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Abstract 

The first part of this study investigates the pad surface generated by conditioning with 

three different CVD-coated diamond discs and the corollary effect on polishing performance in 

copper CMP. The discs that were used had significantly different micro-structures with varying 

degrees of aggressiveness. Confocal microscopy was used to study the pad surface after the 

polishing experiments had been performed, where the contact area, contact density and surface 

topography were analyzed. The most aggressive disc generated a pad surface with the most 

contact area, contact density and the tallest asperities. These parameters decreased as the 

aggressiveness of the disc decreased. Thermal, tribological, and kinetic aspects of copper 

polishing were also investigated. The pad surface generated by the most aggressive disc 

produced the highest material removal rates. However, the pad surface generated by the least 

aggressive disc produced a slightly elevated coefficient of friction and mean pad temperature 

when compared to the other pad surfaces, most likely due to fluid suction caused by the glazed 

pad surface. Analysis of the chemical and mechanical rate constants indicated that this process 

was chemically limited for all P × V investigated. 

 

 The second part of this study analyzed the thermal, tribological and kinetic aspects of the 

new and developing area of cobalt “buff step” CMP. A process-specific combination of 

consumables and polishing settings were used to investigate the removal of silicon dioxide in 

order to better characterize the second step of cobalt polishing in middle of the line (MOL) 

applications, where the overburden of deposited cobalt had already been polished away, and 

residual cobalt, along with the liner, needed to be completely removed. This was realized by 

polishing some of the surrounding dielectric in the “buff step”. Our study showed that the 
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removal rate of the oxide and the mean pad temperature increased with increasing P × V, while 

the coefficient of friction remained relatively constant, indicating a “boundary lubrication” 

tribological mechanism. A well-established modified two-step Langmuir-Hinshelwood model 

was used, for the first time for this set of consumables, to simulate the removal rate data, which 

yielded chemical and mechanical rate constants. These results indicated that the process was 

mechanically limited for almost all polishing parameters investigated, except for the most 

elevated P × V. 

  

The final part of this study continued work on the cobalt “buff step” for MOL 

applications by investigating the use of a novel slurry injection system (SIS) developed by our 

research group. The tests compared the effect of using the SIS versus the point application (PA) 

method for three different slurry flow rates at constant pressure and velocity. Higher silicon 

dioxide removal rates were realized by using the SIS for each flow rate, in comparison to those 

generated by the PA method. For both methods, the removal rate and coefficient of friction 

increased with increasing flow rate, while the mean pad temperature remained relatively 

constant. Similar removal rates were measured for the SIS versus PA at different flow rates, 

indicating that a 25 to 33% reduction in slurry consumption could be realized by implementing 

the SIS. A subtle yet critical change was made to the two-step Langmuir-Hinshelwood to 

account for the chemical effects of fresh slurry dilution by residual rinse water and spent slurry. 

A nearly three-fold reduction in the root mean squared error between the experimental and 

simulated removal rates was achieved by addressing these chemical effects, while leaving all 

other optimized parameters constant from the successful simulation of the removal rate data from 
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part two of this study which used the same set of consumables but one constant flow rate and PA 

method.  
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Chapter 1: Introduction 
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1.1 Chemical Mechanical Planarization Overview 

Chemical mechanical planarization (CMP) is the accepted technology in the integrated 

circuit manufacturing industry for producing global (millimeter scale) and local (micrometer 

scale) planarity [1]. Faced with ever-diminishing minimum feature sizes and the need to control 

surface planarity to prepare for subsequent lithography, CMP was adopted in the 1980’s by 

scientists at IBM to produce planar interlayer dielectric silicon dioxide [2-5]. Since its adoption 

in microelectronics, the applications of CMP have expanded greatly and, at the same time, there 

has been in the drive to fundamentally understand the mechanisms for material removal, pattern 

evolution, and wafer-level defect reduction. The aim of this thesis is to further explore the 

relationship between novel slurry injection methods, diamond disc characteristics, pad surface 

micro-texture, and polish performance. 

CMP relies upon both chemical and mechanical means for material removal, which 

produces a more planar and a more or less defect-free surface as compared to only chemical or 

only mechanical means alone [3]. As seen in Figure 1.1, the CMP polisher consists of a rotating 

platen, a wafer carrier head, a conditioning disc carrier, and a slurry injection system.  

 

 

Figure 1.1: Diagram of a CMP polisher [6]. 
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A polishing pad is installed on the platen. The pad is a means of slurry transport through 

its grooves and pores. It also provides the mechanical action for polishing through its small 

surface asperities. The platen and the pad rotate counterclockwise. The wafer is held by the 

wafer carrier head and the retaining ring and is pressed down on the rotating pad. The carrier 

head exerts a downforce on the wafer, and rotates the wafer counterclockwise. The platen and 

wafer carrier head rotate at slightly different rotational velocities, in order to produce a linear 

sliding velocity between the wafer and polishing pad [1]. Slurry is typically injected at the center 

of the pad, and is distributed across the pad surface due to centrifugal forces and transport 

through the grooves as well as the pores. Chemicals in the slurry attack the wafer surface and 

typically form a soft passivation layer. At the same time, the nanoparticles in the slurry interact 

with pad asperities to mechanically abrade the chemically weakened passivation layer on the 

surface. The pad surface is deformed during polishing due to contact forces with the wafer. 

Additionally, debris and reaction products become lodged in the pores of the polishing pad. As 

such, a diamond conditioning disc is used to regenerate the pad by cutting the surface to open the 

pores and physically remove the debris. The conditioning disc carrier holds the conditioning disc 

in place, applies a downforce, and rotates the disc in a counterclockwise fashion.  

1.2 Chemical Mechanical Planarization Applications 

The manufacturing process is generally split into three sections:  

 The front end of the line (FEOL),  

 The middle of the line (MOL), and, 

 The back end of the line (BEOL).  
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In FEOL, the device architecture is manufactured, including the transistor. The metal plug, 

which is generally tungsten or cobalt, is created in MOL processes, while BEOL refers to the 

steps that form the multi-layer interconnects and the final passivation layer (ILD) [2, 3]. As the 

technology node has become more aggressive, the number of CMP steps has increased, see Fig. 

1.2. 

 

 

Fig. 1.2: CMP Steps per Technology Node [7]. 
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1.2.1 Copper CMP 

 Copper replaced aluminum as the interconnect metal of choice in 1997 due to its 

improved electrical conductance and scalability, and has remained the industry standard since [5, 

8]. A dual-damascene process is most commonly used to create the copper interconnects. In this 

process, a trench is first etched in the ILD layer. A barrier layer of TaN/Ta is then formed in the 

trench using physical vapor deposition (PVD). The barrier layer serves as a surface for the 

copper to adhere to, as well as a diffusion barrier for copper and oxygen. The barrier layer 

increases the mechanical strength as well as the electrical reliability of the interconnect [5, 8]. 

Different barrier layer materials such as CVD cobalt and ruthenium have been incorporated as 

the technology node continues to become more aggressive [2]. The copper is then electroplated 

over the barrier layer, filling the trenches and the vertical vias. An overburden of copper is left 

after electroplating, which is removed with copper CMP. Typically, copper CMP is performed in 

two steps as follows: 

 The bulk of the copper overburden is removed while polishing stops on the barrier layer, 

and, 

 The barrier layer is removed without causing significant dielectric erosion or copper 

dishing.  

The goal is to create a planar surface where the copper filled regions can co-exist alongside the 

ILD, see Fig. 1.3.  

Copper CMP will be discussed in further detail in Chapter 4, where the effect of CVD-

coated diamond discs on pad surface micro-texture and copper CMP performance is investigated. 
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Fig. 1.3: Simplified Copper Dual Damascene CMP Schematic. 

  

1.2.2 Cobalt CMP 

 Tungsten has traditionally been the metal of choice for local interconnects and plugs in 

MOL metallization. However, as the technology node has moved to 10 nm and lower, the 

resistivity of tungsten has begun to impede device performance. As a consequence, cobalt has 

recently been used for local interconnects and plugs due to its lower line resistance and several 

other characteristics that can be taken advantage of during manufacturing. During chemical 

vapor deposition, when the tungsten nucleation layer is deposited, it is in the form of WF6 which 
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when adsorbing on the Ti layer causes volatile TiF4 species to form. This has been known to 

cause bubbles and defects, making further scaling impractical at new technology nodes. On the 

other hand, CVD cobalt will not chemically attack the Ti liner that the plug is in contact with, 

allowing for device scaling. A void-free seamless fill of cobalt is possible because the metal can 

be reflowed and annealed at reasonable temperatures. In addition, there is no need for a high 

resistivity nucleation layer for cobalt, leaving more room for bulk metal [9]. 

 Cobalt polishing is generally performed in two steps as seen in Fig. 1.4. During the first 

step, the bulk of the cobalt overburden is removed with a hard stop on the Ti liner. Next, a buff 

step is performed to remove any residual cobalt along with the liner and some silicon dioxide (or, 

most likely, low-k dielectric). Currently, researchers have found that the only way to remove all 

of the residual cobalt is to remove some of the surrounding dielectric; as such, the dielectric layer 

must be designed such that the removal will not affect the functionality of the layer [7]. 

 

 

Fig. 1.4: Cobalt CMP Schematic [7]. 

 

 Cobalt CMP will be discussed in further detail in Chapter 5, where the complete removal 

of cobalt (in addition to the removal of some of the dielectric) is realized with buff polishing. 
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1.3 Research Motivation and Goals 

 CMP is one of the most costly processes in IC manufacturing due to its relatively low 

throughput and high cost of ownership, especially in the area of consumables. As seen in Fig. 

1.5, over 90% of the cost of consumables can be attributed to slurries, polishing pads and 

conditioners. 

 

Fig. 1.5: CMP Consumable Cost [10]. 
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nanoparticles, buffering agents, chelating agents, antibacterial agents, and fungicides. When 

these constituents enter the environment, they pose a health and safety risk to humans and the 

environment alike. During CMP, the currently accepted practice is to dispense the slurry at the 

center of the polishing pad. According to Philipossian and Mitchell, only 2 – 22 % of the slurry 
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with the rest of the slurry exiting the system unused [11]. This implies that excess slurry waste is 

generated, and a method which improves the efficiency of slurry usage would dramatically 

moderate EHS concerns.  

 The polishing pad and conditioner represent 33% and 9% respectively of the total cost of 

CMP consumables. Cost of operation can be decreased by learning more about the interplay of 

these consumables, in order to more efficiently and effectively utilize them during polishing. The 

polishing pad is continuously worn, deformed, and polluted by the wafer and polishing 

byproducts, and is repeatedly regenerated with the conditioner. Conventional diamond 

conditioning discs use diamonds embedded in a substrate. Numerous studies have been 

conducted to better understand the role of the embedded diamonds. Borucki et al. found that less 

than 1% of the diamonds participate in cutting the polishing pad [12]. Of these active diamonds, 

typically 20 diamonds or less are aggressive and cause the pad to wear. Meled et al. found that 

the aggressive diamonds are themselves worn by conditioning, while the inactive diamonds show 

no appreciable wear [13]. Wu et al. furthered this work by finding that the aggressive diamonds 

become worn down throughout the conditioning process and the conditioner cut rate can become 

depressed by 15% after the first 15 hours of use (diamond discs are typically expected to last 100 

hours) [14]. Due to the undesirably low diamond efficiency, wear characteristics, and diamond 

and substrate waste of conventional diamond discs, CVD-coated diamond conditioning discs 

have been adopted [15]. These discs are created by chemically depositing diamond and diamond-

like coatings on a micro-replicated Si3N4 substrate; the size, shape, orientation, and placement of 

diamonds can be more precisely engineered in this type of diamond disc. There are limited 

published studies on the effect of CVD-coated diamond discs on pad surface micro-texture and 

polishing performance. By better understanding the relationship between the conditioner and the 
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pad surface micro-texture that is generated, the useful life of the pad can be extended, and 

polishing performance can be enhanced.  

