable single-point pad surface IR detector 

Control, 

Monitoring and 

Analysis 

Programmable touch-screen controller for polisher operation 

Notebook computer for process monitoring and data analysis 

W × L × H 

100 × 140 × 203 cm (polisher) 

80 × 38 × 190 cm (electrical cabinet) 

50 × 150 ×81 cm (three chemical delivery systems) 

CDA (Clean Dry 

Air) Supply 

Minimum pressure = 72 PSI 

Flow rate = 550 liters per minute 

Platen Coolant 

Water 

Maximum pressure = 43 PSI 

Flow rate = 15 liters per minute 
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2.2 Analytical Instrumentation 

2.2.1 Infrared Camera 

This section introduces an Agema Thermovision
® 

550 infrared camera with the 

ability to capture the temperature over multiple locations or an area. As shown in Figure 

2.25, the camera is positioned to image the CMP process at the trailing (or leading) edge of 

the wafer during polishing. A computer equipped with the ThermaCAM Researcher
® 

2001 

software is used to analyze the image and calculate the temperature. The temperature data 

can be collected for either individual spots or an area, and can be either averaged or 

investigated as a function of time. The IR camera is calibrated to record accurate 

temperature measurements based on the emissivity of the pad (White et al. 2003). Based on 

emissivity of the material and the distance from the lens to the sample, a temperature 

resolution of 0.1°C can be obtained. During the studies in this dissertation, the camera 

captures the thermal images at a frequency of 5 Hz at ten points around the trailing and/or 

leading edges of the wafer. Considering the difficulty to get direct temperature readings in 

the pad-wafer interface, the average of the temperature reading at those ten points would be 

a sound estimation of the mean process temperature during CMP. 

 

2.2.2 Film Thickness Measurement  

Film thickness measurements are performed before and after all metal and ILD 

polishes to determine the removal rates and non-uniformity associated with a certain 

polishing process. An Advanced Instruments Technology (AIT) CMT-SR5000 four-point 

probe and a Film Thickness Probe (FTP) advance reflectometer (manufactured by 

SENTECH
®

) are used to measure the thickness of metal and ILD films, respectively. 
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Figure 2.25: The IR camera aimed at the polishing pad. 

 

Figure 2.26 shows the photograph of AIT four-point probe used in this study. 

CMT-SR5000 is a fully automated system for measuring sheet resistance and resistivity for 

12 inch (300 mm) wafers. The measurement accuracy is ±0.5% for a very-large-scale 

integration (VLSI) standard wafer. The basic principle is to measure the sheet resistance of 

the metal film on the wafer, which is then divided by the resistivity to convert into film 

thickness.  

As for oxide film (ILD) measurements, a Film Thickness Probe (FTP) advance a 

reflectometer is used as shown in Figure 2.27. This highly accurate instrument is capable of 

measuring the spectral reflectance of substrates, single films and layer stacks in the 

UV-VIS-NIR (ultraviolet-visible-near infrared) spectral range with an error of less than 

1%. Firstly, the substrate to be measured is exposed to a light beam with a certain 

wavelength. And then light is reflected from the thin film. Since the spectrum of the light is 
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dispersed based on the optical properties (absorption coefficient and refractive index) and 

thickness of the thin film, the thickness value can be calculated by comparing the reflected 

spectrum with the reference measurement.  

  

 

Figure 2.26: AIT four point probe (Meled 2011).  

 

 

Figure 2.27: SENTECH FTP reflectometer (Meled 2011).  
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2.2.3 Dynamic Mechanical Analyzer 

Dynamic pad properties such as storage modulus and loss modulus are measured 

using TA instrument‟s dynamic mechanical analyzer (DMA) 2980 (see Figure 2.28). The 

DMA measures the viscoelastic response of a pad sample as a function of a constant 

sinusoidal stress and changing temperature. To meet the testing condition, polishing pad 

samples are cut as rectangles (approximately 12 mm × 36 mm) and placed into a single 

cantilever system within an isolated chamber. Within the chamber, the long ends of the pad 

sample are clamped with a torque wrench (approximately 5 lbs), where one end is fixed in 

position and the other is free to oscillate sinusoidally. During testing, the chamber would 

be closed off and an internal heating/cooling system would change the temperature at a 

designated rate. The experimental conditions used for CMP pad testing include a thermal 

ramping rate of 3 °C/min from -115 °C to 175 °C. Resulting mechanical responses are 

detected by the tool and reported as a function of temperature.  

 

 

Figure 2.28: TA instrument‟s dynamic mechanical analyzer (DMA) (Sampurno 2008).  
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The analytical results obtained from the DMA include glass transition temperature 

(Tg), storage modulus, loss modulus and Tan δ, which are shown in Figure 2.29. Glass 

transition temperature is the temperature at which a material changes from glass-like to 

rubber-like properties. When analyzing this parameter with the DMA, Tg can either be 

detected by a distinct onset of the storage modulus vs. temperature curve, or a distinct peak 

on the loss modulus vs. temperature curve. Storage modulus is a term for qualifying the 

dynamic elastic energy stored in a specimen due to an applied strain, usually described in 

units of MPa. And loss modulus is a term to quantify the dissipation of energy of a 

specimen as a function of temperature, usually described in units of MPa. Tan δ is a 

parameter that is calculated as the ratio of the flexural loss modulus to the storage modulus. 

This term is used to indicate the toughness of a specimen and can only be compared 

relative to comparable signal results (Sampurno 2008). 

 

 

Figure 2.29: An example of DMA result of a polishing pad (Sampurno 2008).  
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2.2.4 Laser Confocal Microscope 

Figure 2.30 shows a photograph of the Zeiss LSM 510 Meta NLO microscope, 

which is used to analyze pad surface contact and topography. Since contact occurs within a 

thin layer at the pad-wafer interface, a confocal microscope is selected due to its ability to 

collect high-resolution images exclusively from a single focal plane (contact plane). As 

illustrated in Figure 2.31, the sample is illuminated through a high numerical aperture 

objective from a point laser source (with 488 nm wavelength), and then the reflected light 

from the sample at the focus of the objective is projected onto an optically conjugate 

pinhole (hence “confocal”). Therefore, only in-focus light is allowed to pass through to the 

detector (Sun 2009).  

 

 

Figure 2.30: Photograph of Zeiss LSM 510 Meta NLO microscope 

(http://www.zeiss.com/C1256D18002CC306/0/F434C2E2962D8FF9C1256EA90035385

D/$file/45-0009_e.pdf).  

http://www.zeiss.com/C1256D18002CC306/0/F434C2E2962D8FF9C1256EA90035385D/$file/45-0009_e.pdf
http://www.zeiss.com/C1256D18002CC306/0/F434C2E2962D8FF9C1256EA90035385D/$file/45-0009_e.pdf
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2.31: Illustration of the mechanism of confocal microscope (Borucki et al. 2008).  

 

Figure 2.32 shows a custom-made sample holder with a sapphire window (with 

quarter-wavelength flatness), which is designed to collect pad–wafer contact images under 

controlled down force. Sapphire is selected due to the fact that it has almost the same index 

of refraction as polyurethane (1.77 for sapphire and 1.55 for polyurethane). Figure 2.33 is a 

schematic of our contact area images as obtained. On the contact region, incident light is 

not reflected back, therefore producing a black area in the reflected image. However, 

non-contact areas generate a reflected image as a result of discontinuities in the refractive 

index at the sapphire/air and air/pad interfaces. Also, reflections from the latter two 

interfaces can interfere when the air gap is sufficiently small (in the range of the light 

wavelength), and white and dark areas in the reflected image are produced. Therefore, an 

area near the contact appears as zebra stripes in the reflected image (Sun et al. 2010
(105)

). 

The miniature load cell within the sample holder is calibrated and connected to a digital 

display to control the applied pressure on the pad sample.  
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Figure 2.32: Photograph of the sample holder (Sun et al. 2010
(106)

).  

 

 

Figure 2.33: Illustration of reflection and refraction of light at pad-wafer interface (Sun et 

al. 2010
(105)

). 
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The microscope also has the ability to measure the pad surface topography. To 

achieve that purpose, Z-stack mode should be used (i.e. the microscopy scans the sample at 

various depths), and there should be no load applied on the pad land area during 

measurement. By carefully aligning the pad sample position, both contact and topography 

images can be obtained at the same location of the sample, which is much helpful for 

further investigation and modeling of contact mechanics at the pad-wafer interface. An 

example of collected contact image and topography images at the same pad location is 

shown in Figure 2.34. 

 

 

Figure 2.34: Example of (a) pad-wafer contact image and (b) topography image collected 

using confocal microscopy (Sun 2009). 
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CHAPTER 3 

GENERAL THEORY 

 

This chapter presents a general theory of tribology and material removal 

mechanism in chemical mechanical planarization (CMP).  

 

3.1 Tribology and Its Application to CMP 

Tribology in CMP includes the studies of friction, lubrication, wear and contact 

mechanics. During CMP, mechanical pressure is applied to a wafer carrier to press the 

silicon wafer against a polyurethane pad in the presence of slurry. The wear of material and 

surface planarity result from the interplay among three bodies: pad, slurry, and wafer 

surface (see Figure 3.1). Once the force of interaction is engaged at the wafer surface, the 

components of friction and lubrication become dominant factors in the removal of surface 

material (Liang et al. 2005). This section describes the general principle of tribology in 

CMP and its application. 

 

3.1.1 Coefficient of Friction 

Friction is defined as the force resisting the relative motion of solid surfaces or fluid 

layers. Depending on the types of material and contact, friction can be divided into dry 

friction, fluid friction, lubrication friction, skin friction, internal friction, etc 

(http://en.wikipedia.org/wiki/Friction). During polishing, mixed friction forces are 

generated among the polymer pad, slurry and wafer surface. The resulting shear force 

(Y-direction) is measured by a load cell that is connected to a computer (see Chapter 2). 
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Figure 3.1: Illustration of three-body (pad, slurry, and wafer surface) contact in CMP (Prof. 

Philipossian, University of Arizona, CHEE 515 Class Notes, 2011). 

 

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. Sampling frequency (total sampling number per second) and 

sampling time are two important parameters related to shear force measurement. In this 

dissertation, shear force data is recorded at a sampling frequency of 1000. Once the wafer 

touches the pad, shear force is collected immediately for the entire polishing process, 

which enables the real time coefficient of friction to be reported. The average coefficient of 

friction is defined as the average shear force divided by down force, which is shown in Eq. 

3.1: 

 

                                         
ForceDown

ForceShear
COF    .                                     Eq. 3.1 
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For the APD-800 polisher and tribometer, actual down force is measured by other 

four load cells (see Chapter 2). Figure 3.2 shows an example of reported shear force and 

down force during blanket copper wafer polishing.  Since there are actual down force and 

shear force measurements, the transient COF can be calculated using Eq. 3.2 (Sampurno 

2008). An example is shown in Figure 3.3.  

 

 

Figure 3.2: Transient shear force and down force of blanket copper wafer polishing with 

the APD-800. 

 

                                               
i

i

i
ForceDown

ForceShear
COF                                                  Eq. 3.2 

 

 

Figure 3.3: Transient COF based on Figure 3.2.  

 



96 

 

 

 

In this case, the average COF can be calculated using Eq. 3.3.  

 

                                     
n

COF
COF i

n

i 1
                                                     Eq. 3.3     

 

3.1.2 Sommerfeld Number and Lubrication Mechanism of the CMP Process 

A journal bearing system was used to do research in tribology in the early days. As 

shown in Figure 3.4, a shaft (“journal”) rotates in a simple bearing, while they are 

separated by a layer of oil or grease. The shear force between the shaft and the wall of the 

bearing was recorded and the coefficient of friction (COF) was calculated by dividing the 

shear force by the normal force applied to the shaft. The Hersey number in the journal 

bearing-shaft setup is defined in Eq. 3.4 (Hersey 1966).  

 

                                            
P

u
numberHersey





                                 Eq. 3.4 

 

where u represents the relative linear velocity between the shaft and the bearing, and μ 

represents the viscosity of the lubricant and P denotes the applied pressure to the shaft. By 

plotting the COF as a function of Hersey number, the Stribeck curve characterizes three 

different lubrication regimes as shown in Figure 3.5.  
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Figure 3.4: (a) Journal bearing-shaft set-up (Meled 2011) and (b) side view of a journal 

bearing (Sun 2009).  

                            

 

Figure 3.5: Stribeck curve of journal bearing-shaft system (Li 2005).  
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The first region is known as boundary lubrication, where two solid surfaces are in 

intimate contact. In the extreme case, no fluid layer exists between the two surfaces. In 

boundary lubrication, COF remains stable with increasing Hersey number. The next region 

refers to partial lubrication regime (mixed lubrication), where the curve shows a steeply 

negative slope. As the ratio of velocity over pressure increases, a partial separation 

between the shaft and the bearing starts to occur. Finally, the curve reaches hydrodynamic 

lubrication, where the shaft is totally separated from the bearing due to high relative 

velocity and low applied pressure. In this region, a full fluid film exists between the journal 

bearing and the shaft (Ludema 1996).  

To apply the above principle of tribology in the CMP process, Sommerfeld 

number, So, is defined with the addition of a characteristic length to the denominator of the 

Hersey number (Ludema 1996): 

 

                                             









P

u
So                                                       Eq. 3.5  

 

where μ is the slurry viscosity, u is the relative pad-wafer sliding velocity, P is the applied 

wafer pressure, and δ is the effective slurry thickness in the pad-wafer region. More 

specifically, μ can be measured experimentally, and u can be calculated based on tool 

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

thickness between the wafer and the pad depends on pad porosity, pad compressibility, 

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

1997; Thakurta et al. 2000; Runnels et al. 1994; Mullany et al. 2003; Levert 1997). It is 

reported that the slurry film thickness in the pad-wafer interface is in the range of 20 to 80 
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µm without retaining ring (Lu et al. 2004), and 10 to 20 µm with retaining ring (Zhuang et 

al. 2008). Such a range of fluid thickness is fairly close to the value of CMP pad roughness. 

Since slurry film thickness varies only slightly with pressure and velocity, it can be simply 

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 would not 

affect the overall trends of the individual Stribeck curves (Sun 2009).  

By plotting the COF against the Sommerfeld number, the resulting plot is known as 

the Stribeck curve for CMP. Different from the two-body system in Figure 3.5, this plot 

gives direct evidence of the extent of a three-body contact system: the pad, slurry particles 

and wafer surface. There are also three major modes of contact mechanism which can be 

envisaged in Figure 3.6.   

Similarly, the first contact mode is boundary lubrication, where intimate contact is 

believed to occur among all solid bodies. In this boundary lubrication regime, Sommerfeld 

number is relatively low and the Stribeck curve remains flat, meaning that the COF will not 

change significantly with increasing Sommerfeld number. COF is high because of the 

close proximity of sliding and wear between the solid surfaces (Sun 2009). Furthermore, 

the fluid film thickness is so small that only a minimum separation distance between the 

wafer and pad exists. Boundary lubrication is usually preferred in CMP due to the inherent 

stability and increasing material removal rate. 

The second mode of contact is known as partial lubrication. No intimate contact 

occurs between the wafer and the pad surface. Sommerfeld number has intermediate values 

and the COF decreases significantly with increasing Sommerfeld  number. 
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Figure 3.6: Stribeck curve related to the CMP process (Prof. Philipossian, University of 

Arizona, CHEE 515 Class Notes, 2011).  

 

Some slurry abrasives may contact the wafer surface or the pad surface, however, the 

contact is much less than that in boundary lubrication. In this regime, a fluid film starts to 

develop between the wafer and the pad, and the film thickness is close to the roughness on 

the pad surface.  

Finally, along with high Sommerfeld number, COF value becomes relatively low. 

Stribeck curve falls into the hydrodynamic lubrication mode. As a result, the wafer surface 

and pad surface are separated from one another due to the thicker fluid film layer. As 

shown in Figure 3.6, COF starts to increase slightly with further increase of Sommerfeld 

number. This is likely due to the formation of eddies in the flow field.  
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3.2 CMP Removal Mechanism  

During CMP process, both chemical and mechanical actions are involved to 

achieve local and global planarity. Chemicals in the slurry react with the wafer surface, 

producing weaker surface bonds or a new softer layer which can be easily removed by 

mechanical abrasion. To accurately predict and improve the polishing performance (i.e. 

material removal rate, non-uniformity, dishing and erosion), it is critical to fully 

understand the fundamental aspects of the CMP removal mechanism. However, there is 

still no consolidated CMP model to account for all process parameters and all phenomena 

in the process. This is due to the fact that CMP is a very complicated process. Previous 

studies have proposed various mechanisms and models, which have certainly contributed 

to better understand the CMP process.  

 

 3.2.1 Various Removal Models in CMP 

The traditional approach and the benchmark for describing the polishing of 

materials in CMP is Preston‟s model, developed in 1927. It was an empirical 

mechanically-based removal rate law based on the glass polishing theory. As described by 

Preston, the model claimed the removal rate had a first order dependence on the applied 

pressure, p, and relative sliding velocity, V, which is shown in Eq. 3.6 (Preston 1927). 

 

VpkRR                                                         Eq. 3.6 

 

The constant k, known as Preston‟s constant, accounts for all polishing pad and 

slurry effects. CMP process that follows this law is called Prestonian behavior, and an 

example is shown in Figure 3.7.  
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Figure 3.7: An example of Prestonian behavior during ILD CMP (Philipossian et al. 2003). 

 

Even though Preston‟s law can be used in many CMP cases, several modifications 

to this basic model have been developed to explain observed non-Prestonian behavior. For 

example, Zhang and Busnaina developed a removal rate model incorporating both 

electrostatic particle adhesion and plastic deformation, which is indicated in Eq. 3.7. 

