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NOMENCLATURE 

 

A  = Arrhenius pre-exponential factor 

α  = A dimensionless parameter used to scale the wafer pressure 

B  = A constant in copper removal model proposed by Luo et al. 

β  = Fitting parameter used in removal rate modeling 

COF  = Coefficient of friction 

COFi  = Instantaneous coefficient of friction 

𝐶𝑂𝐹  = Average coefficient of friction 

CR  = Slurry reactant molar concentration 
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Δ  = Directivity 
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e  = Fitting parameter used in removal rate modeling 

Fdown  = Downforce 

Fz  = Downforce 
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h  = Metal film thickness 
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k1  = Chemical rate constant 

k2  = Mechanical rate constant 

l  = Length of cross-sectional area 

L  = Abraded passivation layer 

L  = Passivation layer formed due to chemical reaction 

Mw  = Molecular weight 

P  = Polishing pressure 

R  = Oxidizing agent 

ρ  = Density 

Ω  = Electrical resistance 

RR  = Removal rate 

Rs  = Sheet resistance 

δ  = Pad surface roughness 

S  = Wafer surface film 

So  = Sommerfeld number 

T  = Wafer surface reaction temperature 

Tp  = Average pad surface temperature 

µ  = Viscosity 

µk  = Coefficient of friction (identical to COF described above) 

v  = Relative pad-wafer velocity 

V  = Voltage 

w  = Width of cross-sectional area  
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ABSTRACT 

 

The first part of this study explored the effect of conditioning downforce during 

pad break-in, and its impact on the evolution of pad surface micro-texture. Results 

showed that the pad-wafer contact area and contact density decreased with conditioning 

downforce. Break-in at the higher conditioning downforce helped in reaching faster 

stabilized values of the analyzed micro-texture parameters. The evolution of these 

parameters was different for the two different downforces, however as break-in time 

increased past 30 minutes, mean summit height and mean summit curvature began to 

approach approximately the same value. These results indicated that, for the particular 

disc used in this study, a change in the magnitude of downforce during pad break-in 

caused a change in break-in time and stable values for some micro-texture parameters. 

However, a change in the magnitude of downforce during break-in only resulted in a 

change in break-in time for other micro-texture parameters. 

In the second part of this study, the impact of conditioner types and downforces 

during pad break-in, and the resulting effects on the evolution of pad surface micro-

texture was investigated. All experimental cases resulted in similar trends of mean 

summit height. More importantly, each case resulted in a different evolution of summit 

height distribution. Comparing the two discs used, one was observed to be more sensitive 

to changes in downforce compared to the other. The differences in the behavior of the 

two discs was explained by the differences in cutting mechanics, which was due to the 

different characteristics of the two discs. Both discs generated large amounts of pad 

fragments, which were shown to cause pore obscuration on the pad surface. In 4 out of 5 

cases, the pad surface micro-texture stabilized within 30 minutes of break-in and all cases 

stabilized within 60 minutes. 

As the third part of this study, the effect of conditioner type and downforce on 

blanket SiO2 wafer polishing performance was investigated. The goal of this study was to 

polish wafers after break-in to see how the polishing process behaved immediately after 

break-in. One of the discs used in this study produced similar micro-texture results at 

both downforces, which echoed the results seen in the mini-marathon. When comparing 
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the different polishing results obtained from breaking-in the pad with the different discs 

used in this study, the coefficient of friction (COF) and SiO2 removal rate (RR) were 

uncorrelated in all cases. However, the use of different discs resulted in different COF 

and RR trends. The uncorrelated COF and RR, as well as the differing trends, were 

explained by pad micro-texture results (i.e. the differing amount of fractured, poorly 

supported pad asperity summits). 

In the fourth part of this study, the relationship between directivity (Δ) and RR 

during copper CMP was investigated. The high-frequency shear and normal forces 

generated by stick-slip (which had been routinely used to explain micro- and nano-scale 

interactions that led to material removal) were measured. There was found to be a strong 

correlation between Δ (defined as the ratio of variances in shear force to those of normal 

force) and copper RR so long as the tribological mechanism remained constant. In cases 

where the tribological mechanism changed from “boundary lubrication” (BL) to “mixed 

lubrication” (ML), values of Δ were much lower, yet the straight-line relationship 

between Δ and RR was maintained, albeit it was shifted significantly. This was due to the 

ML regime consisting of hydrostatic or buoyant forces supporting the wafer, which led to 

less variability in frictional forces or less stick-slip events. Additionally, it was found that 

Δ and RR increased with sliding velocity while in BL due to an increase in stick-slip 

events. Conversely, Δ and RR decreased at lower sliding velocities while in ML due to an 

increase in hydrostatic or buoyant force supporting the wafer. 