 The objective of this thesis is to better understand the effect of consumables on the 

polishing performance to reduce consumable use (and thus environmental pollution) and to 

reduce cost of operation. The fourth chapter of this thesis aims to characterize the effect of CVD-

coated diamond discs on the pad surface micro-texture and the corollary effect on polishing 

performance. This research has the potential to change consumables use in CMP by elucidating 

the relationship between conditioner and polishing performance, allowing users to key in on 

specific polishing characteristics for their process. In the fifth chapter of this thesis, we 

characterize, for the first time, the kinetic, thermal and tribological aspects cobalt buffing polish 

(e.g. the second step involved in cobalt CMP) using a novel cobalt CMP slurry (arguably one of 

the most expensive slurries in use today in high volume manufacturing) in conjunction with 

silicon dioxide polish for MOL applications. The chapter also contains our successful attempt at 

modeling the removal rate for the above process. In the sixth chapter of this thesis, a novel slurry 

injection system is investigated in order to reduce overall slurry usage. The aim of the novel 

system is to mitigate fresh slurry dilution by the residual rinse water, spent slurry, and polishing 

debris. While our research group has investigated the effect of novel slurry injection systems on 

numerous CMP applications [16-22], in Chapter 6, we extend the work on novel slurry injection 

system to MOL cobalt CMP as described in Chapter 5. This work has the potential to change the 

efficiency of slurry use, decreasing the cost of operation and reducing the pollutants entering the 

environment. 
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Chapter 2: Experimental Apparatus 
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2.1 APD-800 

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

development of 200 and 300 mm wafer CMP [23]. A ceramic platen, wafer carrier system, and 

conditioning pad system capable of in-situ and ex-situ conditioning constitute the major moving 

parts of the APD-800. 

 

 

 

Fig. 2.1 Araca Inc. APD-800 R&D polisher and tribometer [23]. 



26 

 

 

All of the above components (e.g. platen, carrier and diamond disc) rotate 

counterclockwise. Pressure is applied pneumatically through the wafer carrier system and pad as 

well as the conditioning system. The conditioner sweeps radially across the pad while rotating 

counterclockwise. Four independent load cells located under the platen measure downforce 

during polishing, while a load cell connected to a sliding table above the wafer carrier measures 

shear force. Three independent pumps can be controlled through the APD-800, which allow 

slurry and ultra-pure water (UPW) to be individually dispensed on top of the pad. The polisher is 

operated through a touch screen user interface as well as a series of switches located on the front 

panel of the instrument. Polishing data is acquired from the APD-800 through a USB interface 

with a dedicated laptop running a proprietary Araca Inc. LabView program. Important polishing 

parameters such as platen/wafer/conditioner rotational velocities, shear and down forces, 

temperature, and slurry flow rate are recorded through the software at 1,000 Hz. Accurate 

measurement of these important polishing parameters at such a rapid rate permits our research 

group to study CMP at a fundamental level [18-28]. 

 The APD-800 is equipped with an emergency shut-off button, an alarm system to indicate 

dangers such as low pressure, and other safety measures such as a physical barrier around the 

polishing platen. All polishing experiments in this thesis were conducted using the APD-800 

polisher and tribometer, and were conducted in a team setting for safety and efficiency. 

2.2 Analytical Tools 

 The experiments in later chapters are concerned with measuring the removal rate of thin 

films that are deposited or grown on silicon wafers. In order to calculate removal rate, the film 

thickness is measured before and after polishing. Two different analytical tools are used to 
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measure wafer film thickness depending on the material to be polished. Metal film thickness is 

measured using an Advanced Instrument Technology (AIT) CMT-SR5000 sheet resistance 

measurement system, based on electrical resistance of the material. Non-conductive film 

thickness is measured using a SENTECH Film Thickness Probe (FTP) reflectometer, based on 

optical measurement. 

2.2.1 Sheet Resistance Measurement System 

 

The CMT-SR5000 (Fig. 2.2) is used to measure metal monitor wafers before and after 

polishing, such as Cu wafers. The resistance for a rectangular section of film is given by:      

𝑅𝑠 =  
𝛺𝑙

𝑡𝑤
               Eqn. 2.1 

Where Rs is the sheet resistance, Ω is the film resistivity, t is the film thickness, l is the length of 

the rectangle, and w is the width of the rectangle. If l = w, then the film thickness can be 

determined by measuring the resistance of a film with a known resistivity.  

 

 

Fig. 2.2: CMT-SR5000 four-point probe. 
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 To measure the resistance of the thin film, a four-point probe can be employed. The four-

point probe, as depicted in Fig. 2.3, has two outer-probes and two inner-probes. A known, 

constant current (I) is passed between the two outer-probes, which generates a voltage drop (V) 

between the two-inner probes. If the probe spacing is equal and if the thickness is less than 20% 

of the probe spacing, the sheet resistance is [29]: 

𝑅𝑠 =  
𝑉∗𝜋

I∗ln (2)
= 4.53

𝑉

𝐼
             Eqn. 2.2 

              

 

Fig. 2.3: Four-point probe working diagram [28, 29]. 

 

2.2.2 Reflectometer 

 The FTP reflectometer (Fig. 2.4) is used to measure non-conductive monitor wafers 

before and after polishing, such as SiO2 wafers. A lamp with a specific wavelength is situated 

perpendicular to the wafer surface. The light shines on the wafer surface, and a characteristic 

reflectance spectrum is produced. The spectrum is a function of the refractive index, film 

thickness, and extinction coefficient of the film and substrate [28]. To determine film thickness, 
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the FTP software fits the measured spectrum to the predicted spectrum based on the optical 

properties, with the film thickness as the fitting parameter.  

 

 

Fig. 2.4: FTP reflectometer. 

 

2.3 Confocal Microscopy 

 Confocal microscopy is a non-invasive imaging technique that allows for the imaging of 

single focal planes by eliminating light from out-of-focus regions [30]. Confocal microscopy has 

advantages over widefield microscopy in that: 

 

 depth of field can be controlled 

 background information outside the focal plane is greatly diminished 



30 

 

 

 optical sections can be imaged and stacked.  

 

The ability to capture such high-quality images of small features in a non-invasive 

manner has made confocal microscopy increasingly popular in biological and material sciences 

[30]. 

 

 

Fig. 2.5: Zeiss LSM 880 laser scanning confocal microscope. 
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2.3.1 Working Principles 

 Confocal microscopy works by shining a laser through an aperture and dichromatic 

mirrors. This splits the beam before an objective lens focuses the beam on one focal plane of the 

sample, where some light is then reflected back. The light travels back through the dichromatic 

mirrors where in-focus light passes through a pinhole aperture situated in front of the detector. 

The detector is most commonly a photomultiplier tube. [30] See Fig. 2.6. 

 

Fig. 2.6: Confocal microscopy working principle [30]. 
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 The dichromatic mirrors are used to scan the focal plane; a complete image is the 

compilation of the light detected at each individual point in the sample focal plane. In this 

manner, two dimensional optical slices are imaged one pixel at a time. The focal plane can be 

adjusted up and down using the objective lens. By capturing two dimensional images and 

stacking them, a three dimensional image of a sample can be composed [30]. 

 The experiments in this thesis use confocal microscopy to analyze the surface micro-

texture of polishing pads. To analyze pad-wafer contact area, a sapphire window is used to 

simulate the wafer surface that the pad contacts. The pad is placed face down on the sapphire 

window and a known pressure is applied to the back of the pad to recreate polishing pressures. 

Sapphire is used to simulate the wafer because it has a refractive index similar to that of the 

polyurethane pad, and because it is transparent [31]. In our analysis, the 488-nm argon excited 

laser beam travels through the sapphire window to illuminate the pad surface. The light is 

reflected and refracted, as shown in Fig. 2.7, at the sapphire window-pad interface. At the points 

of contact, light will not be reflected back due to the similar refractive indices of the sapphire and 

polyurethane pad, based on Snell’s Law [32]. 

 

Fig. 2.7: Light path at the sapphire window-pad interface [31]. 
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2.3.2 Contact Area Analysis 

 

 An example of an image collected using contact area analysis is shown in Fig. 2.8.  

 

 

Fig. 2.8: Contact area image with near contact (top inset) and contact area (bottom inset). 

 

  The image shows three general regions: dark, gray and “zebra-stripe.” Areas where the 

pad is contacting the sapphire window do not reflect light and therefore appear dark. Areas with 

an even gray color correspond to a pad surface well below the sapphire window-pad contact, 

where light has been able to reflect back. When the distance between the pad surface and the 
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sapphire window is in the order of the wavelength of the light (e.g. near contact), the light 

reflections from the sapphire-air and air-pad interface can interact constructively and 

destructively, producing “zebra stripes” [31]. Liao et al. found that large flat areas of near contact 

correspond to fractured or collapsed pore structures, while small, solid contact areas correspond 

to clear pores [33]. Based on the discussed contact criteria, contact area percentage is calculated 

by dividing the contact area by the total area, while contact density is calculated by counting the 

number of points of contact in a given area. In Chapter 4, contact area and contact density are 

used to analyze the pad surface micro-texture generated by three different CVD-coated diamond 

discs. 

2.3.2 Topography Analysis 

 An example of 10 contiguous topographic images collected using confocal microscopy is 

shown in Fig. 2.9. The surface heights have been emphasized by taking the inverse hyperbolic 

sine. In the topographic image, pad asperities correspond to areas in red, while the relatively 

lower surfaces appear more blue (i.e. cooler in color).  

 

 

 

Fig. 2.9: Pad surface topographic image and surface height scale [34]. 
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Topographic images are collected in the same pad area as the contact area images so that 

the points of contact can be compared to the topographic features. Fig. 2.10 is a single 

topographic image that is approximately 425 μm × 425 μm. This image shows plastic shearing 

from the right to the left, as evident from high areas located immediately adjacent to low areas. 

 

 

Fig. 2.10: Single topographic image [34]. 

 

These topographic images are used to construct a pad surface height density functions 

(PDFs), as proposed by Borucki [35]. The PDF can be used to extract the pad surface asperity 

height, as discussed in detail in the literature [24, 26]. In Chapter 4, topographic images and their 

associated PDFs are used to characterize pad surface micro-texture. 
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Chapter 3: General Theory 
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3.1 Copper Removal Mechanism 

 Copper is removed through a sequential mechanism of an oxidation reaction followed by 

mechanical abrasion. As presented by Zantye et al., copper undergoes an oxidation to form 

various species of copper oxide as well as chemical complexes with buffering agents and 

phthalate salts (Fig. 3.1) [1]. The speciation of the copper oxide is dependent on the pH condition 

as well as the chemicals in the slurry. The copper oxide layer protects the copper beneath it from 

chemical etching, and is often referred to as a passivation layer. The passivation layer is then 

mechanically abraded by the interaction of slurry nanoparticles and the polishing pad. Nguyen et 

al. found a low static chemical etch rate of copper, and a relatively high removal rate during 

polishing [36]. This is further evidence that a passivation layer is formed and, although it 

protects the material from chemical etching, it is removed during mechanically during polishing. 

Refer Fig. 3.2 for a depiction of the wafer surface during CMP. 

 

Fig. 3.1: Copper passivation layer chemistry [1].  
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Copper CMP is discussed in further detail in Chapter 4, where the effect of CVD-coated 

diamond discs on pad surface micro-texture is investigated. 

 

3.2 Cobalt Removal Mechanism 

 Cobalt forms a layer of native oxide on its surface, cobalt monoxide. The speciation of 

cobalt oxide is further dependent on the pH of the system, with Co(II) species favored in neutral 

and acidic conditions (Equations 3.1, 3.2) and Co(III) species favored in alkaline conditions 

(Equations 3.3, 3.4 ) [37].  