Besides the externally applied force from the wafer, the Van der Waals force between 

slurry particles and the oxides surface was also identified (Zhang and Busnaina 1998). The 

removal rate showed a sublinear square root dependence on pV. For copper CMP using an 

alumina-based slurry, Zhang and Busnaina‟s model offered an adequate fit to experimental 

removal rate data, which showed non-prestonian behavior.  
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2
1

)( pVkRR                                                    Eq. 3.7 

 

Based on the normal and shear stresses generated during polishing, Tseng and 

Wang proposed a mechanical model to predict the removal rate: 

 

2
1

6
5

VpkRR                                                  Eq. 3.8 

 

The mechanism behind their model was that the abrasive slurry particles was firstly 

to indent into the wafer surface, causing plastic deformation, and then the residues from the 

indentations was carried away by slurry flow (Tseng et al. 1997).  

Considering the rolling and embedding of slurry particles at the pad-wafer 

interface, Zhao and Shi proposed another mechanical model, which claimed that the 

removal rate had a p
2/3

 dependence rather than just p (see Eq. 3.9). In order to avoid 

negative removal rate expected at zero pressure, a threshold pressure term, pthreshold, was 

included in the model. The abrasive particles sliding against the wafer surface would 

contribute to material removal only if the particles were held firmly enough by pad. If p 

was less than pthreshold, the abrasive particles would just roll between the pad and wafer 

surface, without removing the material.  

 

)()()( 3
2

3
2

thresholdthreshold ppppVKRR                               Eq. 3.9 
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  Although the above models have sufficed to describe some Prestonian and 

non-Prestonian CMP process, there is an apparent drawback that none of them capture the 

effect of fluid mechanics, contact mechanics and chemical attributes on material removal. 

Runnels and Eyman (1994) proposed that there was a fluid later between pad and wafer 

surface. The Navier-Stokes equations were used in the flow model to solve the three 

dimensional pressure profile and fluid film thickness. Their results indicated the existence 

of a fluid layer and the sensitivity of the minimum film thickness to the pad rotational 

speed, wafer curvature and viscosity of the fluid (Runnels et al. 1994). Another model 

developed by Runnels predicted feature scale removal rates and erosion profiles based on 

the pressure and velocity of the slurry film (Runnels 1994). The above two models have 

assumed that CMP operates in the regime of hydrodynamic lubrication. However, previous 

studies have experimentally showed that practical CMP process runs in the regime of 

boundary or mixed lubrications, but never purely hydrodynamic lubrication (Levert et al. 

1998; Liang et al. 2002; Scarfo et al. 2005).  

 Kaufman et al. (1991) proposed the mechanism of tungsten (W) CMP, which was 

chemistry-aided mechanical abrasion. The material removal was illustrated as a sequential 

process. A softened surface film was first formed by chemical reactions between the 

tungsten and slurry chemical, and then was removed by abrasive plowing of slurry 

particles. The dynamic process continued until the material at the wafer surface was 

removed (Kaufman et al. 1991). A similar model developed by Cook (1990) emphasized 

more on the chemical reactions on the wafer surface (Cook 1990). In 2002, Borst et al. 

proposed a general two-step mechanical for surface removal, which was initially 

introduced to describe low-k (i.e. SiLK) removal during polishing (Borst et al. 2002). This 
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model was built on the subset of the Langmuir-Hinshelwood model, which will be 

discussed in detail in the following section. 

The removal model from Luo and Dornfeld seems to be the most comprehensive 

model that accommodates the effects of various CMP consumables (Luo et al. 2001). The 

model was based on three assumptions: (i) plastic contact at the wafer-abrasive and 

pad-abrasive interfaces, (ii) Gaussian distribution of abrasive size, and (iii) periodicity of 

asperities on the pad surface. The model was comprehensive due to the fact it incorporated 

process parameters such as pressure and sliding velocity, and important variables from 

CMP consumables including wafer hardness, pad hardness, pad roughness, abrasive size 

and abrasive geometry. And the model was further developed to consider the effects of 

abrasive size distribution, slurry chemicals, and pad-wafer contact area (Luo et al. 2003
(56, 

57)
). 

 

3.2.2 Langmuir-Hinshelwood Removal Rate Model (Borucki et al. 2004; Li et al. 2004; 

Sorooshian et al. 2004
(96)

) 

The Innovative Planarization Laboratory group at the University of Arizona has 

developed a two-step modified Langmuir-Hinshelwood (L-H) model, which fits well for 

the material removal in ILD and metal CMP processes. In this model, n moles of an 

unspecified reactant R in the slurry react at a rate k
1 
with the film, M , on the wafer to form 

a product layer L on the surface. 

 

  LnRM
k
 1

                                             Eq. 3.10  
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The reacted layer is then removed by mechanical abrasion with a rate k
2
,  

 

LL
k
 2

                                                          Eq. 3.11  

 

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

wafer surface. Assuming that the rate of the surface layer formation is equal to the rate of 

its depletion, the local removal rate in this sequential mechanism can be expressed as  

 

2

1

1

1
k

Ck

CkM
RR w




                                                Eq. 3.12 

 

where M
w 

represents the molecular weight of the film layer, ρ represents the density and C 

represents the local molar concentration of the reactant. Assuming that there is little 

reactant depletion, C will remain constantly, which allows C to be absorbed into k
1 
and be 

set to unity, C = 1. Eq. 3.12 can be then described as  

 

21

21

kk

kkM
RR w





                                               Eq. 3.13 

 

The chemical rate constant k1 is taken to be in the Arrhenius form, 

 

        
)/exp(1 kTEAk  ,                        Eq. 3.14 
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where E is the slurry activation energy, A is an empirical pre-exponential factor, k is a 

constant (8.62×10
-5

 eV/K), and T is the wafer surface reaction temperature, which will be 

computed by the flashing heating thermal model (Borucki et al. 2005).  

There are a few ways to express the mechanical rate k2. For simplicity, we take it to 

be proportional to the frictional power density (the product of polishing pressure and 

relative sliding velocity, i.e. pV) as suggested by Preston‟s law and incorporate the 

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

mechanically limited removal, 

 

pVck kp2              Eq. 3.15 

 

where µk is the COF and cp is an empirical proportionality constant.  

Two limiting cases can be extracted within this model (Li 2008). When the process 

is entirely limited by mechanically removal step, k2 << k1, the governing removal rate 

equation reduces to   

 

2k
M

RR w


                                                Eq. 3.16 

 

On the other hand, when the removal is very chemically controlled, k1 << k2, the 

governing removal rate equation reduces to  
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                                                Eq. 3.17 

 

3.2.3 Flash Heating Thermal Model (Borucki et al. 2005) 

As mentioned in Chapter 1, CMP pads have rough surface with asperities. With the 

help of interferometry or scanning profilometry, a pad surface height probability density 

function (PDF) can be generated (see Figure 3.8). Theoretically, the probability of finding 

a point on the surface within any chosen range equals to the area under the PDF within that 

range (Li 2008). The left side of the PDF corresponds to the surface in the valley region of 

the pad. Meanwhile, the right side of the PDF corresponds to the pad surface in the peak 

region contacting the wafer surface. When the asperity summits have exponentially 

distributed heights, a decay length λ can be characterized from the linear right-hand tail of 

the PDF on a log plot (i.e., the distance over which the tails drops by a factor of e, which is 

called “surface abruptness”) (Sun et al. 2010
(105)

). The real contact area between pad 

asperity and wafer surface is very small (usually less than 0.1%), resulting in very high 

local pressure (Sun et al. 2010
(106)

). As a result, rapid heating can occur on the wafer 

surface due to the transient increase in contact pressure as pad asperities move across the 

wafer. This rapid temperature rise is called flash heating (Li 2008). For activation energies 

in the typical range of 0.4 – 0.7 eV, the mean removal rate will be dominated by the surface 

reaction rate during and shortly after each flash event, when the mean flash temperature 

increment is adequately large (Borucki et al. 2005). Therefore, it is necessary to fully 
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understand the asperity heating, in order to obtain comprehensive knowledge of reaction 

temperature on the wafer surface during CMP and the material removal mechanism.  

 

 

Figure 3.8: An example of pad surface height probability density function (PDF) (Sun et al. 

2010
(107)

).  

 

As the tall pad asperities run into the wafer surface, a thin lubrication layer is 

generated at the asperity tip (Shan 2000). Different from the fluid film under the wafer, this 

layer contains abrasive particles and the film thickness is close to the mean particle 

diameter. During the encounter, heat will be generated by friction and chemical reactions, 

absorbed by the lubrication layer and get further transported to the wafer surface, pad and 

slurry. The asperity tip will be at the highest temperature when it exits the wafer surface. 

Considering the lubrication layer is very thin, temperature continuity shows that the wafer 
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surface and asperity tip will have approximately the same temperature. (Borucki et al. 

2005) Assuming that dominant wafer surface reaction happens during an encounter, the 

mean reaction temperature on the wafer surface can be expressed as  

 

fp TTT                                               Eq. 3.18 

 

where  pT  is the mean pad leading edge pad temperature and fT  is the mean flash 

heating temperature increment, which can be modeled as (Sorooshian et al. 2005)  

 

pV
Vp

p

c
T k

pa

p

f 





2/1

2
                                 Eq. 3.19 

 

where  pc  is equal to the product of pad density, heat capacity, and thermal 

conductivity, ζ is a constant that depends on tool geometry and wafer size, 
a

p  represents 

the mean real contact pressure and 
p  represents the fraction of frictionally-generated heat 

that enters the asperity tip. To calculate the pad heat partition fraction
p , a transient 3D 

finite element thermal model coupled with heat advection and the geometry shown in 

Figure 3.9 can be used (Borucki et al. 2005): 
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Figure 3.9: Schematic cross-section of a model for lubricated sliding between an asperity 

and a copper surface during CMP (Sun 2009).  

 

As shown in the above figure, the geometry consists of the copper substrate, a thin 

copper oxide layer, the asperity tip, and the nano-lubrication layer. The copper substrate 

with a sliding velocity V and the simple shear flow slurry together advent much of the 

frictional heat away from the pad asperity tip (Borucki et al. 2005). The factor 
p is 

described as the ratio of the heat flux to the asperity to the total input energy density.  

The mean size, s, of the contact region in Figure 3.9 is estimated by Greenwood and 

Williamson theory (Greenwood et al. 1966). Considering that the heights of the tallest 

asperities are exponentially distributed, the mean contact area can be shown as (Sorooshian 

et al. 2005): 
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where s is the summit area density, s is the mean tip curvature, λ is the characteristic 

decay length (i.e. pad abruptness) and 
2

*

1 v

E
E




 
represents the effective pad modulus (

v  is the void fraction of the polishing pad). The mean asperity contact pressure (Borucki et 

al. 2005), which is required both in the heat partition calculation and in Eq. 3.19, is 

expressed as 
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                             Eq. 3.21 

 

For the heat partition calculation, the thickness and thermal properties of the 

nano-lubrication layer are also critical. For dilute slurry, the particles are so small and low 

that the lubrication layer should be thin and the thermal effect of the particles is negligible. 

On the other hand, the thermal effect should be incorporated into the calculation for large 

particles at higher weight fractions. Finally, the pad heat partition fraction (Borucki et al. 

2005) can be approximated as,  

 

e

p

p
V

1
                                                       Eq. 3.22 

 

where 1

p  is a constant, V is the pad-wafer sliding velocity and e is the exponential factor of 

V. Now, Eq. 3.19 has the following form (Borucki et al. 2005):  

 



113 

 

 

 

pV
Vp

p

c
T ke

a

p

p

f 




2
1

1
12















                                 Eq. 3.23 

 

Recalling the Eq. 3.18, the mean reaction temperature has the form (Borucki et al. 

2005): 
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                       Eq. 3.24                               

 

Eq. 3.24 is called as the “physical” form of the flash heating model. To simplify it 

into a compact form: 
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where β is defined as  
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                                      Eq. 3.26 

 

In Eq. 3.25, pT and k  can be measured and β and e are fitting parameters related 

to pad property, the tool and wafer geometry, heat transfer calculations and contact 

mechanics. When a process is updated or modified for a larger wafer size or when using a 

different rotary tool, only the tool parameter ζ needs to be calculated to investigate the 
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effect of the process change to the mean reaction temperature (Borucki et al. 2005). As 

mentioned earlier, ζ depends on wafer size and tool geometry, and can be described as a 

function of rw and cw (Sorooshian et al. 2005), 
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                          Eq. 3.27 

 

where rw and cw represent the wafer radius and the distance between wafer center and pad 

center. 0  and R are showed in Figure 3.10. By solving the above integral, the value of ζ 

can be obtained for different CMP systems. 

The wafer reaction temperature can be incorporated in the expression of chemical 

rate constant k1 (Eq. 3.14). Coupling with the mechanical rate constant k2 (Eq. 3.15), there 

are totally five parameters in the two-step modified L-H model: E, A, cp, β and e.  

 

 

 

Figure 3.10: Coordinate system and notation used in calculation of parameter ζ 

(Sorooshian et al. 2005). 
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CHAPTER 4 

EFFECT OF RETAINING RING SLOT DESIGN, MATERIAL AND 

TEMPERATURE ON PAD WEAR DURING INTERLAYER DIELECTRIC 

CHEMICAL MECHANICAL PLANARIZATION 

 

In this chapter, the effect of retaining ring slot design, material and temperature on 

pad wear during interlayer dielectric (ILD) chemical mechanical planarization (CMP) was 

investigated. Retaining rings made of polyetheretherketone (PEEK) and poly-phenylene 

sulfide (PPS) with two different slot designs were subjected to a 6 hour wear test. Two 

different platen temperatures (25 and 50 ºC) were used. The results showed that the 

retaining ring slot design did not significantly affect pad wear rate. When the platen 

temperature was increased from 25 to 50 ºC, pad wear rate decreased by 26% for IC1000 

pad and 62% for D100 pad. In addition, the PEEK retaining ring exhibited lower pad wear 

rate than PPS retaining ring (by 31%) due to less friction generated at retaining ring- pad 

interface during polishing. 

 

4.1 Introduction 

Chemical mechanical planarization (CMP) has become the prime planarization 

technology used in ultra-large-scale integration (ULSI) fabrication. CMP can achieve local 

and global planarity simultaneously through the synergism between chemical and 

mechanical actions. During CMP, pad conditioning process is utilized to regenerate pad 

asperity and surface roughness, in order to maintain a stable polishing performance. Pad 

undergoes micro-wear due to the abrasive cutting by the conditioner diamonds. Pad wear 
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will significantly reduce pad life and increase cost of ownership (COO). Previous works 

indicated that pad wear could further cause negative effects on polishing performance 

(Byrne et al. 1999; Yamada et al. 2010; Shi et al. 2010; Park et al. 2008
(73)

). Therefore, it is 

crucial to understand the fundamental mechanism of pad wear and optimize CMP 

consumables and polishing conditions for achieving processes with low pad wear, low 

COO and high performance. Besides the pad conditioner, wafer, retaining ring and slurry 

also directly contact the pad during polishing. The high friction induced at those interfaces 

can result in plastic deformation of pad surface, finally leading to pad material loss (Liang 

et al. 1997). Meled et al. performed wear tests and reported the effect of slurry abrasive 

particles on pad wear rate (Meled et al. 2010
(54)

). However, to date, there is no published 

work to investigate how retaining ring affect pad wear. Retaining ring is primarily used for 

preventing the wafer from slipping out of wafer carrier during polishing. 

Polyetheretherketone (PEEK) and poly-phenylene sulfide (PPS) are two commonly used 

materials for retaining ring. As another important factor involved in retaining ring design, 

the slots facilitate uniform slurry distribution at the pad-wafer interface and effective 

transportation of CMP by-products. Our group has previously examined the effect of 

retaining ring material and slot design on pad micro-texture (Wei et al. 2010). As a 

follow-on, this paper demonstrates whether any differences exists in pad micro-wear by 

using different retaining ring materials and slot designs. In addition, during polishing, pad 

surface temperature varies with pressure, sliding velocity and CMP consumables (i.e. pad, 

slurry, retaining ring, and wafer material) (Wei et al. 2010; Kim et al. 2002; Jiao et al. 

2011; Hocheng et al. 1999; Li et al. 2004). It is of great interest to incorporate the effect of 

temperature on pad wear in this study.  
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4.2 Experimental Setup and Conditions 

All wear tests were performed on an Araca APD-800 polisher and tribometer. The 

polisher and its accessories were described in detail in Chapter 2.1. Three retaining rings 

with two different materials and two slot designs manufactured by Entegris. Inc., were 

tested in this study. These retaining rings were designed for 300 mm wafer CMP processes. 

The first retaining ring made of polyetheretherketone (PEEK) with slot design-1 was 

referred to as the PEEK-1 retaining ring, the second retaining ring made of PEEK with slot 

design-2 was referred to as the PEEK-2 retaining ring, and the third retaining ring made of 

poly-phenylene sulfide (PPS) with slot design-1 was referred to as the PPS-1 retaining 

ring. Figure 4.1 shows the two retaining ring slot designs tested in this study. Design-1 has 

rounded edges at both the entrance and exit of the slots, and design-2 has sharp edges at 

both entrance and exit of the slots. Figure 4.2 shows the general schematic for the retaining 

ring. For both designs, the slot angle α and the width of retaining ring land area were 45° 

and 23 mm, respectively.  

 

 

Figure 4.1: Retaining rings with (a) slot design-1 and (b) slot design-2. 
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Figure 4.2: General schematic of the retaining ring used in this study. 

 

During wear tests, the retaining rings were polished on a Dow IC1000 A4 K-groove 

pad and CMC D100 concentrically grooved pad. A 3M A-165 diamond disc rotated at 95 

rpm and swept across the pad 10 times per minute. The in-situ conditioning down force 

was 44.5 N. A Fujimi PL-4217 slurry (designed for ILD CMP) with 10 wt% of fumed silica 

abrasives was injected on the pad center at a flow rate of 250 mL/min. The pressure and 

sliding velocity of the retaining ring were kept constant at 6 psi and 1.0 m/s, respectively. 

For each retaining ring, the total wear test time was 6 hour. No wafer was polished during 

the retaining ring wear test. To control the platen temperature during polishing, the 

platen-cooling feature of the polisher was used to introduce high flow rate of water at 

varying reservoir temperatures through a Thermo NEXLAB HX 75 Recirculating Chiller. 