In the fifth part of this study, the effect of slurry abrasive nanoparticle (NP) 

concentration on the tribological, thermal and kinetic attributes of tungsten CMP was 

investigated. Three tungsten slurries with different amounts of colloidal silica NPs, but 

without any detectable changes in formulation chemistry, yielded three different 

polishing outcomes. As slurry nanoparticle concentration [NP] increased, values of COF, 

temperature and removal rate decreased. This was also true for tungsten to silicon dioxide 

removal rate selectivity. For tungsten removal, 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 constants. 

Simulation results indicated that the process was chemically-limited for most polishing 
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conditions, and that the process became even more chemically limited as P × v increased. 

Moreover, the process became more chemically-limited as [NP] increased. During the 

extraction of an important parameter for simulation purposes (that being the apparent 

activation energy), a unique change in curvature of the Arrhenius plot was observed and 

attributed to the fact that, generally, CVD tungsten films differ in their density, chemical 

compositions and film morphology as a function of their thickness. The same explanation 

also accounted for the observed changes in the instantaneous shear forces vs. polish time. 

In the sixth and final part of this study, fluid film thicknesses were measured and 

general flow patterns were analyzed on a polishing pad during conditioning. A recently 

developed UV-enhanced fluorescence experimental technique was used to measure fluid 

film thicknesses and to analyze how conditioners with different working face designs and 

polisher kinematics (platen angular velocities) affected fluid flow characteristics on the 

pad surface. In general, fluid film thicknesses followed the same general trends across the 

pad surface for both disc designs and platen speeds. Regardless of the parameters used, 

the fluid film was the thickest in sections nearest to the wafer track and was significantly 

thinner near the center and edge of the pad. For both discs, the time for film thicknesses 

to reach steady-state increased with distance from the radius. In general, the full-face 

conditioner had a smaller maximum attainable fluid thickness (MAFT) and time to reach 

steady-state (TTRSS) as it most effectively expelled (i.e. squeegeed) the fluid off the pad 

surface. In contrast, the partial-face conditioner had a larger MAFT and TTRSS as its 

more intricate design allowed for greater fluid retention and generated more back-flow.  
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1.1 Chemical Mechanical Planarization Overview 

In integrated circuit (IC) manufacturing, individual circuits are densely packed on 

the surface of a wafer typically ranging from 150 to 300 mm in diameter [1]. Chemical 

mechanical planarization (CMP) is the de facto technology in the integrated circuit 

manufacturing industry for achieving both global (in millimeter scale) and local (in 

micrometer scale) planarity across the entire surface of the wafer [2]. Since its inception 

at IBM to produce planar interlayer dielectric silicon dioxide films in the 1980s, CMP has 

been used to control surface planarity to prepare for subsequent lithography steps. As 

such, it has been a key enabler in ever-diminishing minimum feature sizes in integrated 

circuits [3-6]. The applications of CMP have expanded greatly since its birth in the 1980s 

and, at the same time, there has been a drive to fundamentally understand the 

mechanisms for material removal, pattern evolution and wafer-level defect reduction. 

In CMP material is removed from the surface of the wafer through both chemical 

and mechanical means, ideally leading to a planar and defect-free surface as compared to 

only chemical or only mechanical means [5]. The diagram in Figure 1.1 illustrates the 

typical components and consumables of a CMP tool. These components consist of a 

rotating platen, a wafer carrier head, a conditioning disc carrier, and a slurry injection 

system. 

 

 

Figure 1.1: Schematic of a CMP polisher [7]. 

During CMP, a polishing pad containing groves or perforations, pores and a 

certain micro-texture is installed on top of the platen. Then a slurry containing abrasive 
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nanoparticles, oxidizing agents and other chemical additives is injected onto the pad 

surface. At the same time, a wafer is held with its feature side facing down in a rotating 

carrier head having a retaining ring and placed in direct contact with the rotating 

polishing pad. The chemical slurry is brought into the pad-wafer contact region through 

the use of the grooves, pores and micro-texture on the pad surface [8-10]. When the 

wafer and pad make physical sliding contact due to their respective unidirectional 

rotations, the chemicals and abrasive nanoparticles in the slurry, the pad asperities and 

the non-planar features on the wafer surface form an intimate 3-way contact. This 

provides both the chemical and mechanical action necessary for material removal that 

causes local and global wafer surface planarization [7]. During this process the pad 

surface is progressively degraded due to plastic deformation of the pad surface micro-

texture, a build-up of polishing by-products and contamination of the pad surface from 

the chemicals in the slurry. In order to counteract this degradation, a diamond 

conditioning disc is placed in a sweeping conditioning disc carrier, which applies a 

downforce and rotates the disc against the pad surface in a similar manner as the wafer. 