𝐶𝑜𝑂 + 𝐻2𝑂 ↔  𝐶𝑜(𝑂𝐻)2             Eqn. 3.1 

𝐶𝑜(𝑂𝐻)2 + 2𝐻+ ↔  𝐶𝑜2+ + 2𝐻2𝑂             Eqn. 3.2 

𝐶𝑜(𝑂𝐻)2 + 𝑂𝐻−  ↔ 𝐶𝑜𝑂𝑂𝐻 + 𝐻2𝑂 + 𝑒−             Eqn. 3.3 

3𝐶𝑜(𝑂𝐻)2 + 2𝑂𝐻−  ↔  𝐶𝑜3𝑂4 + 4𝐻2𝑂 + 2𝑒−             Eqn. 3.4 

The Co(III) species form a passivation layer that protects the bulk cobalt from chemical 

etching and pitting. Peethela et al. found the passivation layer favorable to protect the wafer 

surface from defects, but also observed lower removal rates of Co(III) oxide compared to Co(II) 

oxide species [37]. Gallant and Simard similarly observed increased dissolution of the passive 

layer with decreasing pH [38, 39. Recent research has focused on forming a complex between 

the Co(III) species on the surface and targeted ligands [37-39]. These studies aim to form soluble 

cobalt(III)-ligand complexes and thereby increase the removal rate. Cobalt CMP is relatively 

new and is still rapidly developing. 



39 

 

 

 The fifth and sixth chapters of this thesis are concerned with cobalt “buff” CMP where, 

instead of cobalt-deposited wafers, we have chosen to polish silicon dioxide wafers using a 

cobalt buff CMP slurry with cobalt-relevant process conditions. It is important to note that 

during cobalt buffing, the most critical material that needs to be removed effectively is the 

dielectric that surrounds the cobalt plug, otherwise the workpiece will contain significant 

amounts of residual cobalt which can cause shorts. As such, we opted to follow our collaborators 

at GlobalFoundries who had successfully developed a buff process in order to remove the 

remaining cobalt while minimizing oxide loss and polish time. Our work (experimental as well 

as numerical simulation) will be discussed in detail in Chapter 5 and will be extended to Chapter 

6 where we show how the expensive cobalt buff CMP slurry can be minimized by using a novel 

slurry injection system.  

 

3.3 Material Removal Mechanism Models in CMP 

3.3.1 Preston’s Equation 

Preston published his famous equation in 1927, which relates the material removal rate to 

the polishing pressure and velocity. 

𝑅𝑅 = 𝐾 × 𝑃 × 𝑣,               Eqn. 3.5 

where RR is the removal rate, P is the polishing pressure, v is the sliding velocity, and K is a 

proportionality constant referred to as Preston’s constant [40].  

 Even though Preston’s equation was developed to describe glass polishing, it has been 

widely applied to CMP processes to investigate material removal rates. One shortcoming of the 

model is that it was created to describe mechanical removal rate, and does not directly 
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incorporate chemical effects. While some of the chemical interactions are indeed lumped in the 

proportionality constant, the complex interaction of the chemical and mechanical removal cannot 

be fully decoupled and described. As a consequence, Preston’s equation more accurately 

describes CMP processes where the removal mechanism is predominantly mechanical, but 

deviates further from experimental data as the chemical removal mechanism becomes more 

important.  

3.3.2 Modifications to Preston’s Equation  

 Several modifications to Preston’s equation have been proposed based on experimental 

data which has shown deviations from a linear dependence on the product of polishing pressure 

and velocity. Similar to Preston’s equation, these modifications include a proportionality 

constant that groups the removal rate dependence on all other CMP process variables, including 

chemistry. Zhang and Busnaina suggested a material removal rate model that accounts for plastic 

deformation and particle adhesion during CMP [41]. Their model, shown in Equation 3.6, agrees 

with their experimental data from copper CMP with alumina-based slurry.  

𝑅𝑅 = 𝐾(𝑃𝑣)
1

2               Eqn. 3.6 

Shi and Zhao based their model, found in Equation 3.7, on a pressure dependence on the 

number of particles in contact with the wafer during polishing [42]. Their model compared 

published experimental data of polishing undoped TEOS and fluorine-doped silicon dioxide with 

soft pads. The authors noted that the removal rate model only applied to CMP processes that 

used soft pads. 

𝑅𝑅 = 𝐾𝑃
2

3𝑣                Eqn. 3.7 



41 

 

 

3.3.3 Modified Langmuir-Hinshelwood Model 

 

 The modified two-step Langmuir-Hinshelwood Model describes the removal mechanism 

at a more fundamental level. This removal mechanism includes both chemical and mechanical 

effects of polishing, and considers flash heating that occurs at the pad-wafer interface [28, 43]. 

The first step in the mechanism is the chemical alteration of the surface (S) by n moles of 

reactant (R) to form a soft surface layer (L). This takes place over a unit area at a rate of k1 in 

mol/(m
2
s). 

𝑆 +  𝑛𝑅 
𝑘1
→ 𝐿                              Eqn. 3.8 

The soft surface layer is then mechanically abraded at a rate of k2 in mol/(m
2
s). 

𝐿 
𝑘2
→  𝐿                             Eqn. 3.9 

The abraded material (L) is assumed to be transported away from the wafer surface and not 

redeposited on the wafer surface. If the formation of the soft surface layer is equal to the rate of 

its depletion, then the removal rate is 

𝑅𝑅 =
𝑀𝑤

𝜌

𝑘1𝐶𝑅
𝑛

1 + 
𝑘1𝐶𝑅

𝑛

𝑘2

 ,             Eqn. 3.10 

where CR is the molar concentration of reactant R. To simplify the reaction rate equation, the 

reactant in the slurry is taken to be in excess so that there is no depletion. Thus CR can be set to 1 

and absorbed into the chemical rate constant k1. It follows that the removal rate is 

𝑅𝑅 =
𝑀𝑤

𝜌

𝑘1𝑘2

𝑘1+𝑘2
 ,             Eqn. 3.11 

where Mw is the molar mass of the wafer material, and ρ is the density. The chemical rate 

constant is Arrhenius, and is expressed as, 
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𝑘1 =  𝐴 𝑒𝑥𝑝 (−
𝐸

𝑘𝐵𝑇
).             Eqn. 3.12 

A is the pre-exponential factor in mol/(m
2
s), E is the reaction activation energy in eV, kB is 

Boltzmann’s Constant (8.62  × 10
-5

 eV/K), and T is the temperature of the wafer surface in K. 

The activation energy is extracted by taking the slope of the plot of the natural log of the removal 

rate versus the inverse of the mean pad temperature. The mechanical rate constant is  

𝑘2 =  𝑐𝑝 µ𝑘𝑃𝑣,                           Eqn. 3.13 

where cp is a proportionality constant in mol/J, μk is the COF, P is the polishing pressure in Pa, 

and v is the sliding velocity in m/s. The temperature of the wafer surface is determined through a 

flash heating model 

T = 𝑇𝑝 +
𝛽

𝑉1 2⁄ +𝑒
𝜇𝑘𝑃𝑣,            Eqn. 3.14 

where Tp is the mean pad temperature, β is a grouping of parameters that depend on the tooling in 

units of K/[Pa(m/s)
0.5-e

], and e is an exponential factor that accounts for the pad heat partition 

[43].  

 The dimensionless ratio of the chemical reaction rate constant to the mechanical rate 

constant (k1/k2) can clarify the limiting reaction in polishing. If the ratio is greater than 1, the 

reaction is mechanically limited. While if the ratio is less than 1, the reaction is chemically 

limited.  

3.4 Tribology 

 Tribology is the study of surfaces moving relative to one another, and is concerned with 

friction, wear, and lubrication [44]. In CMP, the pad, wafer, and abrasive particles form a 

tribological system in which two or more moving bodies are in contact and begin to wear. To 
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better understand wear mechanisms and estimate consumable end-of-life, such as for pads and 

diamond discs, it is necessary to complete robust and detailed tribological studies. 

3.4.1 Frictional Force and COF 

 During polishing, the three body interactions between the pad asperities, wafer surface, 

and abrasive nanoparticles produce both shear force (Fshear) and downforce (Fdown). Shear force is 

the tangential force that causes shear stress, and downforce is the traditional normal force. The 

coefficient of friction (COF) is the ratio of the shear force to the downforce, 

𝐶𝑂𝐹 =  
𝐹𝑠ℎ𝑒𝑎𝑟

𝐹𝑑𝑜𝑤𝑛
.              Eqn. 3.15 

The instantaneous COF is described by Equation 3.15. In this thesis, the average COF ( COF ) is 

generated by taking the average of all instantaneous measurements during a polishing run, as 

given by, 

𝐶𝑂𝐹 =
1

𝑁
∑ 𝐶𝑂𝐹𝑖

𝑁
𝑖=1 .            Eqn. 3.16 

COF is known to greatly impact CMP performance and removal rate, and is considered an 

important tribological property for further understanding of the polishing process [45-47]. COF 

data was collected at 1,000 Hz in this experiment in order to provide a rich data set. As discussed 

further in later sections, COF provides information on the lubrication mechanism, and is a 

significant parameter in heat generation during polishing. 

3.4.2 Sommerfeld and Pseudo-Sommerfeld Numbers 

 The Sommerfeld number is a dimensionless grouping of several parameters that are 

relevant in describing CMP systems. Given by the equation,  



44 

 

 

𝑆𝑜 =
𝑣𝜇

𝑃𝛿
,             Eqn. 3.17 

where v is the relative pad-wafer sliding velocity, μ is the slurry viscosity, P is the polishing 

pressure, and δ is the pad-surface roughness. 

 For each given polishing system, the individual parameters must be known in order to 

calculate the Sommerfeld number. For a polisher with known pad-center to wafer-center 

dimension, the relative pad-wafer sliding velocities can be calculated using geometric relations. 

The polishing pressure is a parameter that is set by the operator, so it is well known. The working 

viscosity of the slurry is difficult to determine since the slurry is non-Newtonian and the 

temperature can rise significantly depending the process parameters such as pressure and 

velocity. Moreover, the channel distance across which the slurry performs its function (e.g. the 

distance bound between the pad and wafer) is 3 to 4 orders of magnitude smaller than the 

distances that apply to standard rheological equipment, such as an advanced viscometer. 

Therefore any determination of slurry viscosity by the process engineer or the slurry 

manufacturer would be in question regardless. Pad surface roughness can be determined through 

confocal microscopy [31, 48]. However, due to the impracticality of measuring slurry viscosity 

and the detailed analysis involved in determining the pad surface roughness, the determination of 

the Sommerfeld number is complicated. It is therefore desirable to simplify the grouping of 

parameters to those that are known.  

 As such, the Pseduo-Sommerfeld number is used in the experiments in later chapters. 

This simplification is described by 

𝑆𝑜𝑝𝑠 =  
𝑣

𝑃
.             Eqn. 3.18 
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Here, the slurry viscosity has taken to be constant over all polishing conditions in order to 

simplify the relationship. The pad surface roughness has also taken to be constant, as the 

polishing in one experiment takes place on one type of pad with a given micro-texture.   

3.4.3 Lubrication Mechanisms 

 It is useful to create a log-log plot of the COF versus the Sommerfeld (or Pseduo-

Sommerfeld) number, often referred to as a Stribeck curve (Fig.3.3). Ludema defined three 

lubrication mechanisms that can be visualized on the log-log plot [49]. These include: 

 

 Boundary lubrication 

 Partial lubrication, and, 

 Hydrodynamic lubrication.  

 

In boundary lubrication, the wafer surface, the pad asperities, and the abrasive particles 

are in intimate three-body contact with one another. This contact results in relatively high values 

of COF, and generally occurs at low Sommerfeld numbers. Here, the Stribeck curve has a flat 

shape. Partial lubrication occurs when the slurry film is as thick as the pad asperities are tall. 

This means that the wafer and pad are not in intimate contact with one another. Consequentially, 

the COF values are lower in this region. Partial (or mixed) lubrication occurs at intermediate 

Sommerfeld numbers, and in this region the COF rapidly decreases with increasing Sommerfeld 

number; the Stribeck curve changes from a flat region to a region with a negative slope when 

partial lubrication is reached. Hydrodynamic lubrication occurs as a thicker slurry film develops, 

further separating the wafer and pad. The wafer can be described as hydroplaning over the pad 
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surface. The slope of the Stribeck curve generally reaches zero, and can become positive or 

negative based on slurry characteristics and chemistry. 

 Using the Pseudo-Sommerfeld number to generate the Stribeck curve will not change the 

general shape of the curve. The COF values are measured values, and will not change. The 

Pseudo-Sommerfeld number is directly proportional to the Sommerfeld number, as such, the x-

axis values will only change in range, effectively shrinking or stretching the curve.  