Two different platen temperatures (25 and 50 ºC) were investigated in this study. Prior to 

polishing, the desired platen temperature was kept at steady state for 5 min. A single-point 
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infrared thermosensor was used to record the pad surface temperature at the leading edge 

along the center of the wafer track.  

The pad wear rate was measured after the wear test using a Brown and Sharpe 

micrometer, with an accuracy of 2 µm. A measurement was taken at every 13 mm along a 

strip cut radially on the pad. A total of 60 points were measured on each strip. The pad wear 

rates reported here represented the average of the measurements taken from four radial 

strips (i.e. average of 240 points). Note that during 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 the average pad wear rate.  

 

4.3 Results and Discussions 

4.3.1 Effect of Retaining Ring Slot Design 

Figure 4.3 shows the effect of retaining ring slot design on pad wear rate at a platen 

temperature of 25 ºC. The circle data point represents the average pad wear rate and the 

error bar represents its standard deviation. For both IC1000 and D100 pads, PEEK-1 and 

PEEK-2 retaining rings generate similar pad wear rate, indicating that the slot design does 

not significantly affect pad wear rate. As the bottom surface (a relatively flat surface) of the 

retaining ring moves against the pad during polishing, pad micro-wear closely relates to the 

frictional component generated at the retaining ring-pad interface (Liang et al. 1997). Wei 

et al. have verified that no obvious differences in coefficient of friction (COF) exist 

between the two slot designs (Wei et al. 2010). Therefore, COF can be employed as an 

indicator of pad wear caused by the retaining ring.  
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As indicated in Figure 4.3, pad wear rate for IC1000 pad is significantly higher 

(around 1.5 times) than that for D100 pad, exhibiting lower pad wear resistance. Both Sun 

and Spiro have experimentally confirmed that D100 pad generated less wear under the 

same condition than most conventional hard pads used in CMP processes. They claimed 

this to be due to the corresponding polymer selection and microstructure optimization (Sun 

et al. 2009; Spiro et al. 2010). It is expected that, thermoplastic polyurethane associated 

with the D100 pad does not allow the abrasive diamond to easily cut the pad surface, which 

could be due to its linear chain structure, better elastomeric properties and better durability 

(Sampurno et al. 2009
(87)

).  

 

 

Figure 4.3: Pad wear rate comparison between PEEK-1 and PEEK-2 at platen temperature 

of 25 ºC. 
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4.3.2 Effect of Temperature 

Figure 4.4 compares the pad wear rate at different platen temperatures using 

PEEK-1 retaining ring. The circle data point represents the average pad wear rate and the 

error bar represents its standard deviation. For both the IC1000 and D100 pads, when the 

platen temperature increases from 25 to 50 ºC, pad wear rate decreases significantly. This 

result is consistent with previous work (Meled et al. 2010
(55)

; Mudhivarthi et al. 2006). As 

pad temperature increases, the pad storage modulus decreases and the pad becomes softer. 

For pads with high storage modulus and low ductility, the conditioning diamonds directly 

cut pad channels by preferentially fracturing and removing pad material (Oliver 2004). In 

contrast, for pads with low storage modulus and high ductility, the diamonds are more 

prone to plow into the pad surface than to abrasively cut the pad surface, resulting in a 

decrease in pad wear rate.  

 

 

Figure 4.4: Pad wear rate comparison between 25 and 50 ºC using PEEK-1 retaining ring. 
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Furthermore, with the increasing platen temperature, the rate of pad wear decrease 

is 26% for IC1000 pad; while it is 62% for D100 pad. The greater pad wear decrease is 

consistent with the higher percentage decay of pad storage modulus for D100 pad. As listed 

in Table 4.1, when the pad temperature increases from 31 to 43 ºC, the storage modulus 

decreases by 22% for IC1000 pad, while it decreases by 47% for the D100 pad (Jiao et al. 

2011). The reason for choosing this temperature range (31 to 43 ºC) is as follows. When the 

platen temperature is controlled at the room temperature (25 ºC), high friction is generated 

between retaining ring and pad surface, which subsequently produces certain amount of 

heat and increases the mean pad surface temperature (32 ºC for IC1000 pad and 31 ºC for 

D100 pad). When the platen temperature is controlled at 50 ºC, the mean pad surface 

temperature is lower than the platen temperature (42 ºC for IC1000 pad and 43 ºC for D100 

pad), because of the facts that the pad does not conduct the heat very well and the 

room-temperature slurry acts as a cooling agent during polishing.  

 

Table 4.1: Storage modulus comparison between IC1000 and D100 pads. 

Pad 
Storage modulus at 

31 ºC (MPa) 

Storage modulus at 

43 ºC (MPa) 

Percentage decay 

of storage 

modulus (%) 

IC1000 390 305 22 

D100 562 300 47 

 

4.3.3 Effect of Retaining Ring Material 

Figure 4.5 presents the pad wear rate comparison between PEEK-1 and PPS-1 

retaining rings at a platen temperature of 50 ºC. The circle data point represents the average 

pad wear rate and the error bar represents its standard deviation. Based on the wear tests 
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using IC1000 pad, PEEK-1 retaining ring induced lower pad wear rate (20.3 µm/hour) than 

PPS-1 retaining ring (29.4 µm/hour), which underscores the significant effect that retaining 

ring material has on the pad wear. As mentioned above, the extent of pad material loss 

induced by retaining ring depends on the friction at the retaining ring-pad interface. 

According to a previous study, under constant polishing pressure, the COF generated by 

PEEK retaining ring was around 0.55, while PPS retaining ring it was around 0.65 (Wei et 

al. 2010). Therefore, the lower COF accounts for the lower pad wear rate for the PEEK-1 

retaining ring. Coupled with the result of retaining ring wear comparison between the two 

materials (Wei et al. 2010), PEEK retaining ring is beneficial for both retaining ring and 

pad lifetime, thus reducing the total COO of the CMP process.  

 

 

Figure 4.5: Pad wear rate comparison between PEEK-1 and PPS-1 using IC1000 pad at 

platen temperature of 50 ºC. 
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4.4 Conclusion 

A 6 hour wear test was performed on three retaining rings made of PEEK and PPS 

materials with two different slot designs. Two different CMP pads (i.e. Dow IC1000 and 

CMC D100 pads) and two different platen temperatures (i.e. 25 and 50 ºC) were used in 

this study. Pad wear rate was measured after the wear test by a high-accuracy micrometer. 

Results showed that retaining ring slot design had no significant effect on pad wear rate. 

When platen temperature was increased from 25 to 50 ºC, pad wear rate decreased by 26% 

for IC1000 pad and 62% for D100 pad. At the higher temperature, the diamond disk was 

believed to be more likely to plow into the pad surface rather than to directly cut the pad 

surface, leading to a decrease in pad wear rate. Additionally, compared with the PPS 

retaining ring, the PEEK retaining ring induced a lower pad wear rate (by 31%), which 

highlighted the effect of retaining ring material on pad wear. The lower pad wear rate 

resulted from the lower COF generated by the PEEK retaining ring. These results could be 

used for optimization and qualification of CMP retaining ring design with the goal of 

achieving cost-effective and high performance processes.  
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CHAPTER 5 

EFFECT OF TEMPERATURE ON PAD SURFACE CONTACT AREA IN 

CHEMICAL MECHANICAL PLANARIZATION 

 

In this chapter, the effect of temperature on pad surface contact area in chemical 

mechanical planarization (CMP) was investigated. Pad surface contact area and contact 

density were measured for a Cabot Microelectronics Corporation D100 pad sample at 4 psi 

(27.6 kPa) using laser confocal microscopy with a custom-made sample holder that was 

designed to heat the pad sample during the measurements. When the pad surface 

temperature increased from 25 to 45 ºC, pad asperities became much softer and resulted in 

a significant increase (from 0.029% to 0.092%) in the pad contact area percentage.  

 

5.1 Introduction 

Chemical mechanical planarization (CMP) has been widely used in the integrated 

circuit (IC) manufacturing industry to achieve local and global surface planarization 

through combined chemical and mechanical actions. During CMP processes, a pad makes 

direct contacts with the wafer surface at an applied pressure to mechanically remove the 

chemically modified wafer surface layer. Characterization of the pad-wafer contact 

provides crucial information for gaining insight into the mechanical interaction between 

pad asperities and wafer surface and obtaining fundamental understanding of CMP process 

mechanism. Recently, laser confocal microscopy has been used to characterize pad surface 

contact area because a laser confocal microscope has the ability to collect high-resolution 

images exclusively from the contact plane (Elmufdi et al. 2006; Elmufdi et al. 2007; Sun et 
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al. 2010
(105, 106)

; Liao et al. 2011). However, in these studies,
 
the pad surface contact area 

was measured at room temperature (Elmufdi et al. 2006; Elmufdi et al. 2007; Sun et al. 

2010
(105, 106)

; Liao et al. 2011). On the other hand, during 200 and 300 mm copper and 

tungsten CMP processes used in the current state-of-the-art IC manufacturing factories, the 

pad surface temperature exceeds 50 ºC. For example, Y. Wang et al. recorded that the pad 

temperature reached 72 ºC from an initial temperature around 35 ºC during a 120-second 

polishing run for a 200 mm blanket tungsten wafer at 5 psi (34.5 kPa) and 1.2 m/s (Wang et 

al. 1998). Therefore, to provide more relevant and accurate pad surface analysis, it is 

necessary to measure pad surface contact area at elevated temperatures that are in the range 

of the current CMP processes. In this study, a custom-made sample holder was designed to 

heat pad samples and pad surface contact area was measured at different temperatures 

using laser confocal microscopy to illustrate the effect of temperature on the mechanical 

contacts in CMP processes.  

 

5.2 Experimental Procedures 

In our previous studies,
 
a custom-made sample holder was developed to measure 

pad surface contact area under dry and static condition at room temperature, which was 

described in detail in Chapter 2.2.4. In this study, a heating device and thermal sensor were 

attached to the sample holder to heat the mini-stage placed underneath the pad sample and 

control the temperature as shown in Figure 5.1.  
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Figure 5.1: Heated pad sample holder assembly (Jiao et al. 2012). 

 

Prior to pad surface contact area measurement, a calibration test was performed to 

establish the correlation between the pad surface temperature and the mini-stage 

temperature. The pad surface temperature was lower than the mini-stage temperature 

controlled by the heating device due to heat loss and the fact that the polyurethane pad 

sample did not conduct heat well. During the calibration test, a thermal couple was placed 

on top of the pad surface to report the pad surface temperature and the thermal sensor 

connected to the plug shown in Figure 5.1 recorded the temperature applied by the heating 

device. Figure 5.2 shows the temperature calibration curve. There is a linear relationship 

between the applied temperature on the mini-stage and measured pad surface temperature.       
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Figure 5.2: Correlation between pad surface temperature and temperature applied by the 

heating device. 

 

After the temperature calibration, pad surface contact area was measured for a 

Cabot Microelectronics Corporation D100 pad sample at three pad surface temperatures 

(25, 35 and 45 ºC). The temperatures applied by the heating device were 26, 39 and 54 ºC, 

respectively. The pad sample was extracted from a pad, on which 200 mm blanket tungsten 

wafers were polished at 4 psi and 1.2 m/s. During pad surface contact area measurement, 

ten contiguous non-overlapping images were taken from left to right on the same pad land 

area at 4 psi at each pad surface temperature. The size of each contact image was 450 × 450 

µm
2
. Based on the contact images, pad surface contact area was extracted and contact area 
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percentage was calculated by dividing the extracted contact area over the total analyzed 

pad surface area (4500 × 450 m
2
). 

 

 

5.3 Results and Discussions 

Figure 5.3 shows the ten contiguous contact images for the D100 pad sample at 4 

psi at three different pad surface temperatures. The black areas in the contact images 

indicate solid contact areas. In general, the contact areas in each image increase with the 

pad surface temperature. Figure 5.4 shows the comparison of pad surface contact area 

percentage at three different temperatures. The circle data point represents the average pad 

surface contact area percentage extracted from the ten contact images and the error bar 

represents its standard deviation. When pad surface temperature increases from 25 to 35 

ºC, the average pad surface contact area percentage increases from 0.029% to 0.051%. 

When pad surface temperature increases from 35 to 45 ºC, the average pad surface contact 

area percentage increases further to 0.092%.   

 

 

Figure 5.3: Ten contiguous contact images for D100 pad at 4 psi collected at pad surface 

temperature of (a) 25 ºC, (b) 35 ºC, and (c) 45 ºC. 
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Figure 5.4: Pad surface contact area percentage at three different pad surface temperatures. 

 

The mechanical property of D100 pad was measured using a TA Instruments 

Dynamic Mechanical Analyzer 2980. The pad storage modulus was determined as a 

function of temperature at a dynamic oscillatory frequency of 10 Hz using 70 μm 

deformation amplitude. Figure 5.5 shows the pad storage modulus as a function of 

temperature. The pad storage modulus decreases by 30% from 670 MPa to 468 MPa when 

the temperature increases from 25 to 35 ºC, and it decreases further by 46% from 468 MPa 

to 251 MPa when the temperature increases from 35 to 45 ºC. As the pad storage modulus 

decreases significantly with the increase of the pad temperature, pad asperities that contact 

the wafer surface become much softer, resulting in significantly larger contact areas at  

higher temperatures.  
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Figure 5.5: D100 pad storage modulus as a function of temperature. 

 

During pad surface contact area analysis, the number of pad surface contact areas is 

also analyzed. Contact density is then calculated by dividing the number of pad surface 

contact areas over the total analyzed pad surface area (4500 × 450 m
2
). Figure 5.6 shows 

the comparison of contact density at three different pad surface temperatures. The circle 

data point represents the average contact density extracted from the ten contact images and 

the error bar represents its standard deviation. Different from the pad surface contact area 

percentage, the contact density fluctuates in a similar range at different pad surface 

temperatures.  
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Figure 5.6: Contact density at three different pad surface temperatures.  

 

Figure 5.7 shows an example of contact image on a selected pad land area (450 × 

450 µm
2
) at three different pad surface temperatures. The images clearly show that the pad 

surface contact area increases significantly with the pad surface temperature. On the other 

hand, when the pad surface temperature increases, there are no significant amounts of new 

pad asperities making contacts with the sapphire window. The contact areas at the pad 

surface temperature of 25 ºC expand when the pad surface temperature increases to 35 and 

45 ºC, resulting in a significant increase in the pad contact area percentage.    

 

0

1000

2000

3000

4000

5000

6000

7000

8000

25 35 45

C
o
n

ta
ct

 D
en

si
ty

 (
#
 p

er
 m

m
2
) 

Temperature (ºC) 



133 

 

 

 

 

(a) 

 

(b) 
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(c) 

Figure 5.7: Example of contact images at pad surface temperatures of (a) 25 ºC, (b) 35 ºC, 

and (c) 45 ºC.  

 

5.4 Conclusions 

In this study, pad surface contact area and contact density were successfully 

measured for a Cabot Microelectronics Corporation D100 pad sample at 4 psi using laser 

confocal microscopy at three different temperatures. Results showed that pad surface 

contact areas expanded as pad asperities became softer at higher temperatures. When the 

pad surface temperature increased from 25 to 45 ºC, the pad surface contact area 

percentage increased more than three times. Results underscored the importance of 

measuring pad surface contact area at elevated temperatures that were in the range of the 

current CMP processes to provide more relevant and accurate pad surface analysis.   
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CHAPTER 6 

TRIBOLOGICAL, THERMAL AND KINETIC CHARACTERIZATION OF 300 

MM COPPER CHEMICAL MECHANICAL PLANARIZATION PROCESS 

 

In this chapter, the tribological, thermal and kinetic attributes of 300 mm copper 

chemical mechanical planarization were characterized for two different pads. Coefficient 

of friction (COF) ranged from 0.39 to 0.59 for the D100 pad, indicating that boundary 

lubrication was the dominant tribological mechanism. In comparison, COF decreased 

sharply from 0.55 to 0.03 for the IC1000 pad, indicating that the tribological mechanism 

transitioned rapidly from boundary lubrication to partial lubrication. Consequently, the 

D100 pad resulted in higher pad temperatures and removal rates than the IC1000 pad. A 

two-step modified Langmuir-Hinshelwood model was used to simulate copper removal 

rates as well as chemical and mechanical rate constants. The simulated copper removal 

rates agreed very well with experimental data and the model successfully captured the 

non-Prestonian behavior. The simulated chemical rate to mechanical rate constant ratios 

indicated that the IC1000 pad generally produced a more mechanically controlled removal 

mechanism than the D100 pad.  

 

6.1 Introduction 

Chemical mechanical planarization (CMP) has been widely employed to planarize 

copper dual damascene structures in integrated circuit (IC) manufacturing. The current 

state-of-the-art IC manufacturing factories have migrated from 200 mm wafer processes to 

300 mm to reduce the manufacturing cost-of-ownership (COO) and increase throughput. 
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There have been a few published fundamental studies on 300 mm copper CMP processes. 