This acts to regenerate the pad surface by cutting uppermost asperities, opening the pores 

and physically removing the debris from the slurry and polishing byproduct [8-10]. 

1.1.1 Polishing Pads 

A cross-section scanning electron microscopy (SEM) image of a typical polishing 

pad (DowDupont IC1000® used for all experiments in this dissertation) made of 

polyurethane is shown in Figure 1.2. 

 

 

Figure 1.2: Cross-section SEM image of an IC1000® [11]. 
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Polyurethane is one of the most common materials used by pad manufacturers due 

to its excellent mechanical and chemical stability and high resistance to the aggressive 

chemicals used in CMP. However, there are many varieties of polyurethane, so the final 

polishing characteristics depend significantly on mostly proprietary manufacturing 

processes [12]. Two types of polyurethane pads are manufactured for CMP processes. 

These include thermoset and thermoplastic. In general, thermoset polyurethanes enable 

greater flexibility in chemistry since it is possible to select the precursor to the polymer. 

Thermoplastic polyurethane has largely a linear chain for its molecular structure while 

thermoset polyurethane has a heavily crosslinked polymer structure. While thermoset 

offers maximum wear resistance, thermoplastic has better elastomeric properties and 

better durability [13]. The specific pores and micro-texture of the pad surface are 

generated during the casting process. The grooves on the pad surface are then machined 

by cutting a previously manufactured plain pad or molded by forming concurrently when 

the pad is cast [12]. The pad surface will be discussed in further detail in Chapters 4, 5 

and 6 where the effect of conditioner discs on pad surface micro-texture and silicon 

dioxide CMP was investigated. 

1.1.2 Conditioning Discs 

A SEM image of the diamonds on the face of typical conventional and chemical 

vapor deposited (CVD) coated pad conditioning discs are shown in Figure 1.3. 

 

                  

Figure 1.3: SEM images of a conventional (left) and CVD-coated (right) conditioner disc [14]. 
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 The typical conventional disc contains tens of thousands of synthetic diamonds 

with a certain sharpness classification randomly arranged on the working face of the disc. 

The diamond sizes can range from disc to disc but are typically on the order of several 

hundred μm. In contrast, a typical CVD-coated disc is comprised of a certain micro-

replicated Si3N4 design on the face of the substrate. These designs do not have a 

sharpness classification, however, the area of the disc that comes into contact with the 

pad is coated with a CVD diamond carbon coating or some sort of a diamond like carbon 

(DLC) coating. The size, shape, orientation, and placement of diamonds can be more 

precisely engineered in this type of a diamond disc therefore allowing for much finer 

diamond structures on the order of tens of μm [15]. 

Top down SEM images of an IC1000® polishing pad that has been subjected to 

polishing with and without conditioning are shown in Figure 1.4. 

 

     

Figure 1.4: Top down SEM images of a conditioned (left) and unconditioned (right) IC1000® 

polishing pad [16]. 

From Figure 1.4 it can be seen that conditioning regenerates the pad surface by 

opening the pores and physically removing the debris from the slurry and polishing by-

product. Conditioning discs will be discussed in further detail in Chapters 4, 5 and 6 

where the effect of conditioner discs on pad surface micro-texture and silicon dioxide 

CMP was investigated. 
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1.1.3 Chemical Slurry 

Generally speaking, slurries are composed of abrasive particles and a solution of 

deionized water containing different chemicals. These chemicals typically consist of 

oxidizers and organic compounds such as dispersants or passivation agents. The behavior 

of the slurry and its compounds at the pad-wafer interface are paramount as they define 

CMP performance [3]. 

A key chemical component of metal slurries is the oxidizer used because it reacts 

with the metal to form a soft oxide layer that can then be more easily removed by the 

abrasive nanoparticles in the slurry. The most common oxidizers are hydrogen peroxide, 

ferric nitrate and potassium iodate [17]. The correct choice of this component affects the 

removal rate and the selectivity of the polishing process. Another common chemical 

component of slurries, namely surfactants, can be added to the system to provide a steric 

barrier between abrasive nanoparticles and modify their charge to produce electrostatic 

stabilization [3]. This helps prevent the formation of agglomerates that can cause surface 

defects, such as micro-scratches. The final common component in slurries, inhibitors, are 

organic species that reduce or minimize undesired side-reactions. These compounds are 

more common during metal CMP because they are necessary to help prevent corrosion 

[18]. 

In addition to the chemical components in the slurry, abrasive nanoparticles are 

needed to perform most of the mechanical action during polishing. Combined with pad 

asperities, the nanoparticles contact and abrade the chemically modified wafer surface, 

removing the excess material and exposing new material for further chemical reaction 

[18]. The abrasive nanoparticle content and the size distribution of the nanoparticles have 

a great impact on the CMP performance. The three main types of abrasive nanoparticles 

used for CMP processes include silica, ceria and alumina. SEM images of the different 

types of particles are shown in Figure 1.5. 