 

 

Fig 3.2: Generic Stribeck curve [45] 
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 In Chapter 5, the Stribeck curve is used to analyze the tribological mechanism present in 

silicon dioxide CMP using a process-specific, state-of-the-art, cobalt buff slurry, as well as to 

help explain observed polishing results. 

3.5 Introduction to the Remaining Chapters 

 The next three chapters contain details of the studies completed to further the body of 

knowledge related to CMP. These studies aim to: find the effect of conditioning disc 

microstructure on pad surface micro-texture and additionally characterize the effect of the pad 

surface micro-texture on copper CMP; investigate, for the first time with this set of consumables, 

the buff polishing step of novel cobalt CMP for MOL metallization; study the application of a 

novel slurry injection system to the novel cobalt CMP buff step in order to reduce slurry 

consumption and mitigate the environmental concerns of excess slurry usage; and, in all three of 

the above studies, characterize the chemical and mechanical mechanisms of the processes using a 

well-established modified two-step Langmuir-Hinshelwood model. 
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Chapter 4: Effect of CVD-Coated Diamond Discs on Pad Surface Micro-

Texture and Polish Performance in Copper CMP 

(Reproduced by permission of ECS – The Electrochemical Society)
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The effect of pad surface characteristics on the thermal, tribological and kinetic attributes of copper CMP was investigated.
Three CMC D100 pads with very different surface micro-textures were generated using three very different CVD-coated diamond
conditioning discs. Pad samples were collected after polishing and analyzed for their surface contact area and topography using
confocal microscopy. The contact area, contact density, and asperity height increased with increasing conditioner aggressiveness.
Copper removal rates and pad surface temperatures increased with increasing polishing pressure and sliding velocity for all pads albeit
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overall coefficient of friction (COF). The tall asperities, open pores, and adequate contact of this pad produced a greater removal rate
than pad surfaces with shorter asperities and glazed pores produced by the less aggressive discs. Trends in COF, temperature and
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Chemical mechanical planarization (CMP) is the de facto technol-
ogy in IC manufacturing for achieving global and local planarity. In
CMP, a pad transports the slurry to the wafer surface through grooves
and pores where pad asperities are then allowed to participate in wafer
polishing.1 The pad micro-texture, including the associated pores and
asperities, is therefore important in polishing performance. Since the
pad surface becomes deformed during polishing and pores get fouled
as a result of reaction by-products build-up, diamond discs need to
be used to regenerate the pad surface by restoring the pores and the
asperities and ensuring a more or less steady state surface condition
during polishing.2 Over the past three decades, conventional diamond
discs have been widely used to condition polishing pads, leading to
many environmental, yield, and throughput issues.3 Consequentially,
conditioning discs with chemical vapor deposited (CVD) diamond or
diamond-like coatings are becoming mainstream in the front end of
line and the back end of line CMP applications. Such CVD-coated
discs are made by depositing a diamond film on a silicon nitride or
silicon carbide substrate with regular, micro-replicated protrusions,
giving greater control over the size, shape, and placement of features
needed in pad conditioning.3 The microstructure and the overall de-
sign of the CVD-coated disc affect the pad surface micro-texture and
therefore ought to play a vital role in polishing performance.

Laser confocal microscopy has been successfully used to analyze
pad surface contact area and topography in order to better under-
stand the relationship between pad surface characteristics and CMP
performance.4–10 Han et al. studied the effect of pad surface micro-
texture on the tribological, thermal, and kinetic characteristics of cop-
per CMP and found that a greater solid contact area between the pad
and the wafer caused higher removal rates.6 Mu et al. studied the ef-
fect of pad surface micro-texture on removal rate in tungsten CMP and
found that a surface with a narrower distribution of surface heights,
and a smaller surface abruptness parameter, had more solid contact
than a surface with a wider surface height distribution, and therefore
better removal rate.7 Liao et al. reported that collapsed pores allowed
a thicker layer of slurry to form between the wafer and pad which lu-
bricated the pad surface and lowered the coefficient of friction (COF)
and removal rate in copper CMP.8 It is important to note that both
Han et al. and Mu et al. successfully generated the two very different
pad micro-textures by using a CVD-coated disc on one, and a conven-
tional conditioning disc on the other. However, these studies did not

∗Electrochemical Society Student Member.
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attempt to correlate the design and the microstructure of CVD-coated
diamond conditioners to pad surface micro-texture and CMP perfor-
mance. Tsai and Chen found that a CVD conditioner with a mixed
profile of sharp-edged and crystalline diamonds generated a pad that
produced the highest removal rate when compared to pads conditioned
with discs comprised of only sharp-edged or crystalline diamonds.11

Although Tsai and Chen successfully correlated conditioner design to
removal rate, pad surface micro-texture was not investigated at all.

To help fill some of the technical gaps noted above, in this study,
three different CVD-coated discs are used to condition a CMC D100
concentrically grooved pad on which 300-mm blanket copper wafers
were polished. The microstructure and design of the conditioner discs
were analyzed with microscopy and correlated to the pad surface
micro-texture (analyzed with confocal microscopy), as well as to
typical CMP metrics such as copper removal rate, pad surface tem-
perature and coefficient of friction. A modified two-step Langmuir-
Hinshelwood model was then used to simulate copper removal rate
and determine the chemical and mechanical rate constants to describe
the non-Prestonian behavior as well as the relative contribution of
the chemical effects and mechanical effects at various pressures and
sliding velocities.4,6,12

Experimental Apparatus and Procedure

The polishing experiments were performed on an Araca APD-800
polisher and tribometer, which has the capability to measure polishing
down force and shear force at 1,000 Hz. An Epic D100 concentrically
grooved pad, manufactured by Cabot Microelectronics Corporation,
was used to polish 300 mm blanket copper wafers. Each monitor wafer
was polished for one minute using the Fujimi PL7106 slurry mixed
to the manufacturer’s specification with hydrogen peroxide and was
then buffed for 15 seconds with ultra-pure water (UPW). The slurry
flowrate was kept constant at 250 mL/min. UPW flowrate during the
rinse was kept constant at 1 L/min. The wafers were polished at 11
combinations of pressure and sliding velocity as listed in Table I. The
buff step was conducted at a relative wafer-platen velocity of 1.6 m/s
after each wafer was polished.

Three different CVD-coated diamond discs were used to in-situ
condition the pad. These were the MGAM 4S845P4F5, the MGAM
4K7530F6, and the MGAM 43510F5 (see Figure 1). The discs were
distinct in their shape and pattern of active diamonds, as well as in
the density of the CVD-coated regions. The most aggressive disc was
the MGAM 4S845P4F5 (henceforth referred to as Disc 4S). This disc
had eight, 0.045 inch wide, spiral vanes with a hybrid surface texture.
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Figure 1. Disc designs (left column) and their associated micro-graphs with
field of view of 200 μm by 260 μm (right column) for: Disc 4S (top); Disc 4K
(middle); and Disc 43 (bottom).

The MGAM 4K7530F6 (Disc 4K) was moderately aggressive, with
30 tips per square mm at a length of 75 μm per tip. The MGAM
43510F5 (Disc 43) was the least aggressive conditioner as there were
only 10 tips per square mm with each tip having a length of 35 μm.
Discs 4K and 43 had highly ordered and micro-replicated protrusions,
while Disc 4S employed a random protrusion pattern. The pad was
conditioned with the selected disc rotating at 95 RPM under 2.6 kgf

and sweeping 13 times per minute across the pad. For each disc, the
pad was conditioned prior to polishing for 60 minutes using UPW.
The pad, wafer, and conditioner all rotated counterclockwise. Five
dummy copper wafers were polished before monitor coppers wafers
to ensure a “seasoned” or developed, pad surface. In order to calculate
the removal rate, the thickness of the copper film was measured with
a CMT-SR5000 Sheet Resistance/Resistivity Measurement System
before and after polishing.

Table I. Polishing conditions.

Pressure (PSI) Sliding Velocity (m/s)

1.0 1.0
1.0 2.0
1.5 1.0
1.8 1.0
1.8 1.2
1.8 2.0
2.1 1.4
2.3 1.6
2.4 1.8
2.5 1.6
2.5 2.0

A pad sample was extracted after polishing the monitor wafers in
order to analyze the pad surface micro-texture imparted by each disc.
A Zeiss 880 LSM laser scanning confocal microscope was then used to
collect images of the pad surface in between two adjacent grooves (i.e.
on the pad land area). Ten contiguous, but non-overlapping, images
of the pad land area were collected from left to right. Each image was
425 × 425 μm2. The images were used to analyze the topography of
each pad sample. The pad surface height probability density functions
(PDFs) were composed from the topographic images. The PDF has
been normalized so that the area under the curve is equal to one. The
area under the PDF in any chosen height range gives the probability
of finding a point on the surface within that range. Since the reference
plane used by the confocal microscope is arbitrary, it is also common
to shift the mean of the PDF so that it is at zero. This facilitates the
comparison of PDFs from different pad surfaces or different parts of
the same surface.13 A detailed description of the methods our research
group uses for topography measurements and contact area analysis can
be found elsewhere.4,5

In order to collect contact area images, a specialized sample stage
was then used to apply a known downforce to the back of the pad
sample with the sample surface against a sapphire window. The ap-
plied pressure to the sample surface was calculated by dividing the
downforce by the surface area of the pad sample. Again, ten contigu-
ous, but non-overlapping, images were collected from left to right
in approximately the same location as the topographic images. Each
contact area image was 425 × 425 μm2. The images were collected
at a 2 PSI applied pressure. Contact area was then extracted from the
images and the contact area percentage was calculated by dividing
the contact area by the total analyzed pad sample surface area. Con-
tact density was also calculated by dividing the number of points of
contact by the total analyzed area in mm2.

Results and Discussion

Pad surface micro-texture analysis.—Pad surface topography im-
ages collected with confocal microscopy are shown in Figure 2. The
images have been transformed by taking the inverse hyperbolic sine
of the height in order to further emphasize high and low areas in the
image and create a better visualization of the topography. The images
show increasing plastic shear on the pad surfaces conditioned by Disc
4S, to Disc 4K, to Disc 43, as the surfaces becomes flatter. Plastic
shear is evident because the deep areas are immediately adjacent to
high summits. As seen in Figure 2, the number of high summits de-
creases from the pad conditioned by Disc 4S, to Disc 4K, to Disc 43.
The pad surface height PDF was constructed from the topographic
images, and the PDFs for all three discs can be seen in Figure 3.4–6

The right hand side of the plot corresponds to the upper part of the pad
surface, including asperities.6 The pad conditioned by Disc 4S has the
widest range of surface heights, as well as the tallest summit heights.
As presented by Lawing, a small shoulder indicates the beginning of
pad glazing.14 As pad glazing grows more severe, the shoulder merges
to the left and joins the primary peak.14 In Figure 3, the shoulder of the
Disc 4K peak has merged further left, indicating a moderately glazed
pad. The shoulder of the Disc 43 peak in Figure 3 has completely
merged with the primary peak, indicating severe pad flattening and
deformation. The pad conditioned by Disc 43 has a very narrow range
of surface heights, and the shortest summit heights, around 1 μm,
which is consistent with a glazed pad.7,9 The pad conditioned by Disc
4K has an intermediate surface height distribution and intermediate
summit height, around 5 μm (Figure 3).

Contact area images collected with confocal microscopy were an-
alyzed for their percent contact area and contact density as shown
in Table II. Pad-wafer contact parameters, percent contact area and
contact density, describe the relative contact between the pad and the
wafer.4,5,8 The pad surface conditioned by Disc 4S had a percentage
contact area that was more than double the percentage contact area
of the pad surfaces conditioned by Disc 4K and Disc 43, respectively
(0.0163%, 0.0073%, and 0.0051%). The contact density decreased
from the pad surface conditioned by Disc 4S (220 counts per mm2),
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Figure 2. Surface topography of pads conditioned with: Disc 4S (top); Disc 4K (middle); and Disc 43 (bottom).