For example, Surisetty et al. analyzed two slurries for bulk copper removal using 300 mm 

blanket and patterned copper wafers. Copper removal rate and patterned wafer surface 

topography were examined and results were compared with a commercial copper CMP 

slurry (Surisetty et al. 2009). Park et al. studied the effect of wafer size and slurry flow rate 

on the pad temperature, copper removal rate, and removal rate within wafer 

non-uniformity (Park et al. 2008
(74)

). However, no studies have been performed to 

investigate the frictional force generated between the wafer, slurry abrasives, and pad 

surface during 300 mm copper CMP process. The frictional force generated during CMP 

processes has significant effects on the polishing performance as it directly impacts pad 

surface temperature and material removal rate. In this study, the tribological, thermal, and 

kinetic attributes of 300 mm copper CMP process are characterized for two different pads 

(Dow Electronic Materials IC1000 K-groove pad and Cabot Microelectronics Corporation 

D100 concentrically grooved pad). IC1000 pad is made of a rigid, micro-porous and 

thermoset polyurethane material, which has a heavily cross-linked polymer structure. In 

comparison, D100 pad is made of a thermoplastic polyurethane material, which offers 

better elastomeric properties and better durability. The groove width, pitch width, and 

groove depth are 0.1 mm, 1.5 mm, and 0.3 mm for IC1000 pad. And the corresponding 

dimensions for D100 pad are 0.5 mm, 3.0 mm, and 0.75 mm, respectively. Besides, they 

also show differences in pore size, texture, and mechanical properties. For each pad, 

blanket 300 mm copper wafers are polished at different polishing pressures and pad/wafer 

sliding velocities with frictional force and pad surface temperature being measured in 

real-time during polishing. The effect of frictional force on the pad surface temperature and 
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copper removal rate is investigated. In addition, dynamic mechanical analysis (DMA) is 

performed on the IC1000 and D100 pad samples to measure the storage and loss moduli. 

The correlation between the ratio of loss modulus to storage modulus (Tan δ) and 

coefficient of friction (COF) is investigated. Furthermore, a two-step modified 

Langmuir-Hinshelwood model associated with a flash heating thermal model (Sampurno 

2008) is used to simulate 300 mm copper removal rate, as well as chemical and mechanical 

rate constants at different polishing conditions. The simulated chemical rate to mechanical 

rate constants ratios are compared to illustrate the difference in the chemical and 

mechanical balance between the IC1000 and D100 pads during copper polishing. 

 

6.2 Experimental Setup and Conditions 

All polishing was performed on an Araca APD-800 polisher and tribometer,
 
which 

is equipped with the unique ability to acquire real-time shear force and polishing down 

force during wafer polishing. The polisher and its accessories were described in detail in 

Chapter 2.1. The force acquisition rate was set at 1,000 Hz. Blanket 300 mm wafers were 

polished on a Dow Electronic Materials IC1000 K-grooved pad and Cabot 

Microelectronics Corporation D100 concentrically grooved pad. Prior to wafer polishing, 

each pad was conditioned for 30 minutes using deionized water with a 3M A2810 diamond 

disc rotating at 95 rpm and sweeping 10 times/minute across the pad surface. The load 

applied to the diamond disc was 2.7 kgf. The above conditions were also used for in-situ 

pad conditioning during wafer polishing. The diamond disc, pad, and wafer rotated 

counter-clockwise during polishing. Each wafer was polished for 1 minute by Cabot 

Microelectronics Corporation iCue 600Y75 slurry. The slurry flow rate was kept constant 
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at 300 ml/min. Three polishing pressures (6.9, 11.7 and 17.2 kPa) and sliding velocities 

(0.6, 1.0 and 1.5 m/s) were used. A single-point infrared thermosensor ES1-LW100 

OMRON
®
 was used to measure the pad surface temperature in the leading edge along the 

center of the wafer track. Before and after polishing, an Advanced Instruments Technology 

CMT-SR5000 four-point probe was used to measure the sheet resistance of 300 mm copper 

wafers and calculate the copper removal rate.  

 

6.3 Results and Discussions 

6.3.1 Dynamic Mechanical Analysis 

Mechanical properties of the IC1000 and D100 pads were measured using a TA 

Instruments Dynamic Mechanical Analyzer 2980. The storage and loss moduli were 

determined as a function of temperature at a dynamic oscillatory frequency of 10 Hz using 

a 70-μm deformation amplitude. Samples were mounted inside the dynamic mechanical 

analyzer at room temperature, cooled to -80 °C, and held constant for 5 minutes before 

temperature ramping. During the analysis, the temperature was raised from -80 to 100 °C 

with a ramping rate of 3 °C/min. More information for this measurement method can be 

found elsewhere (Sampurno et al. 2009
(87)

). 

Figure 6.1(a) compares the storage modulus of the D100 pad with the IC1000 pad. 

For the D100 pad, storage modulus decreases by 50% when the temperature increases from 

25 to 40 °C while it decreases by 25% for the IC1000 pad. This temperature range (25 to 40 

°C) is chosen because the mean pad surface temperatures obtained at different polishing 

conditions in this study are within this range. The smaller percentage decay for the IC1000 

pad is desirable because the pad maintains more consistent physical properties during 
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wafer polishing. Figure 6.1(a) also shows that the D100 pad has a higher storage modulus 

than the IC1000 pad between 25 and 40 °C. As the storage modulus represents the ability 

of the polymer to store elastic energy associated with recoverable elastic deformation, it 

indicates that the D100 pad is stiffer than the IC1000 pad during wafer polishing in this 

study. Figure 6.1(b) shows that the D100 pad has a higher loss modulus than the IC1000 

pad between 25 and 40 °C. This indicates that the D100 pad has higher energy dissipation 

in the form of heat than that of IC1000 pad during CMP process. In Figure 6.1(b), the loss 

modulus of the IC1000 pad decays with increasing temperature (from 25 to 40 °C). Since 

the pad temperature increases during wafer polishing, this indicates that the IC1000 

dissipates less energy in the form of heat as the pad temperature increases. In contrast, the 

loss modulus of the D100 pad increases with the temperature (from 25 to 40 °C), indicating 

it dissipates more energy as the pad temperature increases during wafer polishing. Figure 

6.1(c) shows the ratio of loss modulus to storage modulus (Tan δ) comparison between the 

D100 pad and IC1000 pad. The ratio represents the energy dissipated in the form of heat to 

the maximum potential energy stored during a cycle of deformation (Menard 1999; Turi 

1997; Sampurno et al. 2005) The Tan δ values of the D100 pad are higher than the IC1000 

pad in the temperature range from 25 to 40 °C.    
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(a) 

 
(b) 
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(c) 

Figure 6.1: (a) Storage modulus, (b) loss modulus and (c) Tan δ of D100 and IC1000 pads. 

 

6.3.2 Polishing Results 

Figure 6.2 shows the Stribeck curves associated with the two pads over the range of 

pseudo Sommerfeld number (V/p) investigated in this study. Stribeck curve (i.e. plot of 

coefficient of friction as a function of Sommerfeld number) is presented to determine the 

lubrication mechanism during copper CMP. COF is calculated by dividing the measured 

frictional force over the polishing down force, and Sommerfeld number is a dimensionless 

grouping of CMP-related parameters including slurry viscosity, relative pad-wafer 

velocity, applied wafer pressure as well as the effective fluid film thickness. Typically, the 

Stribeck curve illustrates three contact or lubrication modes: boundary lubrication, partial 

lubrication and hydrodynamic lubrication. In the boundary lubrication regime, intimate 

contact is believed to occur between all solid bodies including wafer surface, pad asperities 

and slurry particles. The Sommerfeld number is generally low and the coefficient of 
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friction remains relatively constant. Most CMP processes prefer this boundary lubrication 

mechanism for effective and stable polishing performance. Partial and hydrodynamic 

lubrications are caused by the formation of a fluid film layer under higher Sommerfeld 

number, and the details can be found elsewhere (Philipossian et al. 2003). The COF ranges 

from 0.39 to 0.59 at different polishing conditions for the D100 pad. This indicates that 

boundary lubrication is the dominant tribological mechanism. In comparison, the COF 

decreases sharply from 0.55 to 0.03 with increasing sliding velocity and decreasing 

pressure for the IC1000 pad, indicating that the tribological mechanism transitions rapidly 

from boundary lubrication to partial lubrication. The average COF of the IC1000 pad is 

44% lower than that of the D100 pad.  Previous studies show that the total energy loss 

during a stick-slip event is proportional to the damping factor (Tan δ) of the material and 

that this energy must be equated to the external work of friction (Moore 1975; Bartenev et 

al. 1981). The fact that the IC1000 pad has lower COF values than the D100 pad is 

consistent with this theory because the Tan δ values of the IC1000 pad are lower than the 

D100 pad in the temperature range of 25 to 40 °C as shown in Figure 6.1(c). Sampurno et 

al. also reported the same trend in a SiO2 CMP process (Sampurno et al. 2009
(87)

). 
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Figure 6.2: Stribeck curve of IC1000 and D100 pads. 

 

Figure 6.3 shows the mean pad temperature measured for the D100 and IC1000 

pads at different polishing conditions. For both pads, the mean pad temperature increases 

with the polishing pressure at constant sliding velocity. For the D100 pad, the mean pad 

temperature also increases with the sliding velocity at a constant pressure. In contrast, the 

mean pad temperature of the IC1000 pad decreases when the sliding velocity increases 

from 1.0 to 1.5 m/s at the polishing pressures of 6.9 and 11.7 kPa (open circles around 

10,000 and 20,000 Pa·m/s in Figure 6.3(b)). This is mainly caused by the significant 

decrease in the COF at these conditions. Because the COF values of the D100 pad are 

higher than the IC1000 pad as shown in Figure 6.2, the D100 pad results in higher pad 

temperatures than the IC1000 pad due to frictional heating.   
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Figure 6.3: Mean pad temperature of (a) D100 pad and (b) IC1000 pad. 

 

Figure 6.4 shows the copper removal rates for the D100 and IC1000 pads at 

different polishing conditions. For both pads, the removal rate does not increase linearly 

with polishing power (product of polishing pressure and sliding velocity), exhibiting 

highly non-Prestonian behavior. The removal rates of the IC1000 pad are lower than the 

D100 pad, especially under the sliding velocity of 1.5 m/s due to its significantly lower 

COF values.  

 

6.3.3 Simulation  

A two-step modified Langmuir-Hinshelwood model associated with a flash heating 

thermal model is used to simulate copper removal rate, wafer surface reaction temperature, 

as well as chemical and mechanical rate constants. Those models were described in detail 

in Chapters 3.2.2 and 3.2.3. During model simulation, parameters A, cp,  and e are  
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Figure 6.4: Removal rate of (a) D100 pad and (b) IC1000 pad. 

 

optimized to minimize the square of the error associated with the experimental and 

simulated removal rates. 

The optimized values for parameters A, cp, β, and e as well as the root mean square 

(RMS) error between the experimental and simulated removal rates are listed in Table 6.1. 

Because the same slurry and flow rate are used for the D100 and IC1000 pads, the 

activation energy (E) and chemical rate pre-exponential factor (A) are identical for the two 

pads. The value of the slurry activation energy is calculated from the slope obtained from a 

plot of natural log of the removal rates vs. the inverse of the mean pad temperatures 

assuming an Arrhenius relationship (Sorooshian et al. 2004
(96)

).
 
The calculated slurry 

activation energy is 1.20 eV. 

Figure 6.5 shows the comparison between the experimental and simulated removal 

rates for the D100 and IC1000 pads. The simulated copper removal rates agree very well 

with the experimental values. The model successfully captures the non-Prestonian copper 

removal rate behavior for both pads. 
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Table 6.1: Optimal values of A, cp, β, and e for D100 and IC1000 pads. 

Optimal Values D100 Pad IC1000 Pad 

A (mole· m
-2

·s
-1

) 5.39×10
16

 5.39×10
16

 

cp (mole/J) 2.26×10
-7

 1.54×10
-7

 

β (K/Pa·(m/s)
e-0.5

) 0.80×10
-3

 2.29×10
-3

 

e 0.76 1.79 

RMS error (Å/min) 104 177 

 

 

Figure 6.5: Comparison of simulated copper removal rate and experimental values for (a) 

D100 pad and (b) IC1000 pad. 

 

Figures 6.6 and 6.7 show the Lim-Ashby plots of simulated chemical (k1) and 

mechanical (k2) rate constants, respectively. Lim-Ashby plot is constructed by 

triangulating the individual points and using the triangulations to linearly interpolate the 

contour-level data (Rosales-Yeomans et al. 2008
(80)

).
 
The Lim-Ashby plot shows the 
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separate effect of polishing pressure and sliding velocity on the rate constants. In Figure 

6.6(a), the chemical rate constant (k1) does not change significantly with the sliding 

velocity at lower polishing pressures for the D100 pad; while the mechanical rate constant 

(k2) does not change significantly with the sliding velocity at lower polishing pressures for 

the IC1000 pad as shown in Figure 6.7(b). Wilcoxon Signed Rank test (Rosales-Yeomans 

et al. 2008
(81)

) is conducted on both the chemical and mechanical rate constants. Results 

indicate that there is no significant statistical difference in the chemical rate constant (k1) 

between the IC1000 and D100 pads. In contrast, the mechanical rate constant (k2) of the 

D100 pad is statistically larger than the IC1000 pad. This is because the simulated cp value 

of the D100 pad (2.26×10
-7 

mole/J) is larger than that of the IC1000 pad (1.54×10
-7 

mole/J) 

and the COF values of the D100 pad are higher than the IC1000 pad.    

 

 

Figure 6.6: Lim-Ashby plot of k1 for (a) D100 pad and (b) IC1000 pad. 
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Figure 6.7: Lim-Ashby plot of k2 for (a) D100 pad and (b) IC1000 pad. 

 

 

Figure 6.8: Lim-Ashby plot of k1/k2 for (a) D100 pad and (b) IC1000 pad. 

 

Figure 6.8 shows the Lim-Ashby plot of simulated ratios of the chemical rate to 

mechanical rate constants (k1/k2) for the D100 and IC1000 pads. The ratio indicates the 

chemical and mechanical balance of the polishing process. The simulated k1/k2 values at 

different polishing conditions are larger than 1 for both pads. Wilcoxon Signed Rank test
 

(Rosales-Yeomans et al. 2008
(81)

) is conducted and results show that the IC1000 pad 



149 

 

 

 

generates statistically higher k1/k2 values than the D100 pad. The k1/k2 values for the 

IC1000 pad approach 10 at lower sliding velocities (0.6 to 1 m/s) and higher polishing 

pressures (11.7 to 17.2 KPa), indicating that the polishing process is leaning towards 

mechanically controlled in this region.   

 

6.4 Conclusions  

In this study, the tribological, thermal and kinetic attributes of 300 mm copper 

CMP process were characterized for the D100 and IC1000 pads. Blanket 300 mm copper 

wafers were polished at different polishing pressures and pad/wafer sliding velocities.  

COF of the D100 pad ranged from 0.39 to 0.59, indicating that boundary lubrication was 

the dominant tribological mechanism. In comparison, COF decreased sharply from 0.55to 

0.03 for the IC1000 pad, indicating that the tribological mechanism transitioned rapidly 

from boundary lubrication to partial lubrication. Dynamic mechanical analysis indicated 

that the ratio of loss modulus to storage modulus of the IC1000 pad was lower than that of 

the D100 pad, contributing to its lower COF values. As a result, the IC1000 pad generated 

lower pad temperatures and removal rates than the D100 pad. A two-step modified 

Langmuir-Hinshelwood model was used to simulate copper removal rates as well as 

chemical and mechanical rate constants. The simulated copper removal rates agreed very 

well with the experimental data and the model successfully captured the non-Prestonian 

removal rate behavior. The simulated ratios of chemical to mechanical rate constants 

indicated that the IC1000 pad produced a more mechanically controlled removal 

mechanism than the D100 pad.  
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CHAPTER 7 

CORRELATION BETWEEN PAD SURFACE MICRO-TOPOGRAPHY AND 

PLANARIZATION IN COPPER CHEMICAL MECHANICAL PLANARIZATION 

 

In this chapter, the relationship between planarization and pad surface 

micro-topography was investigated to (1): gain a deeper understanding and control of 

factors that affect pad topography and pad contact area, and to (2): prove that pad surface 

micro-topography can predict planarization behavior. Blanket and patterned 300 mm 

copper wafers were polished on a Cabot Microelectronics Corporation D100 pad, which 

was conditioned by two different diamond conditioners (Disc A refers to a 3M A2810 

diamond disc and Disc B refers to an EHWA-BSL diamond disc). Laser confocal 

microscopy was then employed to analyze the pad surface contact area and topography. 

Results showed that Disc A generated a pad surface with higher pad surface abruptness and 

significantly lower contact area resulting in a higher coefficient of friction and copper 

removal rate. Disc B, on the other hand, generated a pad surface with sharper asperities 

which led to higher dishing and erosion.  

 

7.1 Introduction 

Chemical mechanical planarization (CMP) has been widely and successfully 

adopted by the semiconductor industry to achieve wafer surface local and global 

planarization. During CMP processes, pad surface asperities make solid contacts with the 

wafer to mechanically remove the chemically modified surface layer. To maintain the 

optimum polishing performance, pad asperities are regenerated by in-situ or ex-situ 
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conditioning process to prevent surface glazing. Polishing pad plays critical role in the 

CMP process and the outcome. Previous work in our group has extensively studied the 

effect of pad material and groove design in interlayer dielectric (ILD) and copper CMP 

(Sampurno et al. 2009
(87)

; Charns et al. 2006; Rosales-Yeomans et al. 2008
(81)

; 

Rosales-Yeomans et al. 2005). Recently, laser confocal microscopy and optical 

interferometry have been used to characterize pad surface contact area and 

micro-topography and investigate their impacts during polishing (Elmufdi et al. 2006; 

Elmufdi et al. 2007; Sun et al. 2010
(105, 106)

; Liao et al. 2011; Sampurno et al. 2011). For 

example, Sun et al. analyzed the effect of conditioner aggressiveness on pad surface 

contact area and concluded that a more aggressive conditioner generated a pad surface with 

fewer contacting summits and lower contact area, resulting in a higher oxide removal rate 

(Sun et al. 2010
(106)

). Liao et al. used laser confocal microscopy and scanning electron 

microscopy to investigate the effect of pad surface micro-texture on the coefficient of 

friction (COF) and removal rate during 200 mm blanket copper wafer polishing process 

(Liao et al. 2011). They found that the large flat near contact areas correspond to fractured 

and collapsed pore walls rendering a lower COF and removal rate (Liao et al. 2011). Yasa 

Sampurno et al. concluded that there is a good correlation between pad surface abruptness 

and COF as well as between pad surface abruptness and RR (Sampurno et al. 2011). 

However, no work has focused on the relationship between pad micro-topography and 

planarization performance in 300 mm copper CMP process.  