 



21 

 

               

Figure 1.5: SEM images of (a) Colloidal silica particles, (b) Fumed silica particles, (c) Alumina 

particles and (d) Ceria particles [19-21]. 

The first slurries used for silicon dioxide applications contained fumed silica, while 

metal CMP processes have used silica, ceria and alumina. However, colloidal silica 

(especially high-purity colloidal silica) is now primarily used due to the superior surface 

quality (in terms of atomic smoothness and wafer-level defects) it creates. This 

dissertation used only colloidal silica nanoparticles which will be discussed in further 

detail in Chapter 8 where the effect of nanoparticle concentration on tungsten CMP was 

investigated. 

1.2 Chemical Mechanical Planarization Applications 

The manufacturing process of CMP 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). FEOL CMP processes involve shallow trench isolation (STI) and replacement 
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metal gate (RMG). MOL CMP processes typically involve tungsten (or cobalt) polishing 

during the formation of the metal plug, or metal contact to the source, drain and gate of 

the transistor. Finally, BEOL refers to the steps that form the multi-layer interconnects 

(typically copper) and the interlayer dialectic (ILD) (typically silicon dioxide) [3,4]. As 

the technology node has become more aggressive, the number of CMP steps has 

increased as shown in Figure 1.6, with some 7 nm technology processes passing 30 CMP 

steps. 

 

Figure 1.6: CMP steps per technology node [3]. 

1.2.1 Silicon Dioxide CMP for ILD 

ILD CMP was the birth of the CMP process in semiconductor manufacturing. A 

schematic of ILD CMP is shown in Figure 1.7. 
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Figure 1.7: A schematic of ILD CMP [3]. 

The major goal of ILD CMP has been to provide a planar surface between the 

increasing number of metal layers in the MOL and BEOL. The planarized dielectric 

surface is then etched out after ILD CMP to create the metal trench and the via. The 

trench and via are filled with a metal layer, which is then planarized by a subsequent 

metal CMP step. An optimal ILD CMP process should have a nearly defect-free surface 

finish, stop with accurate final target thickness of the dielectric material (generally silicon 

dioxide) and should meet the required film thickness non-uniformity. Any defects 

remaining on the surface could result in an incomplete etch process during the following 

steps. ILD CMP has therefore focused on the improvement of consistent material 

removal rate and uniformity across the wafer surface as the major area of development. 

This will be discussed in further detail in Chapter 6 where the effect of conditioner discs 

and pad surface micro-texture on silicon dioxide CMP was investigated for ILD CMP 

purposes. 
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1.2.2 Copper CMP 

Copper has been the industry standard since it replaced aluminum as the 

interconnect metal of choice in 1997 due to its lower electrical resistivity [22]. Figure 1.8 

illustrates the most commonly used process to create copper interconnects, the dual 

damascene process. 

 

Figure 1.8: Simplified copper dual damascene formation process schematic [7]. 

The dual damascene process begins by etching a trench in the ILD layer. Next, a 

barrier layer of TaN/Ta is formed in the trench using physical vapor deposition (PVD). 

This barrier layer is necessary because of coppers high diffusivity and poor adhesion to 

ILD. In addition, the barrier layer increases the mechanical strength as well as the 

electrical reliability of the interconnect [22]. After the barrier layer is deposited, a thin 

seed layer of PVD copper is deposited so that electrochemically deposited (ECD) copper 

can fill the trenches and the vertical vias [23,24]. After ECD, an overburden of copper is 

left, which must be removed with copper CMP. Typically, copper CMP is performed in 

two steps. First, the bulk of the copper overburden is removed while polishing stops on 
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the barrier layer, and second, the barrier layer is removed without causing significant 

dielectric erosion or copper dishing. The copper CMP process is followed by a barrier 

layer CMP process. The end goal is to create a planar surface where the copper filled 

regions can co-exist alongside the ILD [25]. Copper CMP will be discussed in further 

detail in Chapter 7 where the effect of fluctuations of shear and normal forces during 

CMP was correlated to copper removal rate. 

1.2.3 Tungsten CMP 

 Figure 1.9 illustrates the most commonly used process steps to create tungsten 

contact vias, the tungsten plug process.  