Figure 3. Surface height probability density functions for the 3 pads each
conditioned with a different disc.

to Disc 4K (55 counts per mm2), to Disc 43 (29 counts per mm2). The
pad surface conditioned by Disc 4S had both the greatest percentage
contact area and the greatest contact density. It should be noted that
the low values for percentage contact area are in accordance with
previous research conducted by our research group.4–10

Although the pad surface conditioned by Disc 43 had the lowest
percentage contact area and the lowest contact density, there is clear
evidence of plastic shearing and deformation that is only present with
greater contact area. This seems to indicate that there may have been
greater contact area under wet conditions than there was in the dry
and static setup of our confocal microscope. Our group believes that
a very thin layer of slurry must have formed between the glossed pad
and the wafer, and generated fluid suction in the pad-wafer interface.
This would create a higher than measured polishing pressure which
would help explain the excessive pad deformation as well as the

Table II. Pad-wafer contact parameters.

Percent Contact Contact Density
Conditioner Area (%) (contact count per mm2)

4S 0.016 220
4K 0.0073 55
43 0.0051 29

elevated temperatures (see next section). Sun et al. found that less
aggressive conditioning discs generated thinner slurry film at the pad-
wafer interface, which further supports our claim.4

Polishing results.—The mean values of COF and their respective
pad surface temperatures for all polishing conditions are plotted in
Figure 4. On average, COF values are notably lower for the pad
conditioned by Disc 4S than those conditioned by Disc 4K and Disc
43. Mean pad surface temperature trends are consistent with the COF
data in that, as a whole, Disc 4S results in the lowest set of temperatures
as compared to its 4K and 43 counterparts. This may be explained
using the pad surface micro-texture data (discussed in the previous
section) which shows that the pad conditioned by Disc 4S has:

Figure 4. The effect of conditioning disc on COF (top) and mean pad surface
temperature (bottom).
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Figure 5. Stribeck curves corresponding to the COF data of Figure 4.

� More than double the contact area compared to the other pad
surfaces, as well as,

� Over four times the contact density, and,
� The tallest pad asperities.

The thicker fluid layer that forms in between the wafer and pad for
Disc 4S causes more lubrication, thereby lowering COF. The much
higher contact area and contact density for Disc 4S distributes the
polishing pressure over a greater area as well as a greater number
of points which creates less friction between the pad and wafer per
contact point. Only for Discs 4S and 4K, two seemingly anomalous
data points are observed at roughly 14,000 Pa.m.s−1 where COF tends
to drop sharply (the data points are identified by surrounding them
with dotted circles in Figure 4) and then recover. A closer scrutiny
of the process, by constructing Stribeck curves (Figure 5), shows the
cause for the seemingly anomalous behavior to be associated with the
onset of “mixed lubrication” at highest sliding velocity and the lowest
pressure (i.e. the highest Sommerfeld number) among the set of all P
and v values investigated. The slight drop in mean pad temperatures
at those conditions renders further credibility to lower than normal
COF values because less heat due to friction was dissipated towards
and into the pad.15 As to why the pad conditioned with Disc 43 does
not show this behavior, we have already seen that the pad conditioned
by Disc 43 had the highest mean pad temperature at all measured
polishing conditions. As seen in the micro-texture analysis, the pad
conditioned by Disc 43 has a pad surface dominated by covered pores.
It is suggested that a very thin layer of fluid was able to form between
the pad and wafer, and that this fluid layer exerted suction on the wafer,
creating higher than measured pressure at the pad-wafer interface.
This additional pressure adds to the mechanical power and explains
the elevated COFs as well as pad surface temperatures thus delaying
(or maybe eliminating) the onset of mixed lubrication.

When it comes to removal rate, it is best to express things graph-
ically not as a function of P × v, but rather as a function of COF ×
P × v simply due to the fact that the latter relationship will obviate
any departures from Prestonian behavior (Figure 6). Results show that
pads conditioned with all three discs exhibit similar trends in removal
rate versus COF × P × v in that as the product of COF and mechanical
power increases, so do copper removal rates. However, the non-linear
relationships seen in all three data sets clearly indicate that polishing
is non-Prestonian. The pad conditioned by Disc 4S produces the high-
est copper removal rate in spite of the fact that COF and mean pad
surface temperatures are on the whole lower for the pad conditioned
by Disc 4S. This may be explained by the fact that the greater contact
area between the pad and wafer causes a higher removal rate. The
pad conditioned with Disc 43 has a higher removal rate than the pad
conditioned with Disc 4K. This is expected with the similar contact
area and COF values, and higher mean pad temperatures found with
the pad conditioned by Disc 43.

Figure 6. The effect of conditioning disc on removal rate.

Simulation results.—To describe the non-Prestonian polishing
performance observed, a modified two-step Langmuir-Hinshelwood
model is used to simulate copper removal rate and the associated
chemical and mechanical reaction rate constants.12 Here, we assume
that n moles of reactant R react with the wafer surface (Cu) at a rate
of k1 to form a soft surface layer, L .

Cu + n R k1→ L

This layer is then mechanically abraded away at a rate of k2.

L k2→ L

The abraded material, L, is assumed to be carried away by the slurry
and not redeposited on the surface. The removal rate is then a function
of both the chemical and mechanical reaction rates, and assuming that
the rate of formation of the soft surface layer is equal to the rate of its
depletion, the removal rate is

R R = Mw

ρ

k1Cn
R

1 + k1Cn
R

k2

,

where CR is the molar concentration of reactant R. In order to simplify
the equation, the concentration of reactant R is assumed to be constant
(no depletion) so that CR can be absorbed into the chemical reaction
rate k1 and set to unity. The removal rate is then

R R = Mw

ρ

k1k2

k1 + k2
.

The chemical rate constant is expressed as

k1 = A exp

(
− E

kT

)
,

where A is a pre-exponential factor, E is the slurry activation energy,
k is Boltzmann’s constant (8.62 × 10−5 eV/K), and T is the reaction
temperature on the wafer surface. The mechanical rate constant is
expressed as

k2 = cp μk Pv ,

where cp is a proportionality constant, μk is the COF, P is the polishing
pressure, and v is the sliding velocity. The wafer surface reaction
temperature is expressed as

T = Tp + β

V 1/2+e
μk Pv ,

where Tp is the mean pad surface temperature (as reported in Figure
4), β is a grouping of parameters that depend on the tooling, and e is
an exponential factor. During simulation, A, β, cp, and e are optimized
to minimize the root mean square (RMS) error between the removal
rate data and simulated removal rate. The slurry activation energy
is calculated from the slope of the natural log of the removal rate
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Table III. Optimal values for E, A, Cp, e, β, and the resulting RMS.

Disc 4S Disc 4K Disc 43

E (eV) 5.00E-01 5.00E-01 5.00E-01
A (mole · m−2 · s−1) 2.29E+05 2.29E+05 2.29E+05

Cp (mole/J) 5.44E-07 2.86E-07 3.82E-07
e 1.09 1.06 1.48

β (K/Pa(m/s)1-e) 5.29E-04 2.6E-11 1.28E-10
RMS (Å/min) 212 364 325

Figure 7. Comparing experimental data to the simulated copper removal rate
for Disc 4S.

plotted against the inverse of the mean pad temperature, assuming an
Arrhenius relationship.16

Table III lists the optimized values for parameters A, β, cp, and e as
well as the RMS error between the experimental data and the simulated
removal rates. Since the same slurry was used for all experimental
conditions, the activation energy (E) and the pre-exponential factor
(A) are taken to be identical.5

Figures 7, 8 and 9 compare the experimental removal rates to the
simulated removal rates for the pad conditioned by Discs 4S, 4K and
43, respectively. The simulated copper removal rates agree well with
experimental data, with RMS values ranging from 3% to 7% of the
average removal rate value. Simulated chemical and mechanical rate
constants are further analyzed because of the goodness of the fits.

The simulated chemical and mechanical rate constants are shown in
Figure 10. More important than either constant individually, the ratio
of the chemical rate constant to the mechanical rate constant (k1/k2) is
also shown in Figure 10 for each of the pads conditioned by the three
discs. The ratio k1/k2 describes whether the process is chemically
limited or mechanically limited; values less than one indicate that the
process is chemically limited. Results indicate that the ratio of k1/k2

decreases as P × v increases. Although the chemical and mechanical

Figure 8. Comparing experimental data to the simulated copper removal rate
for Disc 4K.

Figure 9. Comparing experimental data to the simulated copper removal rate
for Disc 43.

rate constants both increase with P × v, the mechanical rate constant
is more sensitive to increases in mechanical power. The ratio k1/k2 is
less than one for each of the polishing conditions, indicating that the
copper polishing is chemically limited for this combination of slurry,
pad, conditioners, pressure, and velocity settings. The pad conditioned
with Disc 4S results in the lowest values of k1/k2, indicating that the
polishing is more chemically limited than the polishing with pads
conditioned with Discs 4K and 43.

Figure 10. Simulated values of the chemical rate constant (top), mechanical
rate constant (middle), and their ratio (bottom) for Disc 4S, Disc 4K and
Disc 43.
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Conclusions

We investigated the effect of CVD diamond-coated conditioner
disc microstructure on pad surface micro-texture and copper CMP
polishing performance. Three different conditioner discs with suffi-
ciently different working surface patterns and micro-replicated CVD
diamond-coated regions were used to produce three very different
pad surface micro-textures. After polishing copper wafers, pad sam-
ples were collected and their surface topography and pad-wafer con-
tact area were analyzed with confocal microscopy. Of the three discs,
Disc 4S generated a pad surface micro-texture with over two times the
contact area and four times the contact density as compared to pads
generated by Disc 4K or Disc 43, respectively. The pad conditioned
with Disc 4S also had the least degree of deformation and the tallest
asperities. The pad surface generated by Disc 43 showed significant
deformation and collapse along with the shortest asperities. Disc 4S
generated the lowest COF and mean pad temperature, but produced the
highest removal rate due to the greater amount of solid contact made
with the wafer. Disc 4K generated lower mean pad temperatures and
COF than Disc 43, and consequentially had a lower copper removal
rate. Trends in COF, temperature and removal rate were successfully
simulated using a two-step modified Langmuir-Hinshelwood model
which also yielded values for the chemical and mechanical rate con-
stants. The simulation results for the ratios of chemical to mechanical
rate constants indicated that the process was chemically limited for all
polishing conditions, and that the process became even more chemi-
cally limited as P × v increased indicating that any changes in process
temperature (due to poor platen or ambient temperature control) or any
changes in slurry concentration (due to residual rinse water present
between polishes) would dramatically affect removal rate. The most
aggressive CVD diamond-coated conditioner disc produced a micro-
texture with tall asperities, open pores, and adequate contact area for

polishing. As the conditioner discs became less aggressive, more pores
were deformed or glazed over, and the asperities became shorter. The
contact area and contact density also decreased as discs became less
aggressive.
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Cobalt “Buff Step” Chemical Mechanical Planarization
Calliandra Stuffle, 1,z Ruochen Han, 1,∗ Yasa Sampurno,1,2 Siannie Theng,2
Wei-Tsu Tseng,3,∗∗ and Ara Philipossian1,2

1Department of Chemical and Environmental Engineering, University of Arizona, Tucson, Arizona 85721, USA
2Araca Inc., Tucson, Arizona 85718, USA
3GlobalFoundries, Malta, New York 12020, USA

In this study, silicon dioxide wafers were polished as part of a cobalt “buff step” CMP using a novel and state-of-the-art application-
specific slurry and pad combination to study the thermal, tribological, and kinetic attributes of the process. Removal rate and mean
pad temperature showed increases with higher polishing pressures and sliding velocities, while coefficient of friction stayed relatively
constant across all investigated conditions. Under all conditions, the process was tribologically robust as it remained in “boundary
lubrication”. As the removal rate exhibited a non-Prestonian behavior, a well-established Langmuir-Hinshelwood model was used
to simulate, for the first time for this process and this set of consumables, removal rate data such that chemical and mechanical
rate constants could be extracted and understood in light of the process parameters chosen. Results indicated that the process was
mechanically limited at nearly all combinations of pressure and velocity except at the highest values investigated, indicating that
small deviations from set polishing power can greatly affect material removal rate.
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Cobalt has been used as a liner in back end of the line applications,
replacing traditional films such as TaN/Ta due to its lower resistiv-
ity, and due to the fact that copper can be directly electroplated on
cobalt.1 Additionally, applications of cobalt in other parts of the de-
vice structure, such as middle of the line (MOL) metallization, are
being investigated. Since the adoption of dual-damascene structures,
tungsten has been the metal of choice for plugs and local interconnects
in MOL metallization.2 At the 10 nm and beyond technologies, the
resistance of tungsten has begun to impede device performance3 thus
necessitating the use of cobalt as the metal of choice due to its lower
resistivity and several processing characteristics that can be exploited
beneficially. This is because:

� Cobalt can be deposited without the need for a high-resistance
nucleation layer, leaving more room for the bulk metal,

� Cobalt can be annealed and reflowed at relatively moderate
temperatures and can be used to achieve a void-free and seamless fill,
and,

� There are no fluorine-containing precursors during cobalt de-
position (unlike the WF6 tungsten precursor which attacks the Ti/TiN
liner to form volatile TiF4 causing defects).3,4

The application of cobalt for MOL metallization has introduced
new integration challenges especially in the area of CMP. Cobalt
polishing in MOL is typically performed in two steps. Bulk cobalt
polish is first used at a high wafer pressure to remove most of the
cobalt overburden and stop on the liner. Next, a buff polishing step
at a much lower wafer pressure is used to remove the residual cobalt,
the liner, and the surrounding silicon dioxide or the low-k dielectric
film leaving a residue-free and low surface.4 Wu et al. indicated that
during the buff step, cobalt residues can be effectively cleared if the
surrounding dielectric material was removed at a high rate. As such,
we believe that dielectric removal is a critical factor in the buff step
which needs further investigation. In this study, we focus on the buff
step as we investigate the thermal, tribological, and kinetic attributes
of silicon dioxide CMP using a state-of-the-art application-specific
cobalt slurry.

Experimental

All polishing tests were conducted using the Araca, Inc. APD-800
polisher and tribometer. This system has the capability to measure
shear force and downforce in real-time at 1,000 Hz thus enabling

∗Electrochemical Society Student Member.
∗∗Electrochemical Society Member.

zE-mail: calliandra@email.arizona.edu

instantaneous COF measurements at the pad-wafer interface during
polishing.5 Blanket 300-mm PETEOS-based silicon dioxide wafers
were polished on a Fujibo H800-CZM pad with a state-of-the-art
proprietary cobalt buff step slurry. Before polishing, the pad was
broken-in for 15 minutes using a Saesol CLC-S1-SA5C diamond disc
rotating at 36 RPM and sweeping 13 times a minute under a load of
2 kgf with a UPW flow rate of 200 mL/min and platen rotation of 51
RPM. To ensure a developed (i.e. one that has reached steady state
in terms of its micro-texture) pad surface before polishing monitor
wafers, five dummy wafers were polished under constant conditions
until COF stabilized.6 Each wafer was polished for 60 seconds with a
constant slurry flow rate of 200 mL/min. Three polishing pressures (1,
2 and 3.5 PSI) and three sliding velocities (0.8, 1.2 and 1.6 m/s) were
used. Ex-situ conditioning was performed for 10 seconds between
each polishing run using the conditioning parameters employed in the
pad break-in step. Film thickness of the monitor wafers was measured
before and after polishing to determine the material removal rate using
a reflectometer manufactured by SENTECH Instruments.

Results and Discussion

Polishing results.—The Stribeck curve for silicon dioxide pol-
ishing over the range of investigated Pseudo-Sommerfeld numbers
is shown in Figure 1. COF is tightly clustered between 0.30 and
0.37, indicating that the polishing process is robust with the tribo-
logical mechanism remaining in boundary lubrication (i.e. three-body

Figure 1. Stribeck curve (Average COF) and Stribeck+ curve (Instantaneous
COF) for silicon dioxide polishing. The instantaneous COF values are from
polishing 1 wafer for 75 seconds at multiple pressures and velocities.
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Figure 2. Mean pad temperature and average COF for silicon dioxide
polishing.

contact) for all pressure and velocity combinations used in the study.7,8

The Stribeck+ curve is also shown in Figure 1. This curve is con-
structed from the instantaneous COF data, calculated from the mea-
sured shear force and downforce (rather than the average COF value)
and includes a series of gradual changes in polishing pressure and
sliding velocity all done in one 75-second polish run with a monitor
wafer similar to the ones used throughout our experiments. As such,
changes in COF can be studied more precisely and information can be
gained across the entire range of pressures and velocities dialed rather
than at a discrete setpoint.9 As seen in the Stribeck+ curve, the instan-
taneous COF is also relatively constant over all ranges of pressure and
velocity. This is further evidence that the polishing process is robust
and relatively stable at all conditions studied as well as at intermediate
values of pressure and velocity. The instantaneous COF (Stribeck+)
was collected in a continuous process, where one wafer was polished
with five different combinations of sliding velocity and pressure. For
this reason, the initial temperature for all combinations except the
first was higher than it would have been for that same sliding velocity
and polishing pressure combination tested discretely. This change in
temperature can affect the pad-wafer interaction,10 which we believe
to be the cause of the slightly elevated instantaneous COF. It is of
value to note the simplification of the Sommerfeld number, which has
been referred to as the Pseudo-Sommerfeld number in this study, and
has been described extensively in another publication by Han et al.
from our research group.11 Briefly, the slurry viscosity and effective
slurry film thickness are taken to be constant over the processing con-
ditions investigated here because the slurry is not subjected to high
enough shear stresses to alter its Newtonian behavior considerably,
and also because the pad surface roughness, which is used to approx-
imate the effective fluid film thickness,12,13 is constant throughout our
study since the same pad and conditioning scheme were used.14 The
Pseudo-Sommerfeld number is directly proportional to the Sommer-
feld number (at a constant viscosity and pad surface roughness) so the
overall shape of the Stribeck curve will only shrink or stretch along
the x-axis and thus will not alter our assessment of the tribological
mechanism.

Figure 2 shows the mean pad temperature as a function of me-
chanical power represented by the product of pressure and velocity.
As expected, mean pad temperature shows an increase with increas-
ing power, due to the additional frictional heat generated at higher
power.15 Figure 2 also shows that COF stays relatively constant over
the range of P × v values investigated. Given the fact that the process
remains in boundary lubrication, we can expect higher mechanical
powers to translate to higher shear forces and therefore increased ma-
terial removal rates. Silicon dioxide removal rates are plotted as a
function of COF × P × v in Figure 3. The data are shown in group-
ings of isobars such that the individual contribution of pressure can
be easily distinguished from that of the sliding velocity. On average,
the removal rate trend matches that of the mean pad temperature.

Figure 3. Isobars of removal rate data for silicon dioxide as a function of
mechanical power.

However, closer scrutiny of the data suggests a non-Prestonian behav-
ior because if we were to fit a straight line to the data, the trend line
for removal rate would not go through the origin. Additionally, there
would be a sizeable departure from linearity at intermediate values of
COF × P × v. In this case, even though the removal mechanism of sil-
icon dioxide is generally considered to be mechanically dominated,16

further understanding of the relative magnitudes and mechanical and
chemical effects is order.

Simulation results.—To understand the non-Prestonian behavior
observed in Figure 3 and to more fully characterize the polishing pro-
cess, a two-step modified Langmuir-Hinshelwood model is used to
simulate the silicon dioxide removal rate as well as the chemical and
mechanical rate constants.17,18 While this model has been successfully
used in the past by our research team for copper, tungsten, titanium,
ILD and STI applications using a variety of application-specific silica-
based and ceria-based slurries and polyurethane pads,6,12,17–23 no pre-
vious work has been published on the possible utility of this model
for cobalt “buff step” using a Fujibo H800-CZM pad and a slurry in-
tended for this application. As such, we believe that our contribution
to the field of polishing the dielectric surrounding cobalt plugs and
local interconnects in MOL metallization is original. In this model, it
is assumed that n moles of reactant R react with the wafer surface (S)
at a rate of k1 to form a soft surface layer, L:

S + n R
k1→ L

The soft surface layer is then mechanically abraded at a rate of k2:

L
k2→ L

The abraded material, L, is then assumed to be transported away
from the surface without redepositing. If the rate of formation of the
soft surface layer is equal to the rate of its depletion, then the overall
material removal rate (RR) is a function of chemical and mechanical
effects and is described by the equation:

R R = Mw

ρ

k1Cn
R

1 + k1Cn
R

k2

.

Where CR is the molar concentration of the reactant R, Mw is the molar
mass of the film material, and ρ is the density of the film material.
In order to simplify the reaction rate equation, we assume that the
reactant R is at a constant concentration in the slurry and that it is not
depleted. With this, the molar concentration CR can be set to unity
and absorbed into the chemical rate constant, k1. The reaction rate
equation simplifies to,

R R = Mw

ρ

k1k2

k1 + k2
.
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Table I. Optimized values for A, β, cp, e, and the resulting RMS.

A β cp RMS
(mole · m−2 · s−1) (K/Pa(m/s)1−e) (mole/J) e (Å/min)

2.71 × 104 1.23 × 10−5 6.04 × 10−9 4.98 × 10−10 40

Here, the chemical rate constant is,

k1 = A exp

(
− E

kT

)
,

where A is a pre-exponential factor, E is the chemical reaction activa-
tion energy, k is Boltzmann’s constant (8.617 × 10−5 eV/ K), and T
is the reaction temperature. The mechanical rate constant is given by
the expression:

k2 = cpμk Pv,

where cp is a constant of proportionality, μk is the COF, P is the
polishing pressure, and v is the sliding velocity. The actual temperature
at which the chemical reaction takes place is,

T = Tp + β

V 1/2+e
μk Pv,

where Tp is the mean pad surface temperature (as reported in Figure
2), β is a grouping of tooling parameters, and e is an exponential fac-
tor. Similar to the work of Sorooshian et al., the activation energy was
taken to have an Arrhenius dependence, and was extracted by plot-
ting the natural log of the removal rate against the inverse mean pad
temperature and then calculating the slope.24 The extracted activation
energy was E = 0.513 eV. During simulation, E was kept constant, and
A, β, cp, and e were left as floating parameters which were optimized
to minimize the root mean squared error (RMS) between the exper-
imental removal rate and the simulated removal rate. The optimized
parameters and the resulting RMS are listed in Table I.

A comparison of the experimental removal rate and the simulated
removal rate is shown in Figure 4. Simulated silicon dioxide removal
rates agree reasonably well with experimental data. Even though RMS
was at 11% for all data sets, it must be noted that removal rates were
generally quite low due to the nature of the buff step and an RMS
of only 40 Å/min would be considered respectable. Due to our rea-
sonable level of confidence in the simulation results, the chemical
and mechanical rate constants were then analyzed. The chemical and
mechanical rate constants are shown in Figure 5. Although both in-
crease with increasing mechanical power, the mechanical rate constant
is more sensitive to changes in the mechanical power. As shown in
Figure 6, the ratio of the chemical to mechanical rate constant, k1/k2,
is more important than either one of the rate constants alone, as the
ratio can elucidate the rate limiting factor. It is important to note that

Figure 4. Comparison of experimental and simulated silicon dioxide removal
rates.