In this study, blanket and patterned 300 mm copper wafers were polished on a 

Cabot Microelectronics Corporation D100 pad, which was conditioned by two different 

diamond conditioners. Pad surface contact area and topography were analyzed through 
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laser confocal microscopy and their effects on COF, removal rate, as well as dishing and 

erosion were investigated.   

 

7.2 Experimental Setup and Conditions 

All polishing experiments were performed on an Araca APD-800 polisher and 

tribometer equipped with the unique ability to acquire real-time shear force and polishing 

down force during wafer polishing. The polisher and its accessories were described in 

detail in Chapter 2.1. The force acquisition rate was set at 1000 Hz. Blanket and patterned 

300 mm copper wafers were polished on a Cabot Microelectronics Corporation D100 pad 

with concentric groove design under the polishing pressure of 1.7 PSI and pad-wafer 

sliding velocity of 1.0 m/s. Cabot Microelectronics Corporation iCue 600Y75 slurry was 

used and the slurry flow rate was kept constant at 300 ml/min. Two different diamond 

conditioners (Disc A refers to a 3M A2810 diamond disc and Disc B refers to an 

EHWA-BSL diamond disc) were used to condition the pad under the conditioning force of 

6 lbf during wafer polishing. The conditioners rotated at 95 rpm and swept 10 times per min 

across the pad during pad conditioning. For each diamond conditioner, the pad was 

conditioned for 1 hour using deionized water prior to wafer polishing. Before and after 

polishing, an Advanced Instruments Technology CMT-SR5000 four-point probe was used 

to measure the sheet resistance of 300 mm blanket copper wafers and calculate the copper 

removal rate. Dishing and erosion were analyzed on patterned copper wafers after 

polishing. For each diamond conditioner, two blanket and six patterned wafers were 

polished to confirm the experimental reproducibility. A pad sample was taken after 

patterned wafer polishing for each diamond conditioner. Pad surface contact area and 
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topography were analyzed on an area of 4.5 × 0.45 mm
2
 using a Zeiss LSM 510 Meta NLO 

laser confocal microscope. Detailed description of pad surface contact area and topography 

measurement procedures can be found elsewhere (Sun et al. 2010
(105, 106)

).  

 

7.3 Results and Discussions 

Before polishing, aggressive diamonds that create deep and wide furrows during 

pad conditioning were identified for Disc A and Disc B, and SEM analysis was performed 

on them. Figure 7.1 compares an aggressive diamond from Disc A to one from Disc B. 

Aggressive diamonds of Disc A are generally smaller and have irregular shapes while 

aggressive diamonds of Disc B are of the blocky type. The average furrow surface area 

created by the two discs on the polycarbonate boards are similar (3,996 m
2
 for Disc A and 

4,526 m
2
 for Disc B), suggesting the two discs will likely cause comparable pad wear 

rates.        

 

 

Figure 7.1: Comparison of an aggressive diamond between Disc A (left) and Disc B (right). 

Figure 7.2 compares the pad-slurry-wafer COF (measured during blanket wafer 

polishing) associated with Disc A with that of Disc B. COF is calculated by dividing the 
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frictional force by polishing down force (both measured in real-time). The error bars in 

Figure 7.2 indicate the measured standard deviation of COF. Conditioning with Disc A 

generates a higher COF (0.65) than Disc B (0.58) during blanket wafer polishing.   

 

 

Figure 7.2: COF comparison between Disc A and Disc B during blanket wafer polishing. 

 

Figure 7.3 compares copper removal rate associated with Disc A to that of Disc B 

during blanket wafer polishing. The error bars in Figure 7.3 indicate the measured standard 

deviation of removal rate. Conditioning with Disc A generates a higher copper removal 

rate (2,516 Å/min) than Disc B (1,956 Å/min). This is consistent with the COF trend shown 

in Figure 7.2. Based on a modified Langmuir-Hinshelwood two-step copper removal rate 

model (Jiao et al. 2011), a higher COF not only directly increases the mechanical rate 

constant, but also leads to a higher wafer surface reaction temperature and promotes the 

chemical rate constant contributing to a higher copper removal rate. Recalling the shape 
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difference between the two conditioners, Disc A with sharper diamond generates higher 

COF and removal rate, which is also confirmed by previous work (Hosali et al. 2005).     

 

 

Figure 7.3: Copper removal rate comparison between Disc A and Disc B during blanket 

wafer polishing. 

 

During patterned copper wafer polishing, the time required to completely remove 

the excessively electroplated copper film is referred as the polishing time for copper 

clearing. Disc A causes the polishing time for copper clearing to be shorter than Disc B 

(228 compared to 270 seconds). This is consistent with the higher copper removal rate 

observed during blanket copper wafer polishing using Disc A.  

Dishing and erosion are two of the most common defects in copper CMP process, 

which are due to removal rate non-uniformity and other factors like copper corrosion and 

pad asperity penetration. Figure 7.4 and 7.5 show the dishing and erosion comparison 
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between Disc A and Disc B during patterned wafer polishing, respectively. The error bars 

in the figures indicate the measured standard deviations of dishing and erosion. Disc A 

generates lower dishing (57 Å) compared to Disc B (74 Å), and it also generates lower 

erosion (101 Å) compared to Disc B (125 Å).  

 

 

Figure 7.4: Dishing comparison between Disc A and Disc B during patterned wafer 

polishing. 

 

20

40

60

80

100

120

Disc A Disc B

C
o
p

p
er

 D
is

h
in

g
 (

A
) 



157 

 

 

 

 

Figure 7.5: Erosion comparison between Disc A and Disc B during patterned wafer 

polishing. 

 

Figure 7.6 compares pad surface height probability density functions (PDFs) for 

pad samples conditioned by Disc A and Disc B. For both samples, the right hand tail of the 

PDF, corresponding to the high pad asperities that contact the wafer, exhibits an 

exponential distribution. A decay length λ (the distance over which the right hand tail of 

PDF drops by a factor of e) is extracted and defined as pad surface abruptness (Sun et al. 

2010
(105)

). Disc A generates a higher pad surface abruptness (4.61 µm) than Disc B (3.61 

µm). As Disc A creates a pad surface with rougher asperities, it results in a higher COF 

during blanket wafer polishing as shown in Figure 7.2 (Sampurno et al. 2011). 
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Figure 7.6: Pad surface height probability density function comparison. 

 

Figure 7.7 compares pad surface contact area images for pad samples conditioned 

by Disc A and Disc B. Disc B generates a few large contact areas (indicated by the black 

spots). The average pad surface contact area percentage for the pad sample conditioned by 

Disc A (0.002%) is significantly lower than the pad sample conditioned by Disc B 

(0.033%). Smaller pad surface contact area results in higher contact pressure. With rougher 

pad asperities and significantly smaller surface contact area, Disc A generates a higher 

copper removal rate than Disc B as shown in Figure 7.3.  
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Figure 7.7: Pad surface contact area image comparison for pad samples conditioned by 

Disc A (left) and Disc B (right). 

 

In this study, pad summit curvature is also analyzed for the pad samples 

conditioned by Disc A and Disc B. During the analysis, pad summits are treated as 

elliptical paraboloids. The radius of curvature at the maximum of a parabola is the radius of 

the best fitting circle at that point and the summit curvature (Kp) is the reciprocal of the 

radius of curvature. The mean summit curvature for the pad sample conditioned by Disc A 

(1.33 µm
-1

) is smaller than the pad sample conditioned by Disc B (2.72 µm
-1

), indicating 

that Disc B generates sharper asperities. The sharper asperities tend to penetrate into the 

trenched pattern structures rendering higher dishing and erosion for Disc B as shown in 

Figure 7.4 and 7.5. This is consistent with the previous results that show a larger pad 

summit curvature leads to higher dishing and erosion during 200 mm shallow trench 

isolation (STI) CMP process (Zhuang et al. 2009).     
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7.4 Conclusions 

The relationship between planarization and pad surface micro-topography was 

investigated. Two different diamond conditioners (Disc A and Disc B) were used to 

condition a Cabot Microelectronics Corporation D100 pad, on which blanket and patterned 

300 mm copper wafer were polished. With smaller and irregularly shaped aggressive 

diamonds, Disc A generated a pad surface with rougher asperities and significantly lower 

contact area, leading to a high COF and copper removal rate during blanket copper wafer 

polishing. With larger and blocky aggressive diamonds, Disc B generated a pad surface 

with sharper asperities that resulted in higher dishing and erosion during patterned wafer 

polishing.     
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CHAPTER 8 

EFFECT OF PAD TEMPERATURE DURING TITANIUM CHEMICAL 

MECHANICAL PLANARIZATION 

 

In this chapter, the effect of temperature on the tribological and kinetic attributes 

during Ti CMP was investigated. The results indicated that the processes at the platen 

temperature of 25 and 50 ºC behaved similarly in terms of their tribological mechanism. 

The average coefficient of friction (COF) ranged from 0.19 to 0.41, indicating that 

boundary lubrication was the dominant tribological mechanism within the range of 

parameters investigated. Results also showed that average COF decreased with increasing 

platen temperature. This was due to the softer pad asperities and the lower slurry viscosity 

at the higher temperature. Ti removal rate was higher at a platen temperature of 50 ºC, 

resulting from exponentially accelerated chemical actions. In addition, a two-step modified 

Langmuir-Hinshelwood model was used to simulate the Ti removal rate, chemical and 

mechanical rate constants under different polishing conditions. The simulated Ti removal 

rates agreed very well with experimental data. The simulated chemical rate to mechanical 

rate constant ratios illustrated that the Ti removal mechanism transferred from more 

chemically controlled to more mechanically controlled, when platen temperature increased 

from 25 to 50 ºC. 

 

8.1 Introduction 

“Dual Damascene” has been successfully employed to create multi-level, high 

density metal interconnections for the fabrication of ultra-large-scale integrated (ULSI) 
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circuits. To prevent copper diffusion into the dielectrics (SiO2 or low-k film), a blanket 

barrier layer is deposited to surround all copper interconnections. Chemical mechanical 

planarization (CMP) is the enabling technology to remove the overburden of copper and 

barrier film and offer local and global planarity, meeting the stringent photo-lithography 

requirements. Typically, a two-step copper CMP process is applied: copper clearing and 

barrier stopping firstly, and barrier clearing as the second step. Since the barrier CMP 

directly relates to final wafer surface topography and defect level (i.e. dishing and erosion), 

it is important to understand its fundamental removal mechanism and how CMP 

consumables and polishing conditions affect barrier CMP outputs such as coefficient of 

friction (COF) and material removal rate (MRR). Recently, Ti-based barrier layer is 

extensively investigated for use in copper dual damascene interconnects. Compared with 

the conventional Ta-based barrier, Ti-based barrier is able to achieve low resistance and 

high reliability, as well as low cost (Sakata et al. 2007; Ito et al. 2010; Wu et al. 2008). 

Previous work focused on the effect of copper ions and oxidant additives in the slurry on Ti 

CMP performance (Steigerwald et al. 1994; Chathapuram et al. 2003; Hsu et al. 2002; Seo 

et al. 2005). As is well known, temperature plays a critical role in CMP due to its 

significant influence on pad surface property and slurry chemistry (Kakireddy et al. 2008; 

Sorooshian et al. 2004
(96)

; Mudhivarthi et al. 2005; Kim et al. 2002; Sorooshian et al. 

2004
(97)

; Hocheng et al. 1999). For example, Sorooshian et al. investigated the effect of 

process temperature on the frictional characteristics of interlayer dielectric (ILD) and 

copper CMP processes (Sorooshian et al. 2004
(96)

). Mudhivarthi et al. concluded that 

copper removal rate and coefficient of friction (COF) were fairly affected by the pad 
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surface temperature (Mudhivarthi et al. 2005). However, to date, a comprehensive study 

quantifying the effect of temperature on Ti CMP has not been performed.  

Therefore, in this study, blanket Ti wafer polishing tests are performed on a soft 

Politex pad at different temperatures, to investigate and verify the effect of temperature on 

tribological and kinetics attributes during Ti CMP. A two-step modified 

Langmuir-Hinshelwood model (Sorooshian et al. 2005; Borucki et al. 2005) is used to 

simulate the Ti removal rate, chemical and mechanical rate constants under different 

polishing conditions.  

 

8.2 Experimental Setup and Conditions 

All polishing experiments were performed on an Araca APD-800 polisher and 

tribometer equipped with the unique ability to acquire real-time shear force and down force 

during polishing. The polisher and its accessories were described in detail in Chapter 2.1. 

The force acquire rate was set at 1000 Hz. 200 mm blanket titanium (Ti) wafers were 

polished on an embossed Politex REG pad. Prior to polishing, the pad was conditioned for 

30 min using deionized water with a 3M PB32A brush rotating at 95 rpm and sweeping 10 

times/min across the pad surface. The load applied to the diamond disc was 1.4 kgf. The 

above conditions were also used for 20 second ex-situ pad conditioning between wafer 

polishes. The brush conditioner, pad and wafer rotated counter-clockwise during polishing. 

Each wafer was polished for 1 min by Hitachi Chemical HS-T815 slurry with addition of 

hydrogen peroxide. The slurry flow rate was kept constant at 300 ml/min. Three polishing 

pressures (10.3, 13.8, and 17.2 kPa) and sliding velocities (0.6, 0.9, and 1.2 m/s) were used. 

To control the platen temperature during polishing, the platen-cooling feature of the 
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polisher was used to introduce high flow rates of water at varying reservoir temperatures 

through a Thermo NEXLAB HX 75 Recirculating Chiller. Two different platen 

temperatures (25 and 50 ºC) were investigated in this study. Prior to polishing, the desired 

platen temperature was kept at steady state for 5 min. A single-point infrared thermosensor 

was used to measure the pad surface temperature at the leading edge along the center of the 

wafer track. At platen temperature of 50 ºC, the recorded mean pad surface temperature 

was 37 ºC due to the heat loss and the facts that the pad did not conduct heat very well and 

room-temperature slurry was injected on the pad acting as a cooling agent. Before and after 

polishing, an Advanced Instruments Technology CMT-SR5000 four-point probe was used 

to measure the sheet resistance of 200 mm Ti wafers and calculate the Ti removal rate.  

 

8.3 Results and Discussions 

8.3.1 Polishing Results 

Figure 8.1 shows the Stribeck curves for polishing runs at platen temperatures of 25 

and 50 ºC within the range of pseudo Sommerfeld number (V/p) investigated in this study. 

Stribeck curve (i.e. plot of coefficient of friction as a function of Sommerfeld number) is 

presented to approximately determine the lubrication mechanism during CMP. Coefficient 

of friction (COF) is calculated by dividing the measured frictional force over the polishing 

down force, and Sommerfeld number is a dimensionless grouping of CMP-related 

parameters including slurry viscosity, relative pad-wafer velocity, applied wafer pressure 

as well as the effective fluid film thickness (Philipossian et al. 2003). Results indicate that 

CMP processes at platen temperatures of 25 and 50 ºC behave similarly in terms of their 

tribological mechanism. Average COF ranges from 0.23 to 0.41 at the platen temperature 
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of 25 ºC, while from 0.19 to 0.29 at the platen temperature of 50 ºC. This exhibits that the 

boundary lubrication is the dominant tribological mechanism for both processes.         

 

 

Figure 8.1: Stribeck curves at platen temperature of 25 and 50 ºC. 

 

It is noted that when platen temperature increases from 25 to 50 ºC, the COF drops 

significantly (by 16 – 34%) (as shown in Figure 8.1). The friction during CMP refers to a 

three-body contact mechanism: pad asperity, slurry and wafer surface. The trend above is 

believed to be due to the effect of temperature on the mechanical properties of the pad and 

fluidic properties of the slurry. Firstly, as temperature increases, the pad becomes softer. 

The pad asperity would be more likely to collapse, resulting in more lubricated interface 

and in turn rendering less shear force (Liao et al. 2011). Secondly, slurry viscosity is lower 

at higher temperature, which contributes to lower COF (Kim et al. 2002; Borucki et al. 

2007
(6)

).  
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Figure 8.2 compares the Ti removal rate at platen temperature of 25 and 50 ºC. 

Although COF decreases with temperature, process at platen temperature of 50 ºC 

produces higher Ti removal rate (by 12 – 48%). During polishing, the increase in 

temperature can exponentially accelerate the chemical kinetics, which further leads to 

higher material removal rate. In other words, the Ti removal behavior under the effect of 

temperature is dominated by an increase in the importance of chemical components, rather 

than mechanical ones (Kim et al. 2002).  

 

 

Figure 8.2: Removal rate at platen temperature of 25 and 50 ºC. 
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8.3.2 Simulation Results 

A two-step modified Langmuir-Hinshelwood model associated with a flash heating 

thermal model is used to simulate copper removal rate, wafer surface reaction temperature, 

as well as chemical and mechanical rate constants. Those models were described in detail 

in Chapters 3.2.2 and 3.2.3. During the model simulation, parameters E, A, cp, β, and e are 

optimized to minimize the square of the error between the model and data.  

The optimized values for parameters E, A, cp, β, and e, as well as root mean square 

(RMS) error between the experimental and simulated removal rate, are listed in Table 8.1. 

The activation energy (E) and chemical rate pre-exponential factor (A) were firstly 

simulated based on the whole data set in this study, and identical values were used for both 

processes at platen temperature of 25 and 50 ºC, since all wafers were polished with the 

same slurry and flow rate (Jiao et al. 2011). The parameters β and e are partially associated 

with lubricated transfer of heat to contacting asperity tips. The higher value of β at platen 

temperature of 50 ºC would be related to pad property changes such as contact area, pad 

hardness and yield modulus with increasing temperature. Results show e<<0.5 for the two 

processes (see Table 8.1), meaning that the flash heating increment increases with sliding 

velocity (Sampurno et al. 2009
(87)

). Figure 8.3 shows the comparison between the 

experimental and simulated removal rate. The simulated Ti removal rates agree very well 

with the experimental values (with relative RMS values of 3%), which makes it viable to 

further analyze the simulated chemical and mechanical rate constants. 
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Table 8.1: Optimal values of E, A, cp, e, β and RMS at platen temperature of 25 and 50 ºC. 