 

Figure 1.9: Simplified tungsten plug formation process schematic [7]. 
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Tungsten is widely used as the contact via material due to its superior electro-

migration performance, and because it is a good diffusion barrier. As such, tungsten is 

used in IC manufacturing to connect devices to the interconnect layers above [26]. The 

tungsten plug process follows very similar steps as those in the copper dual damascene 

process. It first begins by etching a trench in the oxide layer, followed by the formation of 

a barrier layer of Ti/TiN by PVD. This barrier layer is necessary because tungsten has 

poor adhesion to oxide. After the barrier layer is deposited, the vertical via is filled with 

CVD tungsten. After the CVD process, tungsten CMP is performed in the same two-step 

process as in the copper CMP process mentioned in the previous sub-section. Tungsten 

CMP will be discussed in further detail in Chapter 8, where the effect of slurry 

nanoparticle concentration on tungsten CMP was investigated. 

1.3 Cost of Ownership (COO) and the Environmental Impact of CMP 

 The CMP module is one of the most expensive modules in IC manufacturing due 

to relatively low throughput and high cost of ownership (COO), particularly in the area of 

consumables. Additionally, it can be seen in Figure 1.10 that over 90% of the cost of 

consumables can be attributed to slurries, polishing pads and conditioners. 

 

Figure 1.10: CMP Consumable Cost [27]. 
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Slurry represents 49% of the cost of CMP consumables and these slurries 

typically contain chemicals and nanoparticles as mentioned in subsection 1.1.3. When 

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

the environment. The chemical waste from CMP processes must be treated before it can 

be disposed of, but the capture of slurry nanoparticles has shown to be inefficient [28]. In 

addition, during the CMP, only about 2 to 25 % of the slurry participates in wafer 

polishing (the exact percentage depends on pad groove design and other process 

parameters), while the rest of the slurry exits the system unused [29]. This implies that 

excess slurry waste is generated, posing a major COO and environmental impact concern. 

As such, a better understanding of how slurry constituents effect the polishing process is 

needed in order to make the necessary changes to meet the COO and environmental 

impact needs. 

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

total cost of CMP consumables. COO can be decreased by learning more efficiently and 

effectively utilize these consumables during polishing. During polishing, the pad is 

continuously degraded and polluted by the slurry and polishing by-products. The 

conditioner continuously regenerates the pad surface, however, the pad still has an 

associated life and must be discarded after some time. Likewise, conditioning discs have 

an associated life and must be discarded after some time. In addition, conventional 

diamond conditioning discs use synthetic diamonds embedded in a metallic substrate. We 

now know that less than 1% of the synthetic diamonds actively participate in cutting the 

polishing pad during conditioning [30]. In addition, the active diamonds themselves are 

worn by conditioning, while the inactive diamonds show no appreciable wear [31]. 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 extensively adopted [32]. There are limited published studies on the effect of 

CVD-coated diamond discs on pad surface micro-texture and polishing performance. 

Therefore, a better understanding of the relationship between the conditioner, and the pad 

surface micro-texture that is generated, is desired. This can be used extend pad and 

conditioner life while simultaneously improving polishing performance, therefore 

improving cost of ownership and environmental impact needs. 
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1.4 Research Motivations and Goals 

 The primary motivation of this dissertation is to understand several fundamental 

aspects of CMP and to better understand the effect of consumables on the polishing 

performance. This will be beneficial in reducing consumables use (and thus 

environmental pollution) and to reduce COO. This dissertation reports on five 

independent, yet overall cohesive, studies. The motivations and the goals of each study 

are described below: 

• Effect of Conditioning Downforce and Pad Break-In Time on Pad Surface Micro-

Texture in Chemical Mechanical Planarization (Chapter 4): The effect of 

conditioning downforce during pad break-in, and its impact on the evolution of 

pad surface micro-texture was investigated. Two different conditioning 

downforces were used to break-in pads. Pad samples were extracted after certain 

break-in times and analyzed for their topography and contact area using confocal 

microscopy. Results showed that the pad-wafer contact area and contact density 

decreased with conditioning downforce. Break-in at the higher conditioning 

downforce helped in reaching faster stabilized values of the analyzed micro-

texture parameters. The evolution of these parameters was different for the two 

different downforces, however as break-in time increased past 30 minutes, mean 

summit height and mean summit curvature began to approach approximately the 

same value. These results indicated that, for the particular disc used in this study, 

a change in the magnitude of downforce during pad break-in caused a change in 

break-in time and stable values for some micro-texture parameters. However, a 

change in the magnitude of downforce during break-in only resulted in a change 

in break-in time for other micro-texture parameters. The work underscored the 

need for conducting such tests with different conditioners in order to develop a 

better understanding of the role downforce plays on the evolution of the micro-

texture. 