Figure 5. Simulated rate constants, chemical rate constant k1 and mechanical
rate constant k2.

values of k1/k2 greater than unity indicate that the process is mechan-
ically limited. Our simulation results indicate that this ratio is greater
than unity for all combinations of P × v except at the highest mechan-
ical power. Moreover, it decreases sharply with increasing mechanical
power. Results indicate that the buff polishing process with this set
of consumables is mechanically limited until the mechanical power
is extremely elevated, around 38,000 Pa.m

s . At lower values of P × v,
small deviations from the set mechanical power can greatly impact
removal rate. These deviations can be in the form of stick-slip phe-
nomena between the pad and the wafer, intrinsic vibrations of the
polisher, diamond disc wear, pad wear, or poor process control.25

Conclusions

We investigated the thermal, tribological, and kinetic aspects of
buff polishing silicon dioxide wafers with a cobalt slurry. Blanket
silicon dioxide wafers were polished on a Fujibo H800-CZM pad
with a state-of-the-art proprietary cobalt buff slurry. While removal
rates and mean pad temperatures increased with increasing values
of P × v, COF stayed relatively stable over all polishing pressure
and sliding velocity combinations (ranging only from 0.30 to 0.37).
This indicated that boundary lubrication was the dominant tribological
mechanism throughout the range of parameters studied. Removal rate
data was successfully simulated with a two-step modified Langmuir-
Hinshelwood model and the simulated chemical and mechanical rate
constants were further analyzed. Results indicated that silicon diox-
ide polishing with this set of consumables was mainly mechanically
limited, but became more chemically and mechanically balanced at
the highest P × v.

Figure 6. Ratio of the chemical rate constant to the mechanical rate constant,
k1 / k2.
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This study investigates the effects of a novel slurry injection system on the thermal, tribological, and kinetic aspects of new middle of
the line cobalt “buff step” CMP process. The mean pad temperature, coefficient of friction (COF) and removal rate were higher when
applying the slurry using the novel injection system compared to the standard point application method. By using the novel slurry
injection system, the overall consumption of slurry could be reduced by 25 to 33% compared to the slurry consumed by the point
application method, while still achieving similar removal rates. Our well-established modified two-step Langmuir-Hinshelwood
model apparently failed when it was used to simulate the removal rates using the activation energy and optimized parameters from
our previous work with the same slurry. By making a small alteration (e.g. by optimizing the pre-exponential factor for the Arrhenius
chemical rate constant for each different flow rate and slurry application method) to account for slurry dilution by residual rinse
water and spent slurry, the model was able to successfully simulate experimental removal rates.
© 2018 The Electrochemical Society. [DOI: 10.1149/2.0101804jss]
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Chemical mechanical planarization (CMP) continues to be the
enabling technology for integrated circuit production.1 In CMP, the
main cost of operation is associated with consumables, such as the pad,
conditioning disc, and, especially, slurry.2 In addition to the high cost
associated with slurry consumption, there are environmental health
and safety (EHS) concerns as slurries typically contain chemical ox-
idizers, nanoparticles, chelating agents, acids and bases, as well as
anti-bacterial and anti-fungal agents. When introduced into the envi-
ronment, if not treated, these ingredients will have negative effects on
myriad types of life and environmental cycles. As such, slurry waste
treatment is essential even though it adds to the already-elevated cost
of ownership of the CMP module. Previous researchers in our group
have shown that when slurry is applied via the standard point applica-
tion method to the center of the pad, as little as 2 to 22% of the slurry
applied participates in wafer polishing depending on pad characteris-
tics, leading to a low slurry utilization.3,4 Many studies have focused
on ways to reduce slurry consumption while still achieving the similar
process characteristics,5–8 but only a limited number of studies have
been performed with this goal as well as the goal to reduce fresh
slurry dilution by residual rinse water and spent slurry. Meled et al.
introduced a novel slurry injection system that achieved a reduction
in slurry usage while mitigating fresh slurry dilution as quantified
by a reduction in the slurry mean residence time.4 Furthermore, our
research group has worked to alter and improve the effect of the novel
system in several ways such as changing its overall shape and size, as
well as the position of the system.9–15

In the present study, we continue work on the novel slurry injec-
tion system and apply it to a new and developing middle of the line
(MOL) cobalt CMP application. As the technology node becomes
more aggressive, research groups have begun using cobalt as the metal
of choice for MOL applications, rather than the traditional tungsten
metal plug, due to several beneficial processing characteristics. CMP
is performed in two major steps for MOL cobalt applications: first a
bulk cobalt polish at a high wafer pressure is used to remove most of
the overburden of cobalt and stop on the liner; next, a cobalt buff pol-
ishing step is performed at a lower wafer pressure in order to remove
the remaining cobalt, liner, and some of the surrounding silicon diox-
ide or low-k dielectric, to leave its surface cobalt-free.16,17 Here we
aim to reduce the consumption of the expensive cobalt slurry by intro-
ducing the novel slurry injection system (henceforth SIS) to produce
similar removal rates using a lower flow rate of slurry. In addition, the

∗Electrochemical Society Member.
zE-mail: calliandra@email.arizona.edu

thermal, tribological, and kinetic attributes of cobalt “buff” polishing
is investigated.

Experimental

Both the standard point application (henceforth referred to as PA)
and the SIS were used to apply slurry to the pad surface during
polishing. Figure 1 depicts the top view of the polisher’s platen with
PA and SIS methods. The SIS consists of an injector and a mount
which is connected to the injector via rods. The injector is rectangular
in shape (shown in Figure 2), has a slurry inlet on the top, as well
as a slurry outlet on the bottom of the body that is connected to a
channel machined along the length of the injector. Fresh slurry is
pumped to the inlet port which then flows through the outlet port into
the precision-machined channel, directly spreading the fresh slurry
on the pad surface. The injector mount is used to securely attach the
injector assembly to the polisher while ensuring that the bottom of
the injector is in contact with the pad surface at all times. General
information on the SIS can be found in the literature.18,19 The SIS can
be configured to block residual slurry and rinse water from entering
the pad-wafer interface,8,10,11 as is done in this study; alternatively it
can be configured to increase slurry dilution.11–13

Polishing tests were performed using the Araca APD-800 polisher
and tribometer, which is able to measure shear force and downforce
at 1,000 Hz and thus provide real-time coefficient of friction data
from the pad-wafer interface.20 A process-specific set of consumables
and polishing conditions were used to investigate the cobalt buff step
polish. A Fujibo H800-CZM pad and a state-of-the-art proprietary

Figure 1. Top view of the polisher platen with the novel slurry injection
system (left) and the standard point application (right).
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Figure 2. Bottom view of the injector body used in this study.10

cobalt buff step slurry were used to polish blanket 300-mm PETEOS-
based silicon dioxide wafers. Before wafers were polished, the pad
was broken-in for 15 minutes using a Saesol CLC-S1-SA5C diamond
disc which rotated at 36 RPM and swept 13 times a minute at a 2 kgf

downforce with a UPW flow rate of 200 mL/min and a platen rotation
of 51 RPM, the same conditions used in our previous work.21 Then to
ensure a pad surface with a properly-developed micro-texture before
polishing monitor wafers, five dummy wafers were polished at set
conditions until the COF stabilized.10,11 Three flow rates were investi-
gated for each slurry application scheme (200, 150, and 100 mL/min)
and two blanket wafers were polished per flow rate. The sliding ve-
locity and polishing pressure were kept constant for all polishing tests
and were 1.2 m/s and 2 PSI, respectively. Each monitor wafer was pol-
ished for 60 seconds under these conditions. Ex-situ conditioning was
performed between polishes for 10 seconds with the same conditions
used for the pad break-in. Monitor wafer film thickness was mea-
sured before and after polishing with a reflectometer manufactured by
SENTECH Instruments in order to calculate material removal rate.

Results and Discussion

Polishing results.—As each polishing test was performed at the
same pressure and velocity, the mean pad temperature and the removal
rate are plotted against the product of COF, pressure, and velocity,
while the COF is plotted against flow rate. This helps to emphasize
the relationship between the COF and the observed temperature and
removal rate results, as well as the relationship between flow rate
and COF. In all figures, data points have been designated by color
(for the respective flow rate used in each trial) and by symbol shape
(for the respective slurry application method). Figure 3 shows the
mean pad temperature and the COF for the novel slurry injection
method as well as the PA method. The SIS method resulted in higher
COF, and a higher mean pad temperature, than the PA method for
all flow rates. The bottom of the injector’s body contacts the pad and
effectively removes residual rinse water. Compared to the PA method,
the higher COF seen with SIS is likely caused by less slurry dilution
atop the pad. This relationship between COF and dilution by rinse
water is consistent at other flow rates. Less slurry dilution leads to more
abrasive particles and chemical constituents in the pad-wafer region
thereby causing higher COF which generates more frictional heat,
thereby raising the temperature. In CMP, frictional heat generated gets
partitioned such that some of the heat flows into the pad.22 Therefore,
it was expected that a higher COF would result in a higher mean pad
temperature, which is the case for comparison of the two application
methods. Although the COF increases with flow rate for either slurry
application method, the mean pad temperature is relatively constant
for each. This can be explained by the increased convective heat
transfer away from the pad as the slurry flow rate, and hence volume,
is increased.

Figure 4 summarizes the removal rate results for all experimental
conditions. The slightly elevated COF and mean pad temperature for
the SIS method resulted in a higher material removal rate than that

Figure 3. Effect of slurry application method and flow rate (in mL/min) on
mean pad temperature (top) and effect of slurry application method and flow
rate (in mL/min) on COF (bottom).

observed for the PA method for each flow rate. Similar removal rate
and COF were observed for the SIS method at 100 mL/min and the PA
method at 150 mL/min, as well as for the SIS method at 150 mL/min
and the PA method at 200 mL/min. This suggests that the overall
slurry consumption could be reduced by 25 to 33% by using the
SIS instead of PA, which would significantly reduce cost and EHS
concerns. The removal rate increased with increasing slurry flow rate
for both methods investigated, which matched the trend in COF. In
general, the pad temperature and COF data for a given flow rate and
application scheme are very narrowly distributed. However, the slight
increase in COF produced a lower removal rate within the slurry flow
rate and application scheme for four out of the six schemes tested. This
is likely due to the influence of temperature, as the slightly elevated
temperature corresponds to a higher removal rate. The elevation in
temperature can be attributed to pad history. That is, the pad did not
completely return to ambient temperature in between polishing runs,
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Figure 4. Effect of slurry application method and flow rate (in mL/min) on
removal rate.
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Figure 5. Comparison of experimental and simulated removal rates with constant pre-exponential factor from our previous work 21 (2.71 × 104 mole · m−2 · s−1)
for SIS (left) and PA (right). Experimental data is shown with solid markers that correspond to the naming above. Simulated data is shown with open markers with
the color designating flow rate.

and the second test for a slurry flow scheme started off at a slightly
higher mean pad temperature. Additionally, the removal rate did not
increase markedly from 150 to 200 mL/min when using the SIS.
Wang et al. found that removal rate did not increase with flow rate
after a certain point, and attributed this to a relative maximum in the
interaction between abrasive particles and wafer that was no longer
altered by further increases in slurry flow rate.23 We believe this to be
the case in our study as well. The non-Prestonian behavior observed
in this experiment is evident as the same P × v was used for each
trial and different removal rates were observed. As such, studying the
removal rate mechanism will help elucidate the governing behavior
behind the removal rate process.

Simulation results.—A well-established two-step modified
Langmuir-Hinshelwood model24,25 has been used to successfully
simulate numerous experimental results for different types of
polishing,24–31 including our recent work on silicon dioxide CMP
during the cobalt buff step at a fixed slurry flow rate of 200 mL/min.21

The modified two-step Langmuir-Hinshelwood model is used to in-
vestigate the kinetic aspects of the “buff step” polishing and accounts
for both the chemical and the mechanical effects involved in material
removal. This model takes that n moles of reactant R react with the
wafer surface (S) at a rate of k1 to form a soft surface layer, L:

S + n R
k1→ L

Then the soft surface layer is removed by mechanical abrasion at
a rate of k2:

L
k2→ L .

It is assumed that the abraded material, L, is carried away by the
slurry and does not redeposit on the material surface. The removal
rate is then a function of both chemical and mechanical effects. If the
rate of formation and depletion of the soft surface layer are equal then
the removal rate is given by the equation

RR = Mw

ρ

k1Cn
R

1 + k1Cn
R

k2

.

Here, the molar concentration of the reactant R is represented as
CR, while Mw and ρ are the molar mass and density of the film material,
respectively. The reactant R is taken to be in excess and not depleted,
such that the concentration can be assumed to be constant and the
removal rate equation can be simplified. Given this simplification,
the molar concentration CR can be absorbed into the chemical rate

constant, k1, and set to unity. The reaction rate is then given by

RR = Mw

ρ

k1k2

k1 + k2
.