Optimal values Platen at 25 ºC Platen at 50 ºC 

E (eV) 0.459 0.459 

A (mole ·m 
-2

·s 
-1

) 3761 3761 

cp (10
-8

·mole/J) 4.04 3.89 

e (10
-7

) 1.96 6.09 

β (10
-4

·K/Pa(m/s) 
1-α

) 4.01 4.75 

RMS (A/min) 10 11 

 

 

 

Figure 8.3: Comparison of experimental and simulated Ti removal rate at platen 

temperature of 25 (left) and 50 ºC (right).  

 

Figure 8.4 and 8.5 show Lim-Ashby plots of simulated chemical (k1) and 

mechanical (k2) rate constants, respectively. A Lim-Ashby plot is constructed by 
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triangulating the individual points and using the triangulations to linearly interpolate the 

contour-level data (Rosales-Yeomans et al. 2008
(81)

). The Lim-Ashby plot shows the 

separate effects of polishing pressure and sliding velocity on the rate constants. Results 

indicate that both chemical and mechanical rate constants are equally affected by polishing 

pressure and sliding velocity under most polishing conditions, and larger values of k1 and 

k2 are achieved at higher pressures and velocities. Due to the Arrhenius function, chemical 

rate constant (k1) doubles when platen temperature increases from 25 to 50 ºC. In contrast, 

the rate constant k2 at the platen temperature of 50 ºC is slightly lower than that at 25 ºC, 

which lowers the COF as well as the simulated value of cp. 

 

 

Figure 8.4: Lim-Ashby plot of chemical rate constant k1 at platen temperature of 25 (left) 

and 50 ºC (right). 
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Figure 8.5: Lim-Ashby plot of mechanical rate constant k2 at platen temperature of 25 (left) 

and 50 ºC (right). 

 

Lim-Ashby plot of simulated ratios of the chemical rate to mechanical rate 

constants (k1/k2) is depicted in Figure 8.6. As mentioned earlier, higher platen temperature 

produces higher k1 and lower k2, in turn generating higher values of k1/k2. In addition, this 

ratio demonstrates the chemical and mechanical balance of the polishing process. At a 

platen temperature of 25 ºC, the ratio (k1/k2) is less than 1 at most polishing conditions, 

illustrating that the polishing process is leaning towards chemically controlled. In 

comparison, at a platen temperature of 50 ºC, the ratio (k1/k2) is larger than 1 at most 

conditions, indicating that the polishing process is leaning towards mechanically 

controlled. 
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Figure 8.6: Lim-Ashby plot of k1/k2 at platen temperature of 25 (left) and 50 ºC (right). 

 

8.4 Conclusions 

In this study, the effect of temperature on tribological and kinetic attributes during 

Ti CMP was investigated. Blanket Ti wafers were polished on a Politex soft pad at two 

different platen temperatures (25 and 50 ºC). The coefficient of friction (COF) ranged from 

0.19 to 0.41, indicating that boundary lubrication was the dominant tribological 

mechanism for both processes. Averaged COF was lower at platen temperature of 50 ºC 

(by 16 – 34%), which was due to the combined effect of softer pad asperities and lower 

slurry viscosity. Higher platen temperature generated larger Ti removal rate (by 12 – 48%), 

resulting from the exponentially accelerated chemical action. A two-step modified 

Langmuir-Hinshelwood model was used to simulate the Ti removal rate, chemical and 

mechanical rate constants under different polishing conditions. The simulated Ti removal 

rate agreed very well with experimental data. The simulated chemical rate to mechanical 

rate constant ratios indicated that higher temperature produced a more mechanically 

controlled removal mechanism within the ranges of parameters investigated in this study.  
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CHAPTER 9 

TRIBOLOGICAL, THERMAL AND KINETIC ATTRIBUTES OF 300 VS. 450 

MM CHEMICAL MECHANICAL PLANARIZATION PROCESSES 

 

In this chapter, an existing 300 mm CMP tool has been modified to polish 450 mm 

wafers in order to demonstrate experimentally whether any differences exist in the 

tribological and thermal characteristics of the two processes, and from that, to infer 

whether one can expect any removal rate differences between the two systems. Results 

suggest that, within the ranges of parameter investigated, the two systems behave similarly 

in terms of their coefficients of friction and lubrication regimes. Additionally, it is shown 

that the 450 mm process, once adjusted for its platen velocity, runs only slightly warmer 

(by 1 – 2 °C) than its 300 mm counterpart. Experimental data, coupled with copper 

removal rate simulations shows that the wafer surface reaction temperatures of the 450 mm 

adjusted process are higher (by 2 – 3 °C) than the 300 mm process. Consequently, 

simulated copper removal rates for the 450 mm adjusted process are higher (by 8 – 31%) 

than those of the 300 mm process.  

 

9.1 Introduction  

Several integrated circuit (IC) makers have announced plans for adopting 450 mm 

wafers which would involve a significant investment in tools and fabrication facilities 

(http://blog.timesunion.com/capitol/archives/82186/cuomo-announces-intel-ibm-will 

partner-at-nanocollege/). M. Watanabe and J. S. Pettinato have discussed certain scaling 

issues associated with adopting 450 mm silicon wafers, and technology decisions to 

http://blog.timesunion.com/capitol/archives/82186/cuomo-announces-intel-ibm-will%20partner-at-nanocollege/
http://blog.timesunion.com/capitol/archives/82186/cuomo-announces-intel-ibm-will%20partner-at-nanocollege/
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minimize the transition risks associated with  450 mm wafers, respectively (Watanabe et 

al. 2006; Pettinato et al. 2005). Our research team has previously investigated several key 

questions resulting from such a possible scale-up by simulating hypothetical 300 and 450 

mm processes on rotary polishers (Borucki et al. 2009). Using our proprietary 3D thermal 

model, we have been able to simulate frictional heat generation by the wafer and retaining 

ring and the transport and transfer of heat throughout the tool by the slurry and by the 

rotation of the polishing head and the platen. The simulation results (Borucki et al. 2009) 

have shown that wafer temperature distribution for 450 mm is a smooth extension of the 

distribution for 300 mm wafers. That is, wafer body temperature does not change 

appreciably with scale-up. On the other hand, temperature rise in contacting pad summits, 

or the surface reaction temperature increment (Sorooshian et al. 2005), has been shown to 

be different between the two systems. Most of the heat in CMP is generated at the contact 

points between pad summits and the wafer or the retaining ring. Mechanically mediated 

material removal of chemical reaction products formed on the wafer also occurs at the 

contacts. Since the real contact area is often less than 0.1% of the wafer area (Sun et al.  

2010), contacting pad summits are probably hotter than the wafer and their temperature 

may therefore dominate the chemistry. Since summits spend more time in contact with the 

ring and wafer on a 450 mm tool due to the lower platen rotation rate (lowering the rotation 

rate is necessary since the 450 mm process has a larger platen diameter, therefore a slower 

platen rotation achieves comparable linear velocity as the 300 mm system), the wafer 

surface reaction temperature increment for 450 mm is expected to be higher than the 300 

mm tool which theoretically should increase removal rate depending on the activation 

energy of the process.  
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In this study, we have mechanically modified an existing 300 mm polisher to polish 

both 300 and 450 mm bare silicon wafers, and demonstrate experimentally whether any 

differences exist in the tribological and thermal characteristics of the two processes. Even 

though no removal rate tests are performed, inferences are made regarding removal rate 

differences between the two systems by coupling their tribological and thermal fingerprints 

with highly successful kinetics models (Sorooshian et al. 2005; Rosales-Yeomans et al. 

2006; Zhuang et al. 2007; Jiao et al. 2011) for copper removal. 

 

9.2 Experimental Setup and Conditions 

All tests were performed on an Araca APD-800 polisher and tribometer which is 

uniquely suitable for acquiring real-time shear force and down force during polishing. The 

polisher and its accessories were described in detail in Chapter 2.1. In order to 

accommodate both 300 and 450 mm wafers, an interface module (480 mm in diameter) 

made of anodized aluminum was manufactured and attached to the carrier (Figure 9.1). 

The backside of the interface module was fitted with an O-ring which ensured a secure fit 

onto the carrier head using the existing vacuum conditions in the head. In addition, 300 or 

450 mm compatible backing films and retaining ring assemblies were attached onto the 

front side of the interface module. The wetted backing film was used to securely hold the 

proper size wafer via capillary forces (Figure 9.1). It is important to note that the 

APD-800‟s platen is 800 mm in diameter. In this study, we have opted to use a pad having 

a diameter of 762 mm. Since no adjustments were made to the distance between the center 

of the platen and the center of the carrier head, when processing 450 mm wafers, at any 
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given time, approximately 13.7% of the wafer hung off the edge of the pad and hence did 

not contact the pad during polishing (see the darkened region in Figure 9.2).  

 

 

Figure 9.1: Interface module for accommodating the 300 (left) and 450 mm (right) wafers. 

 

 

Figure 9.2: Position of the 300 and 450 mm wafers relative to the pad and the platen. 
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All wafers were polished for 1 minute on a Cabot Microelectronics Corporation 

D100 pad (concentrically grooved) at 3 pressures and 3 sliding velocities (Table 9.1). Each 

run was repeated once. Since the distance between the center of the platen and the center of 

the carrier head was the same regardless of the size of wafers being polished, the rotational 

velocity of the head and the platen needed not be adjusted for a given linear sliding velocity 

(Table 9.1). This is important to note since in a real 450 mm polisher, the distance between 

the center of the platen and the center of the carrier head would be larger and hence a lower 

rotational velocity would be required to match the linear velocity to that of a 300 mm 

process. For instance, a real 450 mm polisher would have a platen that is 1,094 mm in 

diameter (Borocki et al. 2009). Therefore, to achieve a sliding velocity of 1 m/s, the larger 

platen would require an angular velocity of only 33 RPM compared to 42 RPM for the 300 

mm system. 

 

Table 9.1: Experimental Conditions for each polishing run. 

Run No. 
Pressure 

(kPa) 

Sliding Velocity 

(m/s) 

Platen Angular 

Velocity (RPM) 

Carrier Head 

Angular Velocity 

(RPM) 

1 P1 = 6.89 V1 = 0.5 Ωp1 = 21 Ωh1 = 18 

2 P1 = 6.89 V2 = 1.0 Ωp2 = 42 Ωh2 = 39 

3 P1 = 6.89 V3 = 1.5 Ωp3 = 63 Ωh3 = 61 

4 P2 = 13.79 V1 = 0.5 Ωp1 = 21 Ωh1 = 18 

5 P2 = 13.79 V2 = 1.0 Ωp2 = 42 Ωh2 = 39 

6 P2 = 13.79 V3 = 1.5 Ωp3 = 63 Ωh3 = 61 

7 P3 = 27.58 V1 = 0.5 Ωp1 = 21 Ωh1 = 18 

8 P3 = 27.58 V2 = 1.0 Ωp2 = 42 Ωh2 = 39 

9 P3 = 27.58 V3 = 1.5 Ωp3 = 63 Ωh3 = 61 
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In addition to the runs summarized in Table 9.1, two 85-second runs (one for each 

wafer size) were performed as per Table 9.2. These runs allowed accurate construction of 

the Stribeck curve within the range of parameters investigated (Sampurno et al. 2010). 

Fujimi PL-4217 fumed silica slurry, with a point-of-use silica solids content of 10%, was 

used at a constant flow rate of 300 ml/min. The slurry was injected on the surface of the pad 

slightly off-center in order to clear the interface module. Prior to polishing, pad 

conditioning was performed (ex-situ) using ultra-pure water (UPW) for 1 minute at 44.5 N 

down force with a rotation rate of 95 RPM and a sweep frequency of 10 times per minute. 

Prior to wafer polishing, the pad was broken in for 30 minutes using UPW followed by 

seasoning through polishing 5 dummy 300 or 450 mm wafers with slurry with ex-situ 

conditioning in between each run.   

 

Table 9.2: Experimental conditions for generating the Stribeck curve in a single polishing 

run. 

Step No. Pressure (kPa) 
Sliding Velocity 

(m/s) 

Time  

(Sec) 

1 P2 = 13.79 V3 = 1.5 T = 20 

2 P1 = 6.89 V3 = 1.5 T = 15 

3 P3 = 27.58 V3 = 1.5 T = 15 

4 P3 = 27.58 V1 = 0.5 T = 15 

5 P1 = 6.89 V1 = 0.5 T = 20 

 

For each run, shear force (1,000 Hz acquisition frequency), down force (1,000 Hz 

acquisition frequency) and pad surface temperature (at the trailing edge of the interface 

module with 1 Hz acquisition frequency using a FLIR infrared camera) were measured in 
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real-time and reported as average coefficient of friction (Philipossian et al. 2003) as well as 

initial and final polish temperatures and the log-mean-temperature (McCabe et al. 2005) 

for each run. The accuracy and precision of the FLIR infrared camera is ± 0.5 °C. 

  

9.3 Results and Discussions 

9.3.1 Frictional Studies 

Figure 9.3 shows Stribeck curves (Philipossian et al. 2003) (i.e. coefficient of 

friction, COF, vs. pseudo Sommerfeld number represented as the ratio of sliding velocity 

to the polishing pressure) for 300 and 450 mm systems. A total of 18 runs are performed for 

each wafer size. Results indicate that both systems are similar in terms of their frictional 

behavior. Also both processes are shown to operate in „boundary lubrication‟ regime 

across the range of velocities and pressures investigated.  

 

 

Figure 9.3: Stribeck curves based on 18 individual runs for the 300 mm system (left) and 

the 450 mm system (right). 
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As the APD-800 is capable of measuring down force in real-time, the actual 

pressure, as opposed to the „dialed in‟ pressure is also measured and reported at a rate of 

1,000 Hz over a 85-second continuous run during which pressures and velocities are 

changed according to the recipe in Table 9.2. Results (Figure 9.4) again indicate that both 

systems behave similarly in terms of their tribological attributes and confirm that a single 

85-second run during which pressure and velocity are continuously varied and reported as 

75,000 COF data points can be a viable and cost effective replacement for having to 

perform 18 separate polishing runs (Sampurno et al. 2010). Additionally, Figure 9.4 

provides information about the range of COF values encountered during polishing as a 

result of stick-slip phenomena inherent to CMP. As shown in Figure 9.4, depending on the 

particular choice of parameter values, the process experiences wide swings in COF thus 

alerting the user to stay away from these conditions to reduce process lateral vibration 

which has been known to cause low-k dielectric films to delaminate during processing 

(Sampurno et al. 2009
(88)

). 

 

 

Figure 9.4: Stribeck curves based on one 85-second run for the 300 mm system (left) and 

the 450 mm system (right). 
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9.3.2 Thermal Studies 

Pad surface temperatures are shown in Figure 9.5. The left y-axis represents the 

trailing edge pad surface temperature near the beginning of the polishing step (i.e. at t = 5 

second) represented by the bottom of the bar, as well as near the end of the polish step (i.e. 

t = 55 second) represented by the top of the bar. The log-mean-temperature (LMT) 

(McCabe et al. 2005) of the process is represented by the white circle with the right y-axis 

and is calculated via Eq. 9.1: 
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Eq. 9.1

 

 

where Tref is the reference temperature (here taken as 0 °C). The x-axis represents P×V 

values (corresponding to pressures and velocities reported in Table 9.1) in ascending order. 

It is important to note that, in some cases, due to the particular test conditions selected, the 

same P×V value is achieved with different conditions (i.e. P1×V2=P2×V1 and 

P3×V1=P2×V2). For clarity, these conditions are shown in darker color bars. 

For a given wafer size, results indicate higher values of LMT at higher values of 

P×V. This is expected as higher P×V values mean higher power inputs to the system which 

generate more heat due to friction. Results also show that, due to „boundary lubrication‟ in 

all cases, for a given value of P×V, neither pressure nor velocity dominate. That is, LMT 

associated with P2×V1 is similar to that of P1×V2. The same holds for P3×V1 vs. P2×V2 

conditions. Lastly, one can see the transient nature of temperature during a given run 

whereby average pad surface temperature can rise by as much as 15 °C in just one minute. 
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Figure 9.5: Pad trailing edge temperatures (bars) and LMT (circles) as a function of P×V 

for the 300 mm system (a) and the 450 mm system (b).                                       

  (P1 = 6.9 kPa, P2 = 13.8 kPa, P3 = 27.6 kPa, V1 = 0.5 m/s, V2 = 1.0 m/s, V3= 1.5 m/s) 
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As for the effect of wafer size, Figure 9.5 shows that, for a given P×V, the 450 mm process 

runs warmer than the 300 mm process. Since for 450 mm polishing, a much larger wafer 

surface area contacts the pad (137,173 mm
2
 for the 450 mm system versus 70,650 mm

2
 for 

the 300 mm system which corresponds to a 94 percent increase in contact area), more 

frictional heat is generated which causes the pad surface temperature to increase. This 

increase in temperature is minimal at low pressures and velocities (i.e. 1 – 2 °C) and 

becomes significant at higher values of P×V (i.e. 4 – 5 °C).  

LMT values vs. P×V are shown in Figure 9.6. Results indicate a straight line 

relationship exists between the two factors with the 450 mm system having a steeper slope 

(0.000260 vs. 0.000184 °C per Pa·m/s). As indicated earlier, comparing process 

temperatures between the two systems running at the same angular platen velocity, Ωp, is 

not appropriate since in a real 450 mm process, the platen would be rotating at a lower 

angular velocity than in a 300 mm process (Borucki et al. 2009). Figure 9.6 also shows a 

straight line (without any data points) corresponding to the adjusted 450 mm temperature 

(LMT450-adj) with a slope that is lower than LMT450 by a factor of 1.27 which represents the 

ratio of the angular platen velocity used in this study (i.e. 42 RPM) to that in a real 450 mm 

system (Borucki et al. 2009) (i.e. 33 RPM). Since a linear relation exists between LMT and 

P×V such a scaling is justified, therefore allowing one to compare the temperature of a real 

450 mm system to that of a 300 mm system. Based on the adjusted line, one can see that a 

real 450 mm system will most likely operate at a slightly higher pad temperature (by 1 – 2 

°C) than the 300 mm, especially at higher values of P×V. 