• Effect of Conditioner Type and Downforce, and Pad Break-In Time, on Pad 

Surface Micro-Texture in Chemical Mechanical Planarization (Chapter 5): The 
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impact of conditioner types and downforces during pad break-in, and the resulting 

effects on the evolution of pad surface micro-texture was investigated. Two 

different conditioning discs were used with 3 possible downforces to break-in 

pads. Pad samples were extracted throughout the break-in process and confocal 

microscopy was used to analyze the samples for their surface microtopography 

and pad-wafer contact. Results showed that all experimental cases resulted in 

similar trends of mean summit height. More importantly, each case resulted in a 

different evolution of summit height distribution. Comparing the two discs used, 

one disc was observed to be more sensitive to changes in downforce compared to 

the other. The differences in the behavior of the two discs is explained by the 

differences in cutting mechanics, which is due to the different characteristics of 

the two discs. Both discs generated large amounts of pad fragments, which were 

shown to cause pore obscuration on the pad surface. In 4 out of 5 cases, the pad 

surface micro-texture stabilized within 30 minutes of break-in and all cases 

stabilized within 60 minutes. This work demonstrated the importance of 

understanding how different conditioner types react to changes in downforce 

when breaking-in a pad. 

• Effect of Conditioner Type and Downforce, and Pad Surface Micro-Texture on 

SiO2 Chemical Mechanical Planarization Performance (Chapter 6): Based on the 

work from chapter 4 and 5 where the effect of conditioner type and downforce on 

the evolution of pad surface micro-texture during break-in was investigated, 

certain break-in conditions were chosen to carry out subsequent blanket SiO2 

wafer polishing studies. Two different conditioner discs were used in conjunction 

with up to two different conditioning downforces. For each disc-downforce 

combination, mini-marathons were run using SiO2 wafers. Prior to polishing, 

each pad was broken-in for 30 min with one of the conditioner-downforce 

combinations. The goal of this study was to polish wafers after this break-in to see 

how the polishing process behaved immediately after break-in. One of the discs 

used in this study produced similar micro-texture results at both downforces, 

which echoed the results seen in the mini-marathon. When comparing the 

different polishing results obtained from breaking-in the pad with the different 
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discs used in this study, the coefficient of friction (COF) and SiO2 removal rate 

(RR) were uncorrelated in all cases. However, the use of different discs resulted 

in different COF and RR trends. The uncorrelated COF and RR, as well as the 

differing trends, were explained by pad micro-texture results (i.e. the differing 

amount of fractured, poorly supported pad asperity summits). 

• Correlating Removal Rate to Directivity in Copper Chemical Mechanical 

Planarization (Chapter 7): The relationship between directivity (Δ) and RR during 

copper CMP was investigated. We measured the high-frequency shear and normal 

forces generated by stick-slip (which has been routinely used to explain micro- 

and nano-scale interactions that lead to material removal), and found there to be a 

strong correlation between Δ (defined as the ratio of variances in shear force to 

those of normal force) and copper RR so long as the tribological mechanism 

remained constant. In cases where the tribological mechanism changed from 

“boundary lubrication” (BL) to “mixed lubrication” (ML), values of Δ were much 

lower yet the straight-line relationship between Δ and RR was maintained, albeit 

it was shifted significantly. This was due to the ML regime consisting of 

hydrostatic or buoyant forces supporting the wafer, which led to less variability in 

frictional forces or less stick-slip events. Additionally, it was found that Δ and RR 

increased with sliding velocity while in BL due to an increase in stick-slip events. 

Conversely, Δ and RR decreased at lower sliding velocities while in ML due to an 

increase in hydrostatic or buoyant force supporting the wafer. 

• Effect of Abrasive Nanoparticle Concentration on the Tribological, Thermal and 

Kinetic Attributes of Tungsten Chemical Mechanical Planarization (Chapter 8): 

The effect of slurry abrasive nanoparticle (NP) concentration on the tribological, 

thermal and kinetic attributes of tungsten CMP was investigated. Three tungsten 

slurries with different amounts of colloidal silica NPs, without any detectable 

changes in formulation chemistry, yielded three different polishing outcomes. As 

slurry nanoparticle concentration [NP] increased the COF, temperature and 

removal rate decreased. This was also true tungsten to silicon dioxide removal 

rate selectivity. For tungsten removal, trends in COF, temperature and removal 
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rate were successfully simulated using a two-step modified Langmuir-

Hinshelwood model which also yielded values for the chemical and mechanical 

rate constants. Simulation results indicated that the process was chemically-

limited for most polishing conditions, and that the process became even more 

chemically limited as P × v increased. Moreover, the process became more 

chemically-limited as [NP] increased. During the extraction of an important 

parameter for simulation purposes (apparent activation energy), a unique change 

in curvature of the Arrhenius plot was observed and attributed to the fact that 

CVD tungsten films differ in their density, chemical compositions and film 

morphology as a function of their thickness. The same explanation also accounted 

for the observed changes in the instantaneous shear forces vs. polish time. 