The chemical rate constant is taken to be Arrhenius and is given
by the equation

k1 = A exp

(
− E

kT

)
,

where A is a pre-exponential factor, E is the chemical reaction activa-
tion energy, k is Boltzmann’s constant (8.617 × 10−5 eV/K), and T is
the actual reaction temperature of the film material. The mechanical
rate constant is expressed by the equation

k2 = cpμk Pv,

where cp is a constant of proportionality, μk is the COF, P is the
polishing pressure, and v is the sliding velocity. The chemical reaction
takes place at the actual temperature T which is given by,

T = Tp + β

v1/2+e
μk Pv,

where Tp is the mean pad surface temperature (as shown in Figure 3),
β is a grouping of parameters that depend on tooling, and e is an
exponential factor that accounts for the heat partitioned into the pad.
The activation energy of the chemical reaction, E, is extracted from
the slope of the plot of the natural log of the removal rate versus the
inverse of the mean pad temperature.23

However, when the optimized parameters from the successful sim-
ulation of data from our previous work21 (i.e. the PA method at
200 mL/min) were used to simulate the removal rate data from this
current work, the simulation, as shown in Figure 5, failed. The experi-
mental removal rate and the simulated removal rate, with the resulting
root mean squared error (RMS) between the data sets, for both the
SIS and PA methods are shown in Figure 4. The RMS values equate
to 13% of the average removal rate for the SIS method, and 19% for
the PA method. We postulated that the failure of the model was due
to the different degree of dilution by rinse water at each different flow
rate and slurry application method; at higher flow rates there is less

Table I. Activation Energy (E) and the optimized values for β, cp,
and e.

E (eV) β (K/Pa(m/s)1−e) cp (mole/J) e

0.513 1.23 × 10−5 6.04 × 10−9 4.98 × 10−10
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Figure 6. Comparison of experimental and simulated removal rates with fitted pre-exponential factor for SIS (left) and PA (right). Experimental data is shown
with solid markers that correspond to the naming above. Simulated data is shown with open markers with the color designating flow rate. The simulated removal
rates for the PA application method at 150 mL/min lie on top of the experimental data points.

Table II. Fitted pre-exponential factors for the slurry application
schemes at each flow rate.

Application Flow Rate (mL/min) A (mole · m−2 · s−1)

SIS 200 2.14 × 104

SIS 150 2.38 × 104

SIS 100 1.71 × 104

PA 200 2.71 × 104

PA 150 1.99 × 104

PA 100 1.30 × 104

relative dilution of slurry by the residual rinse water (which remains
within grooves and pores after pad rinsing and spinning the platen),
meanwhile the SIS method has been shown to mitigate dilution (in the
configuration used in the present study) when compared to PA.8,10,11

To account for the chemical effects of the dilution, we next proceeded
to optimize the pre-exponential factor for the Arrhenius chemical rate
constant for each different flow rate and slurry application method,
while the activation energy along with the optimized parameters β, cp,
and e, from our previous work were kept constant (listed in Table I).
The change in the pre-exponential factor accounts for the relative con-
tribution of the chemical reaction in the material removal process. As
the pre-exponential factor decreases with flow rate, so does the contri-
bution of the chemical reaction. This accounts for relative changes in
concentration of the slurry due to dilution by residual rinse water. The
simulated removal rate using fitted pre-exponential factors compared
to the experimental removal rate is shown in Figure 6, while these op-
timized pre-exponential factors are listed in Table II. The RMS values
for this fit now equate to 5% of the average removal rate value for the
SIS method, and 4% for the PA method (nearly a 3-fold reduction).
By making a small alteration to the two-step modified Langmuir Hin-
shelwood model, we were able to simulate the experimental data with
much higher accuracy and properly capture the shape of the removal
rate curve.

Conclusions

We investigated the effect of a novel slurry injection system on pol-
ishing performance in the new and developing area of MOL “cobalt
buff” CMP. Overall, the higher COF and mean pad temperature pro-
duced by using the SIS method, when compared to those produced
by the PA method, resulted in a higher material removal rate. Similar

removal rates were produced by the SIS and PA methods at different
flow rates, indicating that a 25 to 33% reduction in slurry consumption
could be realized by using the SIS method rather than the PA method.
A modified two-step Langmuir-Hinshelwood model was used to sim-
ulate the removal rate for each slurry application method. To account
for the chemical effects of the different degree of dilution produced
by using different flow rates and different slurry application meth-
ods, a slight alteration was made to the model. The accuracy of the
fit improved dramatically by using fitted pre-exponential factors for
each flow rate and method; the RMS value dropped from 13% to 5%
of the average removal rate value for the SIS method, and the RMS
dropped from 19% to 4% for the PA method. This work highlights
the reduction in slurry consumption that can be realized by using
the SIS method rather than the traditional PA method and introduces
a correction mechanism to the well-established modified two-step
Langmuir-Hinshelwood model for the chemical effect of dilution.

This work on blanket silicon dioxide wafer was an important pre-
cursor for polishing patterned wafers in MOL cobalt applications. The
SIS should also improve removal rate compared to the PA method for
patterned wafer polishing so long as material removal mechanisms are
similar for blanket cobalt as well as patterned product wafers. Further
study regarding this would be worthwhile.
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7.1 Conclusions 

This work furthered the knowledge regarding the effect of diamond discs on pad surface 

micro-texture and the corollary effect on copper CMP. It also provided a base for the study of the 

thermal, tribological, and kinetic attributes of the secondary polishing step in new MOL cobalt 

applications. Additionally, improvements on slurry utilization for the secondary cobalt polishing 

step were investigated in order to address EHS and cost concerns. Individual sections on the 

conclusions of the three studies in this thesis are provided below. 

 Effect of CVD-Coated Diamond Discs on Pad Surface Micro-Texture and Polish

Performance in Copper CMP

Three CVD-coated diamond discs with significantly different microstructures were used 

to generate pad surfaces on which blanket copper wafers were polished. Pad samples 

were extracted after polishing and were analyzed with confocal microscopy in order to 

investigate the contact area, contact density, and pad surface topography. The most 

aggressive disc produced a pad surface with open pores, the tallest asperities, and most 

contact area and contact density. As this pad had the greatest amount of solid contact and 

ability to transport slurry through the open pores, it also produced the highest material 

removal rates. As the aggressiveness of the disc decreased, so did the contact area, 

contact density, and asperity height. The least aggressive disc produced a pad surface 

with covered pores and very short asperities, but also produced the highest COF and 

mean pad temperatures. We postulated this surface allowed a thin layer of slurry to form 

between the pad and the wafer and induce fluid suction, which then created a greater than 
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measured polishing pressure on the wafer, and along with higher COF and mean pad 

temperature, resulted in higher material removal rate than the pad surface generated by 

the moderately aggressive disc.  

The removal rate results were successfully simulated with a well-established modified 

two-step Langmuir-Hinshelwood model. These simulation results indicated that the 

process was chemically limited at all process parameters investigated, and that the 

process became more chemically limited as the mechanical power (represented by P × v) 

increased. This indicates that strong process control is needed to avoid fluctuations in 

temperature or relative dilution (from residual rinse water) to avoid deviations in material 

removal rate. 

 Cobalt “Buff Step” Chemical Mechanical Planarization

The thermal, tribological, and kinetic aspects of the second step of MOL cobalt CMP 

were investigated in order to analyze the removal of the dielectric surrounding the cobalt 

plug. Process specific consumables and polishing parameters were used to polish blanket 

PETEOS based silicon dioxide wafers. Removal rate and mean pad temperature increased 

with increasing mechanical power, while the COF remained relatively constant across the 

parameters investigated, indicating that the process was tribologically robust and 

remained in the boundary lubrication mechanism. To analyze the non-Prestonian 

behavior that was observed, the modified two-step Langmuir-Hinshelwood model was 

successfully used, for the first time with this process and set of consumables, to model 
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the experimental removal rate. The process was mechanically limited at low values of P 

× v, and became more chemically and mechanically balanced as this product increased. 

These results indicate that at low values of P × v, poor process control of the applied 

pressure or sliding velocity can result in significant changes in the removal rate, while at 

higher values of P × v, small changes in these variables or in mean pad temperature will 

have less of an effect on material removal rate. 

 

 Application of a Novel Slurry Injection System to Cobalt “Buff Step” Chemical 

Mechanical Planarization 

 

This work continued the study of the cobalt “buff step” from the second study in this 

thesis and used two different slurry application methods to determine whether slurry 

usage could be reduced by using a novel slurry injection system (SIS). Similar removal 

rates were observed using the SIS at a lower slurry flow rate than the traditional point 

application method, indicating that the slurry consumption could be reduced by 25 to 

33% by using the novel method. A new change was introduced to the well-established 

modified two-step Langmuir-Hinshelwood in order to achieve a successful simulation. 

When the optimized parameters from the initial study (same pad, slurry, wafer 

combination) were used to simulate the removal rates from this study, the simulation 

failed due to a change in the relative dilution of the slurry by the residual rinse water due 

to the different flow rates and application methods. By floating the pre-exponential factor 

for each different flow rate and application method, while leaving the activation energy 

and other three optimized parameters constant, a successful simulation was achieved. We 
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believe this is an important contribution to the field of study because process engineers 

need to be aware of this change in relative concentration of the slurry based on flow rate 

and application scheme when designing their polishing settings.  

 

7.2 Future Work 

 In order to improve the IC manufacturing processes that drive technological advances, it 

is necessary to complete research to further understand and characterize the interrelated variables 

of chemical mechanical planarization. Future work based on the studies contained in this thesis is 

proposed below: 

 

 Effect of CVD-Coated Diamond Discs on Pad Surface Micro-Texture and Polish 

Performance in Copper CMP 

 

Chapter 4 studied the effect of different conditioning discs on the pad surface micro-

texture and polishing performance in copper CMP. This study found that, of the three 

discs, the most aggressive disc produced a pad surface with open pores, taller asperities, 

and the greatest contact area and contact density. A continuation of this work could focus 

on the effect of different CVD-coated diamond discs on pad surface micro-texture and 

polish performance in oxide CMP. It is well known that the pad surface micro-texture 

affects polishing performance; the continuation study could see if the same properties 

correlate with higher removal rate of the oxide. That is, if taller asperities, open pores, 
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and greater contact area and contact density, also produce a higher removal rate, and if 

these pad surface micro-textures also can be generated using an aggressive disc.  

 

 Cobalt “Buff Step” Chemical Mechanical Planarization 

 

Chapter 5 investigated the thermal, tribological and kinetic attributes of the buff polishing 

step for novel MOL cobalt applications. A continuation of this work could investigate 

polishing blanket cobalt wafers at a higher wafer pressure, and polishing patterned wafers 

that have cobalt, liner and surrounding dielectric as applicable for metallization schemes. 

Investigation of material removal rate of the bulk cobalt, tribological mechanisms, 

thermal properties and kinetic attributes of the bulk polishing step are necessary before 

cobalt metallization can be used in high volume manufacturing. Polishing patterned 

wafers could also help answer these questions for the secondary buff step, while at the 

same time studying selectivity concerns. This work could complete the initial 

characterization of polishing cobalt for use in MOL metallization. 

 

 Application of a Novel Slurry Injection System to Cobalt “Buff Step” Chemical 

Mechanical Planarization 

 

Chapter 6 studied the application of a novel slurry injection system during the secondary 

step of cobalt CMP in MOL metallization. A continuation of this work could investigate 

the use of this slurry injection system while polishing blanket cobalt wafers and patterned 

wafers. The results from the completed study showed that slurry consumption could be 
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reduced by as much as 25 to 33% by using the slurry injection system compared to the 

traditional point application scheme, while still achieving comparable removal rates; in a 

continuation of these findings, polishing blanket cobalt wafers, as well as patterned 

wafers, could be performed in order to see if a similar reduction in slurry consumption 

could be realized during the other polishing step of cobalt metallization, as well as to 

provide a more detailed look at the secondary polishing step. The selectivity of the 

polishing scheme while using the novel slurry injection system is also a question that is 

of concern to process engineers, and this question could be more readily studied while 

polishing patterned wafers.  
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