 



183 

 

 

 

Figure 9.6: LMT and best straight line fits for 300 mm (circle) and 450 mm (triangle) 

systems. The middle dashed line (no symbol) is the adjusted LMT for a 450 mm process. 

 

9.3.3 Copper Removal Rate Simulation Studies 

A two-step modified Langmuir-Hinshelwood model associated with a flash heating 

thermal model is used to simulate copper removal rate, wafer surface reaction temperature, 

as well as chemical and mechanical rate constants. Those models were described in detail 

in Chapters 3.2.2 and 3.2.3.   

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

surface reaction temperature (Tw) is expressed as 
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Eq. 9.2
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where Tp is the pad surface temperature (as reported in Figure 9.5), e is an exponential 

factor, and β is a grouping of parameters including pad property, the tool and wafer 

geometry, defined as following: 
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Eq. 9.3

 

 

where ρCp is the product of pad density, heat capacity, and thermal conductivity, ζ is a 

constant that depends on tool geometry and wafer size, 
a

p  is the mean real contact 

pressure and 1

p  is a constant for the pad heat partition fraction. ζ is as a function of rw and 

cw as 
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Eq. 9.4

 

 

where rw and cw represent the wafer radius and the distance between wafer center and pad 

center, R and ψ0 are defined elsewhere (Sorooshian et al. 2005). By solving the above 

integral, the value of ζ can be calculated for 300 and 450 mm systems and then the value of 

β can be obtained accordingly based on the linear relationship with ζ as described by Eq. 

9.4.   

The values for parameters A, cp, β, and e, as well as the slurry activation energy E, 

are listed in Table 9.3. These are based on successful simulations that we have recently 



185 

 

 

 

performed (with relative root mean square error values of less than 2 – 5%) on our 300 mm 

polisher using the same pad and diamond disc as in this study (Chapter 6).  

 

Table 9.3: Values of E, A, cp, β, and e used in removal rate simulation. 

 300 mm 450 mm 
450 mm 

(adjusted) 

E (eV) 1.2 1.2 1.2 

A (mole·m
-2

·s
-1

) 5.39×10
16

 5.39×10
16

 5.39×10
16

 

cp (mole/J) 2.26×10
-7

 2.26×10
-7

 2.26×10
-7

 

β (K/Pa·(m/s)
e-0.5

) 0.80×10
-3

 1.00×10
-3

 0.98×10
-3

 

e 0.76 0.76 0.76 

 

Figure 9.7 shows the simulated wafer surface reaction temperature increment as a 

function of P×V for wafers of different CMP systems. Compared with 300 mm system, the 

simulated wafer surface reaction temperature increment of 450 mm and 450 mm adjusted 

systems is slightly higher by about 1°C due to their larger β values (Table 9.3). Figure 9.8 

shows the result of simulated wafer surface reaction temperature, which is simply the sum 

of the wafer surface reaction temperature increments and the LMT (shown in Figure 9.6). 

As indicated by Figure 9.8, the wafer surface reaction temperatures of 450 mm adjusted 

system are warmer by 2 – 3 °C than the 300 mm system.  
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Figure 9.7: Simulated wafer surface reaction temperature increment as a function of P×V 

for 300 mm, 450 mm and 450 mm adjusted systems. 

 

 

Figure 9.8: Wafer surface reaction temperature for 300 mm, 450 mm and 450 mm adjusted 

systems. 
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The above mentioned temperature difference between the two wafer sizes 

manifests itself as higher copper removal rates for the 450 mm process as shown in the 

Lim-Ashby plots of Figure 9.9. In both cases, at moderate values of P×V, pressure 

dominates removal rate as evidenced by the near vertical contours at the center of the plots. 

At low and high values of P×V, pressure and sliding velocity contribute equally to removal 

rate. The copper removal rates for the 450 mm adjusted process are higher (by 8 – 31%) 

than that for the 300 mm process.    

   

 

Figure 9.9: Lim-Ashby contour plots of simulated copper removal rate (in Angstroms per 

minute) vs. sliding velocity and process pressure for 300 mm (left) and 450 mm adjusted 

(right) processes. 

 

9.4 Conclusions 

In this study, an existing 300 mm CMP tool is modified to polish 450 mm wafers 

to experimentally investigate whether any differences exist in the tribological 

and thermal characteristics of the two processes, and from that, to infer 

whether one can expect any removal rate differences between the two systems. 
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The results indicate that, within the ranges of parameter investigated, boundary lubrication 

is the dominant tribological mechanism for both the two systems. Additionally, it is shown 

that the 450 mm process, once adjusted for its platen velocity, runs only slightly warmer 

(by 1 – 2 °C) than its 300 mm counterpart. Experimental data, coupled with copper 

removal rate simulations shows that the wafer surface reaction temperatures for the 450 

mm adjusted process are higher (by 2 – 3 °C) than the 300 mm process. Consequently, 

simulated copper removal rates for the 450 mm adjusted process are higher than those of 

the 300 mm process (by 8 – 31%). The above results indicate that a smooth transition can 

be achieved by IC makers when scaling up to 450 mm wafers, however thermal and 

frictional considerations will be critical as they dictate removal rate increases that can be 

expected from a direct recipe transfer.  
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CHAPTER 10 

CONCLUSIONS AND FUTURE PLANS 

 

10.1 Conclusions 

Six studies were performed in this dissertation to investigate and understand the 

fundamentals of wear and contact phenomena in existing and future large-scale CMP 

processes, as well as to address possible solutions to some CMP challenges in advanced IC 

technologies such as decreasing overall COO and environmental impacts and increasing 

polishing performance. Major conclusions in each study are highlighted as below: 

 Effect of Retaining Ring Slot Design, Material and Temperature on Pad Wear 

during Interlayer Dielectric Chemical Mechanical Planarization (Chapter 4): A 6 

hour wear test was performed on three retaining rings made of PEEK and PPS 

materials with two different slot designs. Two different CMP pads (i.e. Dow 

IC1000 and CMC D100 pads) and two different platen temperatures (i.e. 25 and 50 

ºC) were used in this study. Pad wear rate was measured after the wear test using a 

high-accuracy micrometer. Results showed that retaining ring slot design had no 

significant effect on pad wear rate. When platen temperature increased from 25 to 

50 ºC, pad wear rate decreased by 26% for IC1000 pad and 62% for D100 pad. At 

higher temperature, the diamond disk was more likely to plow into the pad surface 

rather than to directly cut the pad surface, leading to a decrease in pad wear rate. 

Additionally, compared with PPS retaining ring, PEEK retaining ring induced a 

lower pad wear rate (by 31%), which highlighted the effect of retaining ring 

material on pad wear. The lower pad wear rate resulted from lower COF generated 
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by PEEK retaining ring. The results that were obtained could be used for 

optimization and qualification of CMP retaining ring designs with the goal of 

achieving cost-effective and high-performance processes.  

 Effect of Temperature on Pad Surface Contact Area in CMP (Chapter 5): In this 

study, pad surface contact area and contact density were successfully measured for 

a Cabot Microelectronics Corporation D100 pad sample at 4 psi using laser 

confocal microscopy at three different temperatures. Results showed that pad 

surface contact areas expanded as pad asperities became softer at higher 

temperatures. When the pad surface temperature increased from 25 to 45 ºC, the 

pad surface contact area percentage increased more than three times. Results 

underscored the importance of measuring pad surface contact area at elevated 

temperatures that were in the range of the current CMP processes to provide more 

relevant and accurate pad surface analysis.   

 Tribological, Thermal and Kinetic Charactrization of 300 mm Copper Chemical 

Mechanical Planarization Process (Chapter 6): In this study, the tribological, 

thermal, and kinetic attributes of 300 mm copper CMP process were characterized 

for the D100 and IC1000 pads. Blanket 300-mm copper wafers were polished at 

different polishing pressures and sliding velocities. COF of the D100 pad ranged 

from 0.39 to 0.59, indicating that boundary lubrication was the dominant 

tribological mechanism. In comparison, COF decreased sharply from 0.55 to 0.03 

for the IC1000 pad, indicating that the tribological mechanism transitioned rapidly 

from boundary lubrication to partial lubrication. Dynamic mechanical analysis 

indicated that the ratio of loss modulus to storage modulus of the IC1000 pad was 
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lower than that of the D100 pad, contributing to its lower COF values. As a result, 

the IC1000 pad generated lower pad temperatures and removal rates than the D100 

pad. A two-step modified Langmuir-Hinshelwood model was used to simulate 

copper removal rates as well as chemical and mechanical rate constants. The 

simulated copper removal rates agreed very well with the experimental data and the 

model successfully captured the non-Prestonian removal rate behavior. The 

simulated ratios of chemical to mechanical rate constants indicated that the IC1000 

pad produced a more mechanically controlled removal mechanism than the D100 

pad.  

 Correlation between Pad Surface Micro-Topography and Planarization in 

Copper Chemical Mechanical Planarization (Chapter 7): The relationship 

between planarization and pad surface micro-topography was investigated. Two 

different diamond conditioners (Disc A and Disc B) were used to condition a Cabot 

Microelectronics Corporation D100 pad, on which blanket and patterned 300 mm 

copper wafer were polished. With smaller and irregularly shaped aggressive 

diamonds, Disc A generated a pad surface with rougher asperities and significantly 

lower contact area, leading to a high COF and copper removal rate during blanket 

copper wafer polishing. With larger and blocky aggressive diamonds, Disc B 

generated a pad surface with sharper asperities that resulted in higher dishing and 

erosion during patterned wafer polishing.      

 Effect of Temperature in Titanium Chemical Mechanical Planarization (Chapter 

8): In this study, the effect of temperature on tribological and kinetic attributes 

during Ti CMP was investigated. Blanket Ti wafers were polished on a Politex soft 
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pad at two different platen temperatures (25 and 50 ºC). The coefficient of friction 

(COF) ranged from 0.19 to 0.41, indicating that boundary lubrication was the 

dominant tribological mechanism for both processes. Averaged COF was lower at 

platen temperature of 50 ºC (by 16 – 34%), which was due to the combined effect of 

softer pad asperities and lower slurry viscosity at higher temperature. Higher platen 

temperature generated significantly larger Ti removal rate (by 12 – 48%), resulting 

from exponentially accelerated chemical action. A two-step modified 

Langmuir-Hinshelwood model was used to simulate the Ti removal rate, chemical 

and mechanical rate constants under different polishing conditions. The simulated 

Ti removal rate agreed very well with experimental data. The simulated chemical 

rate to mechanical rate constant ratios indicated that higher temperature produced a 

more mechanically controlled removal mechanism within the ranges of parameter 

investigated in this study.  

 Tribological, Thermal and Kinetic Attributes of 300 vs. 450 mm Chemical 

Mechanical Planarization Processes (Chapter 9): In this study, an existing 300 

mm CMP tool was modified to polish 450 mm wafers to experimentally investigate 

whether any differences existed in the tribological 

and thermal characteristics of the two processes, and from that, to infer 

whether one can expect any removal rate differences between the two systems. 

Results indicated that, within the ranges of parameter investigated, boundary 

lubrication was the dominant tribological mechanism for the two systems. 

Additionally, it was shown that the 450 mm process, once adjusted for its platen 

velocity, ran only slightly warmer (by 1 – 2 °C) than its 300 mm counterpart. 
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Experimental data, coupled with copper removal rate simulations showed that the 

wafer surface reaction temperatures for the 450 mm adjusted process were higher 

(by 2 – 3 °C) than the 300 mm process. Consequently, simulated copper removal 

rates for the 450 mm adjusted process were higher than those of the 300 mm 

process (by 8 – 31%). The above results indicated that a smooth transition could be 

achieved by IC makers when scaling up to 450 mm wafers, however thermal and 

frictional considerations would be critical as they dictated removal rate increases 

that could be expected from a direct recipe transfer.   

 

10.2 Future Plans 

Given the variety of work conducted in this dissertation, several future studies are 

proposed below: 

 Effect of Retaining Ring Slot Design, Material and Temperature on Pad Wear 

during Interlayer Dielectric Chemical Mechanical Planarization (Chapter 4): In 

this study, the effect of retaining ring slot design, material, and temperature on pad 

wear during interlayer dielectric (ILD) CMP was investigated. The results 

indicated that IC1000 pad resulted in significantly higher pad wear rate than D100 

pad. An effort to understand as to why significant differences exist in pad wear 

between IC1000 and D100 pads is required. Additionally, results showed that 

retaining ring slot design did not significantly affect pad wear, while PEEK 

retaining ring induced lower pad wear rate compared to PPS retaining ring due to 

lower COF. Polishing experiments with removal rate data and wafer defect analysis 
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can be performed to explore the effect of retaining ring slot design and material on 

planarization performance.  

 Effect of Temperature on Pad Surface Contact Area in CMP (Chapter 5): A 

custom-made sample holder was designed to heat pad samples and pad surface 

contact area was measured at different temperatures using laser confocal 

microscopy to illustrate the effect of temperature on the mechanical contacts in 

CMP processes. However, this contact area measurement was conducted ex-situ 

under dry and static conditions. During polishing, aqueous CMP slurry is injected 

into the pad-wafer interface, which would influence the pad-wafer contact. 

Therefore, to provide more accurate pad surface analysis, it is necessary to perform 

the contact area measurement under wet condition. Furthermore, new techniques to 

achieve in-situ and dynamic contact area measurement should be developed, which 

will offer better understanding of pad-wafer contact mechanism during actual 

polishing processes.  

 Correlation between Pad Surface Micro-Topography and Planarization in 

Copper Chemical Mechanical Planarization (Chapter 7):  In this study, the 

relationship between planarization and pad surface micro-topography in copper 

CMP was investigated. Results demonstrated that pad topography and pad-wafer 

contact area were significantly affected by the type of aggressive diamond, and 

polishing performance (i.e. COF, removal rate, dishing and erosion) were 

successfully correlated with pad micro-texture properties. During polishing, pad is 

subjected to wear. Therefore, it is equally important to investigate and track the 
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evolution of pad micro-texture as polishes proceed, providing more insights to the 

role of pad surface in copper CMP.  

 Tribological, Thermal and Kinetic Attributes of 300 vs. 450 mm Chemical 

Mechanical Planarization Processes (Chapter 9): An existing 300 mm CMP tool 

was modified to polish 450 mm wafers to experimentally compare the tribological 

and thermal characteristics of the two processes. However, due to the limitation of 

existing CMP platen, 13.7% of wafer hung off the edge of the pad and hence did not 

contact the pad during polishing. Therefore, a larger platen is in demand to prevent 

wafer from sticking out and perform more relevant and accurate study. A two-step 

modified Langmuir-Hinshelwood model was used to simulated copper removal 

rate and the results showed 450 mm CMP process generated higher simulated 

removal rate. Thus, an attempt to experimentally investigate the kinetic attributes 

and removal mechanism in 450 mm CMP is required.  

 

 



196 

 

 

REFERENCES 

 

1. Bartenev, G., and V. Lavrentev, “Friction and Wear of Polymers”, Elsevier, 

Amsterdam, 1981. 

2. Borst, C.L., D.G. Thakurta, W.N. Gill, and R.J. Gutmann, Journal of the 

Electrochemical Society, 149, G118, 2002. 

3. Borucki, L., J. Sorooshian, Z. Li, A. Philipossian, D. Stein, D. Hetherington, R. 

Timon, Proc. 9
th

 International Symposium on Chemical-Mechanical Planarization, 

Lake Placid, August, 2004. 

4. Borucki, L., J. Sorooshian, Z. Li, Y. Sampurno, Y. Zhuang, and A. Philipossian, 

Proceedings of the CMP-MIC Conference, Marina Del Rey, CA, 2005. 

5. Borucki, L., R. Zhuang, Y. Zhuang, A. Philipossian, and N. Rikita, MRS 

Proceedings, 991, C01.01, 2007. 

6. Borucki, L., A. Philipossian, and Y. Zhuang, Transactions on Electrical and 

Electronic Materials, 8 (2), p. 79, 2007.  

7. Borucki, L., A. Philipossian, and M. Goldstein, Solid State Technology, Vol. 52, No. 

12, p. 10, 2009. 

8. Byrne, G., B. Mullany, and P. Young, CIRP Annals, Vol. 48 (1), p. 143, 1999. 

9. Charns, L., Master‟s Thesis, Department of Chemical and Environmental 

Engineering, University of Arizona, Tucson, 2003. 

10. Charns, L., and A. Philipossian, Japanese Journal of Applied Physics, Vol. 45, No. 7, 

p. 5696, 2006. 



197 

 

 

11. Chathapuram, V.S., T. Du, K.B. Sundaram, and V. Desai, Microelectronic 

Engineering, 65, p. 478, 2003. 

12. Cook, L.M., Journal of Non-Crystalline Solids, 120, p. 152-171, 1990. 

13. Coppeta, J., C. Rogers, A. Philipossian, and F.B. Kaufman, in Proceeding of the 1
st
 

International Conference on Chemical-Mechanical Polish (CMP) Planarization for 

ULSI Multilevel Interconnection (CMP-MIC), 1997.  

14. Dai, J., P. Mukundhan, J. Chen, J. Tan, D.B. Hsieh, and T.C. Tsai, Solid State 

Technology, Vol. 54, Issue 3, 2011. 

15. Doi, T., “Details of Semiconductor CMP Technology” (in Japanese), 

Kogyo-chosakai Publishing Co., Tokyo, Japan, 2000. 

16. Elmufdi, C.L., and G.P. Muldowney, MRS Proceedings, 914, F12-06, 2006. 

17. Elmufdi, C.L., and G.P. Muldowney, MRS Proceedings, 991, C01-02, 2007. 

18. Gitis, N.V., J. Xiao, A. Kumar, and A.K. Sikder, CMP-MIC Conference, Marina Del 

Rey, CA, p. 252, 2004. 