• Impact of Polisher Kinematics and Conditioner Disc Designs on Fluid Transport 

during Chemical Mechanical Planarization (Chapter 9): Fluid film thicknesses 

were measured and general flow patterns were analyzed during conditioning on a 

polishing pad using a recently developed UV-enhanced fluorescence experimental 

technique. The method was used to analyze how conditioners with different 

working face designs and polisher kinematics (platen angular velocities) affected 

fluid flow characteristics on the pad surface. In general, fluid film thicknesses 

followed the same general trends across the pad surface for both disc designs and 

platen speeds. Regardless of the parameters used, the fluid film was the thickest in 

sections nearest to the wafer track and was significantly thinner near the center 

and edge of the pad. For both discs, the time for film thicknesses to reach steady-

state increased with distance from the radius. In general, the full-face conditioner 

had a smaller maximum attainable fluid thickness (MAFT) and time to reach 

steady-state (TTRSS) as it most effectively expelled (i.e. squeegeed) the fluid off 

the pad surface. In contrast, the partial-face conditioner had a larger MAFT and 

TTRSS as its more intricate design allowed for greater fluid retention and 

generated more back-flow.   
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CHAPTER 2: Experimental Apparati  
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2.1 APD-800 Polisher and Tribometer 

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

research and development of CMP processes on 200 and 300 mm wafers. The APD-800 

is equipped with signal acquisition hardware such as direction-dependent load cells, as 

well as Araca Inc.’s proprietary signal analysis software. This feature provides the unique 

ability to acquire accurate real-time shear force and down force measurements at 1,000 

Hz. Additionally, the APD-800 contains a single-point infrared (IR) temperature sensor 

used for measuring real-time pad surface temperature data during polishing. Various key 

hardware components of the APD-800 are shown in Figure 2.1 and listed in Table 2.1. 

 

 

Figure 2.1: Araca Inc. APD-800 R&D polisher and tribometer [33]. 
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Table 2.1: APD-800 hardware components and their functions [33]. 
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2.1.1 Control Panel 

Figure 2.2 shows the front panel of the APD-800. The various components and 

their functions are listed in Table 2.2.  

 

 

Figure 2.2: APD-800 front panel [33]. 
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Table 2.2: Components and functions of the APD-800 front panel [33]. 

 

2.1.2 Polishing Platen System and Downforce Measurement 

Figure 2.3 shows the APD-800 polishing platen. 

 

 

Figure 2.3: APD-800 polishing platen system [33]. 
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The basic functions of the polishing platen are to serve as a basis for installing the 

polishing pad and to rotate the pad counter clockwise during wafer polishing. In order to 

minimize corrosion from the chemicals in the slurry, the platen surface is made of a 

ceramic (alumina). The platen and its drive mechanism sit on four load cells that monitor 

the total downforce (Fz) transmitted by the wafer to the pad during polishing. This 

includes both the applied load and any fluid forces that develop in the interface. There is 

no feedback between the normal force load cells and the carrier. The four load cells are 

installed at the bottom of the platen assembly (one at each corner as shown in Figure 

2.3). The downforce is reported as the summation of forces from the four load cells 

through a proprietary algorithm. 

2.1.3 Wafer Carrier System and Shear Force Measurement 

Figure 2.4 shows the APD-800 wafer carrier system.  

 

 

Figure 2.4: APD-800 wafer carrier system [33]. 
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The wafer carrier system exerts an exact amount of downforce on the backside of 

the wafer while it is pressed against the pad. It consists of vacuum pressure lines, carrier 

head motor, pressure chamber, and carrier head. There are two separate vacuum-pressure 

lines installed inside the wafer carrier system. One line is used to apply pressure to the 

carrier head, translating to a downforce applied to the wafer during polishing. The other 

line provides a vacuum to hold the polycarbonate wafer template attached to the carrier 

head. The head does not use a contacting retaining ring. Instead, a non-contact wafer 

backing film attached to a water-filled template holds the wafer. The template is equipped 

with a wetted backing film assembly used to securely hold the wafer via capillary forces. 

A sliding table equipped with a load cell is employed in the wafer carrier system 

to measure the shear force between the wafer and the pad. The sliding table in Figure 2.5 

consists of a bottom plate held stationary by its attachment to the polisher frame, and a 

movable upper plate. 

 

Figure 2.5: APD-800 shear force measurement system [33]. 
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During polishing, the upper plate slides with respect to the bottom plate in only 

one direction (i.e. the y direction). Therefore, the shear force is reported by the Fy load 

cell. The radial component Fx of the friction force is not measured but is known to be 

small from experiments on a similar 200 mm tool [34]. 