19. Greenwood, J.A., and J.B.P. Williamson, Proceedings of the Royal Society of 

London Series A, 295: 300-319, 1966. 

20. Hersey, M.D., “Theory and Research in Lubrication: Foundations for Future 

Developments”, Wiley, London, 1966. 

21. Hocheng, H., Y. Huang, and L. Chen, Journal of the Electrochemical Society, 146, p. 

4236, 1999. 

22. Holland, K., A. Hurst, and H. Pinder, Micro, 20 (26), 2002. 

23. Hooper, B.J., G. Byrne, and S. Galligan, Journal of Materials Processing 

Technology, 123, p. 107-113, 2002. 



198 

 

 

24. Hosali, S., E. Busch, M. Vinogradov, and N. Gitis, 9
th

 International CMP-MIC 

Conference, Fremont, CA, p. 115, 2005. 

25. Hsu, J., S. Chiu, Y. Wang, B. Dai, M. Tsai, M. Feng, and H. Shih, Journal of the 

Electrochemical Society, 149 (3), G204, 2002. 

26. http://blog.timesunion.com/capitol/archives/82186/cuomo-announces-intel-ibm-wil

l-partner-at-nanocollege/. 

27. http://en.wikipedia.org/wiki/Friction 

28. http://en.wikipedia.org/wiki/Microprocessor_chronology. 

29. http://newsroom.intel.com/docs/DOC-2032. 

30. http://semiconwest.org/node/6371. 

31. http://www.ipc.org. 

32. http://www.semi.org/en/IndustrySegments/WaferProcessing/ssLINK/CTR_041227. 

33. http://www.zeiss.com/C1256D18002CC306/0/F434C2E2962D8FF9C1256EA9003

5385D/$file/45-0009_e.pdf. 

34. Ito, K., K. Ohmori, K. Kohama, K. Mori, K. Maekawa, K. Asai, and M. Murakami, 

AIP Conference Proceedings, 1300, p. 91, 2010. 

35. Jiao, Y., Y. Sampurno, Y. Zhuang, X. Wei, A. Meled, and A. Philipossian, Japanese 

Journal of Applied Physics, Vol. 50, 05EC02, 2011. 

36. Jiao, Y., Y. Zhuang, X. Liao, L. J. Borucki, A. Naman, and A. Philipossian, ECS 

Solid State Letters, Vol. 1, Issue 2, p. N13-N15, 2012.  

37. Jones, S. W., Solid State Technology, Vol. 52, No. 12, p. 14-15, December 2009. 

38. Kakireddy, V.R., S. Mudhivarthi, and A. Kumar, Journal of Vacuum Science & 

Technology, B 26 (1), p. 141, 2008. 

http://blog.timesunion.com/capitol/archives/82186/cuomo-announces-intel-ibm-will-partner-at-nanocollege/
http://blog.timesunion.com/capitol/archives/82186/cuomo-announces-intel-ibm-will-partner-at-nanocollege/
http://newsroom.intel.com/docs/DOC-2032
http://www.ipc.org/
http://www.semi.org/en/IndustrySegments/WaferProcessing/ssLINK/CTR_041227
http://www.zeiss.com/C1256D18002CC306/0/F434C2E2962D8FF9C1256EA90035385D/$file/45-0009_e.pdf
http://www.zeiss.com/C1256D18002CC306/0/F434C2E2962D8FF9C1256EA90035385D/$file/45-0009_e.pdf


199 

 

 

39. Kaufman, F.B., D.B. Thompson, R.E. Broadie, M.A. Jaso, W.L. Guthrie, D.J. 

Pearson, and M.B. Small, Journal of the Electrochemical Society, 138, p. 3460-3463, 

1991. 

40. Kim, H., H.Y. Kim, H. Jeong, E. Lee, and Y. Shin, Journal of Materials Processing 

Technology, Vol. 130-131, p. 334, 2002.  

41. Kuhn, K., R. Burghard, Y. EI-Mansy, and N. Berglund, “Integrated circuits” in 

AccessScience, ©McGraw-Hill Companies, 2008. (http://www.accesscience.com) 

42. Levert, J.A., PhD Dissertation, Georgia Institute of Technology, Atlanta, 1997.  

43. Levert, J.A., F.M. Mess, R.F. Salant, S. Danyluk, and A.R. Baker, Tribology 

Transactions, 41, p. 593-599, 1998. 

44. Li, S.H., and R.O. Miller, “Chemical-Mechanical Polishing in Silicon Processing”, 

Academic Process, New York, 2000. 

45. Li, W., D.W. Shin, M. Tomozawa, and S.P. Murarka, Thin Solid Films, Vol. 270, p. 

601, 1995. 

46. Li, Y., “Microelectronic Applications of Chemical Mechanical Planarization”, 

Wiley-Interscience, John Wiley & Sons, 2008. 

47. Li, Z., L. Borucki, I. Koshiyama, and A. Philipossian, Journal of the Electrochemical 

Society, 151 (7), G482, 2004. 

48. Li, Z., PhD Dissertation, University of Arizona, Tucson, 2005. 

49. Liang, H., F. Kaufman, R. Sevilla, and S. Anjur, Wear, 211, p. 271, 1997. 

50. Liang, H., and G.H. Xu, Scripta Materialia, 46, p. 343-347, 2002. 

51. Liang, H., and D. Craven, “Tribology in Chemical-Mechanical Planarization”, 

Taylor & Francis, 2005. 

http://www.accesscience.com/


200 

 

 

52. Liao, X., Y. Zhuang, L. Borucki, S. Theng, T. Ashizawa, and A. Philipossian, 

Electrochemical Solid-State Letters, 14, H201, 2011. 

53. Lu, J., C. Rogers, V.P. Manno, A. Philipossian, S. Anjur, and M. Moinpour, Journal 

of the Electrochemical Society, 151, G241, 2004. 

54. Ludema, K., “Friction, Wear and Lubrication: A Textbook in Tribology”, CRC 

Press, Florida, 1996.  

55. Luo, J., and D.A. Dornfeld, IEEE Transactions on Semiconductor Manufacturing, 

Vol. 14, No.2, p. 112-133, 2001.  

56. Luo, J., and D.A. Dornfeld, IEEE Transactions on Semiconductor Manufacturing, 

Vol. 16, No. 3, p. 469-476, 2003. 

57. Luo, J., and D.A. Dornfeld, IEEE Transactions on Semiconductor Manufacturing, 

Vol. 16, No. 1, 2003. 

58. McCabe, W.L., J.C. Smith, and P. Harriott, “Unit Operations of Chemical 

Engineering”, McGraw Hill Chemical Series, 7
th

 edition, 2005. 

59. Meled, A., Y. Zhuang, X. Wei, J. Cheng, Y. Sampurno, L. Borucki, M. Moinpour, D. 

Hooper, and A. Philipossian, Journal of the Electrochemical Society, 157 (3), H250, 

2010. 

60. Meled, A., Y. Sampurno, Y. Zhuang, and A. Philipossian, Electrochemical and 

Solid-State Letters, 13 (3), H52, 2010. 

61. Meled, A., Y. Zhuang, Y. Sampurno, S. Theng, Y. Jiao, L. Borucki, and A. 

Philipossian, Japanese Journal of Applied Physics, 50, 05EC01, 2011. 

62. Meled, A., PhD Dissertation, University of Arizona, Tucson, 2011. 

63. Menard, K., “Dynamic Mechanical Analysis”, CRC Press, Boca Raton, 1999. 



201 

 

 

64. Mitchell, E., Master‟s Thesis, Department of Chemical and Environmental 

Engineering, University of Arizona, Tucson, 2002. 

65. Moore, D., “Principles and Applications of Tribology”, Pergamon Press, Oxford, 

1975. 

66. Muldowney, G.P., and D.B. James, MRS Proceedings, 816, K5.2, 2004. 

67. Mudhivarthi, S., P.B. Zantye, A. Kumar, A. Kumar, M. Beerbom, and R. Schlaf, 

Electrochemical Solid-State Letters, 8 (9), G241, 2005. 

68. Mudhivarthi, S., N. Gitis, S. Kuiry, M. Vinogradov, and A. Kumar, Journal of the 

Electrochemical Society, 153 (5), G372, 2006.  

69. Mullany, B., and G. Byrne, Journal of Materials Processing Technology, 132, p. 28, 

2003. 

70. Ohba, T., FUJITSU Scientific & Technical Journal, 38, 1, p. 13-21, June 2002. 

71. Oliver, M.R., “Chemical-Mechanical Planarization of Semiconductor Materials”, 

Springer, 2004. 

72. Park, K., J. Oh, and H. Jeong, Japanese Journal of Applied Physics, Vol. 47, No. 10, 

p. 7812, 2008.  

73. Park, Y., J. An, B. Park, H. Kim, and H. Jeong, International Conference on 

Planarization/CMP Technology Proceedings, p. 380, 2008. 

74. Pettinato, J.S., and D. Pillai, IEEE Transaction on Semiconductor Manufacturing, 

Vol. 18, No. 4, p. 501, 2005. 

75. Philipossian, Ara., “Microelectronics Manufacturing and the Environment” Class 

Notes (CHEE 515, 2011). 



202 

 

 

76. Philipossian, A., and S. Olsen, Japanese Journal of Applied Physics, 42, p. 6371, 

2003. 

77. Preston, F., Journal of the Society of Glass Technology, 11, p, 247, 1927.  

78. Rosales-Yeomans, D., T. Doi, M. Kinoshita, T. Suzuki, and A. Philipossian, Journal 

of the Electrochemical Society, 152 (1), G62, 2005. 

79. Rosales-Yeomans, D., L. Borucki, T. Doi, L. Lujan, and A. Philipossian, Journal of 

the Electrochemical Society, 153 (4), G272-G277, 2006. 

80. Rosales-Yeomans, G., D. DeNardis, L. Borucki, T. Suzuki, and A. Philipossian, 

Journal of the Electrochemical Society, 155, H750, 2008. 

81. Rosales-Yeomans, G., D. DeNardis, L. Borucki, and A. Philipossian, Journal of the 

Electrochemical Society, 155, H797, 2008. 

82. Runnels, S.R., and L.M. Eyman, Journal of the Electrochemical Society, 141, p. 

1698, 1994. 

83. Runnels, S.R., Journal of the Electrochemical Society, 141, p. 1900, 1994. 

84. Sakata, A., S. Yamashita, S. Omoto, M. Hatano, J. Wada, K. Higashi, H. Yamaguchi, 

T. Yosho, K. Imamizu, M. Yamada, M. Hasunuma, S. Takahashi, A. Yamada, T. 

Hasegawa, K. Motoyama, M. Tagami, T. Kitano, and H. Kaneko, AIP Conference 

Proceedings, 945, p. 98, 2007. 

85. Sampurno, Y., L. Borucki, Y. Zhuang, D. Boning, and A. Philipossian, Journal of the 

Electrochemical Society, 152, G537, 2005. 

86. Sampurno, Y., PhD Dissertation, University of Arizona, Tucson, 2008. 

87. Sampurno, Y., L. Borucki, Y. Zhuang, S. Misra, K. Holland, D. Boning, and A. 

Philipossian, Thin Solid Films, 517, p. 1719, 2009. 



203 

 

 

88. Sampurno, Y., T. Nemoto, Y. Zhuang, S. Theng, X. Gu, T. Ohmi, and A. 

Philipossian, “Optimizing Pad Groove Design and Polishing Kinematics for 

Reduced Shear Force, Low Force Fluctuation and High Removal Rate Attributes of 

Copper CMP”, International Conference on Planarization/CMP Technology, 

Fukuoka, Japan, 2009. 

89. Sampurno, Y., S. Theng, F. Sudargho, Y. Zhuang, and A. Philipossian, “Method for 

Ultra-rapid Determination of the Lubrication Mechanism of CMP Processes”, 

presented at MRS Spring Meeting, San Francisco, CA, 2010. 

90. Sampurno, Y., A. Rice, Y. Zhuang, and A. Philipossian, Electrochemical Solid-State 

Letters, 14 (8), H318, 2011. 

91. Scarfo, A.M., V.P. Manno, C.B. Rogers, S.P. Anjur, and M. Moinpoour, Journal of 

the Electrochemical Society, 152, G477-G481, 2005. 

92. Seo, Y., and W. Lee, Microelectronic Engineering, 77, p. 132, 2005. 

93. Shan, L., PhD Dissertation, Georgia Institute of Technology, Atlanta, GA, 2000. 

94. Shi, H., and T.A. Ring, Microelectronic Engineering, Vol. 87, p. 2368, 2010. 

95. Shima, S., A. Fukunaga, and M. Tsujimura, ECS Transactions, 11 (6), p. 285-295, 

2007.  

96. Sorooshian, J., D. DeNardis, L. Charns, Z. Li, F. Shadman, D. Boning, D. 

Hetherington, and A. Philipossian, Journal of the Electrochemical Society, 151, G85, 

2004.  

97. Sorooshian, J., D. Hetherington, and A. Philipossian, Electrochemical Solid-State 

Letters, 7 (10), G222, 2004. 



204 

 

 

98. Sorooshian, J., L. Borucki, D. Stein, R. Timon, D. Hetherington, and A. Philipossian, 

Journal of Tribology, Vol. 127, p. 639, 2005. 

99. Spiro, C.L., K. Wu, M. Yeh, J. Dysard, C.W. Nam, and F. Sun, Journal of the 

Electrochemical Society Transactions, 27 (1), p. 569, 2010. 

100. Steigerwald, J.M., S.P. Murarka, R.J. Gutmann, and D.J. Duquette, Journal of the 

Electrochemical Society, 141 (12), p.3512, 1994 

101. Steigerwald, J.M., S.P. Murarka, R.J. Gutmann, and D.J. Duquette, Materials 

Chemistry and Physics, 41, p.217-228, 1995. 

102. Steigerwald, J.M., S.P. Murarka, and R.J. Gutmann, “Chemical Mechanical 

Planarization of Microelectronic Materials”, John Wiley and Son, New York, 1997. 

103. Sun, T., PhD Dissertation, University of Arizona, Tucson, 2009. 

104. Sun, F., J. Hawkins, J. Tsai, G. Chiu, and A. Naman, Journal of the Electrochemical 

Society Transactions, 18 (1), p, 517, 2009.  

105. Sun, T., Y. Zhuang, L. Borucki, and A. Philipossian, Japanese Journal of Applied 

Physics, 49, 066501, 2010. 

106. Sun, T., L. Borucki, Y. Zhuang, Y. Sampurno, F. Sudargho, X. Wei, S. Anjur, and A. 

Philipossian, Japanese Journal of Applied Physics, 49, 026501, 2010. 

107. Sun, T., Y. Zhuang, L. Borucki, and A. Philipossian, Japanese Journal of Applied 

Physics, 49, 046501, 2010.  

108. Surisetty, C.V.V.S., D.F. Canaperi, and S.V. Babu, International Conference on 

Planarization/CMP Technology Proceedings, p. 241, 2009. 

109. Thakurta, D.P., C.L. Borst, D.W. Schwendeman, R.J. Gutman, and W.N. Gill, Thin 

Solid Films, 366, p. 181, 2000. 



205 

 

 

110. Tseng, W., and Y. Wang, Journal of the Electrochemical Society, Vol. 144, L15, 

1997.  

111. Turi, K., “Thermal Characterization of Polymeric Materials”, 2
nd

 edition, Academic 

Press, Brooklyn, NY, 1997. 

112. Wang, Y.L., C. Liu, M.S. Feng, and W.T. Tseng, Materials Chemistry and Physics, 

52, p. 17, 1998.  

113. Watanabe, M., and S. Kramer, The Electrochemical Society Interface, p. 28-31, 

winter, 2006. 

114. Wei, X., PhD Dissertation, University of Arizona, Tucson, 2010. 

115. Wei, X., Y. Zhuang, Y. Sampurno, F. Sudargho, C. Wargo, L. Borucki, and A. 

Philipossian, Electrochemical and Solid-State Letters, 13 (11), H391-H395, 2010. 

116. White, D., J. Melvin and D. Boning, Journal of the Electrochemical Society, 150, 

G271, 2003. 

117. Wolf, S., “Microchip Manufacturing”, Lattice Press, 2004. 

118. Wu, W., H.J. Wu, G. Dixit, R. Shaviv, M. Gao, T. Mountsier, G. Harm, A. Dulkin, 

N. Fuchigami, S.K. Kailasam, E. Klawuhn, and R.H. Havemann, Interconnect 

Technology Conference, p. 202, 2008. 

119. Yamada, Y., M. Kawakubo, K. Kadomura, T. Sugaya, O. Hirai, and K. Tsugane, 

Journal of the Electrochemical Society, 157 (6), H617, 2010. 

120. Yi, C., R. Chang, and J. Wang, US Patent No. 6227949, 2001. 

121. Zantye, P.B., A. Kumar, and A.K. Sikder, Material Science and Engineering: R: 

Reports, Vol. 45, Issue 3-6 p.89-220, 2004. 

122. Zhang, F., and A. Busnaina, Electrochemical and Solid-State Letters, 1, p. 184, 1998.  



206 

 

 

123. Zhuang, Y., L. Borucki, E. Dien, M. Ennahali, G. Michel, B. Laborie, D. 

Rosales-Yeomans, H. Lee, and A. Philipossian, Transactions on Electrical and 

Electronic Materials, 8 (2), p. 53, 2007. 

124. Zhuang, Y., X. Wei, R. Dittler, J. Cheng, C. Wargo, R. Stankowski, and A. 

Philipossian, International Conference on Planarization/CMP Technology 

Proceedings, 74, 2008.  

125. Zhuang, Y., X. Liao, L. Borucki, J. Cheng, S. Theng, T. Ashizawa, and A. 

Philipossian, International Conference on Planarization/CMP Technology 

Proceedings, p. 85-90, 2009. 

 