The four load cells under the platen and the load cell in the wafer carrier system 

function by outputting a voltage signal that is linearly correlated with the pressure or 

down force exerted on the cell. The signal is sent through force amplifiers and then 

transmitted to a dedicated computer running Araca Inc.’s proprietary LabVIEW® 

program to visualize the down force readings [35]. The down force output is displayed as 

four separate readings within the LabVIEW® program due to the asymmetric placement 

of the four Z-axis load cells. The four individual down force measurements are then 

resolved by summation into a single down force measurement. Inside of the carrier, 

behind the wafer, there is an air chamber that applies the polishing force. An electro-

pneumatic transducing regulator controls the chamber pressure. Pressure adjustments can 

occur but are much slower than the force acquisition frequency. The applied load is 

periodically checked and calibrated on a static platen. During polishing, shear force, 

downforce, pad temperature, slurry flow rate, platen/wafer/conditioner rotation rates, 

conditioner position and oscillation and motor current are all recorded in LabVIEW®. 

2.1.4 Pad Conditioning System 

The needs for pad conditioning in CMP are explained in detail in subsections 

1.1.1 and 1.1.2. The APD-800 pad conditioning system is shown in Figure 2.6.  
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Figure 2.6: APD-800 pad conditioning system [33]. 

The pad conditioning system contains a rotary motor and hydraulic piston 

designed for the rotation and vertical movement of the conditioner, respectively. In 

addition, a pressure line is used to apply pressure to the conditioner through a pressure 

chamber. During conditioning, the pad conditioner sweeps over the pad across its radius. 

The sweep schedule can be divided into 10 different zones with programmable lengths in 

order to optimize the disc dwell time and ensure even contact with the pad. 

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. The film thickness is 

measured at multiple points on the wafer surface before and after polishing in order to 

calculate removal rate. Thicknesses of metal films are measured using an Advanced 

Instrument Technology (AIT) CMT-SR5000 sheet resistance measurement system, based 

on electrical resistance of the material. For the non-conductive films, thicknesses are 
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measured using a SENTECH Film Thickness Probe (FTP) reflectometer, based on optical 

measurement. 

2.2.1 Sheet Resistance Measurement System 

 

Blanket metal wafers are measured before and after polishing using he CMT-

SR5000 (Figure 2.7). The resistance for a rectangular section of thin metal film is given 

by: 

 

𝑅𝑠 =  
𝛺 × 𝑙

ℎ × 𝑤
     Eqn. 2.1 

 

Where Rs is the sheet resistance, Ω is the film resistivity, h 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.  

 

 

Figure 2.7: CMT-SR5000 four-point probe. 
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A four-point is employed to measure the resistance of the thin film. The four-

point probe is shown in Figure 2.8. 

 

 

Figure 2.8: Four-point probe working diagram [1,36]. 

It 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 the thickness is less than 20% of the probe 

spacing, the equation for sheet resistance is [1]: 

 

𝑅𝑠 =  
𝑉 × 𝜋

I × ln (2)
= 4.53

𝑉

𝐼
  Eqn. 2.2               

2.2.2 Reflectometer 

 The FTP reflectometer is shown in Figure 2.9 and is used to measure the 

thickness of non-conductive films on blanket wafers before and after polishing.  
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Figure 2.9: FTP reflectometer. 

A lamp which emits a specific wavelength of light is setup 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 film thickness, refractive index, 

and the extinction coefficient of the film and substrate. Since the optical properties of the 

thin film are known, the film thickness can be calculated. The FTP software does this by 

using the film thickness as a fitting parameter to match the measured spectrum to the 

predicted spectrum. 

2.3 Laser Scanning Confocal Microscopy 

 Confocal microscopy is a non-invasive imaging technique that allows spatial 

filtering to exclusively collect light from a single focal plane while by eliminating light 

from out-of-focus regions. Confocal microscopy has many advantages over conventional 

optical microscopy such as depth of field control, diminishment of background 

information outside the focal plane and stacking of imaged optical sections. 
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Confocal microscopy has become increasingly popular in biological and material 

sciences due to its ability to capture such high-quality images of small features in a non-

invasive manner [37]. The Zeiss LSM 880 laser scanning confocal microscope used in 

Chapters 4, 5 and 6 is shown in Figure 2.10. 

 

 

Figure 2.10: Zeiss LSM 880 laser scanning confocal microscope. 

 

2.3.1 Working Principles 

 The basic working principle of confocal microscopy is shown in Figure 2.11. 
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Figure 2.11: Confocal microscopy working principle [38]. 

A laser shines through an aperture and dichromatic mirrors in order to split the 

beam. Then, an objective lens focuses the beam on one focal plane of the sample, where 

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

mirrors and in-focus light passes through a pinhole aperture situated in front of the 

detector. The detector is most commonly called a photomultiplier tube (PMT) [37]. The 

dichromatic mirrors are used to scan the focal plane and a complete image is formed due 

to 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. In addition, 

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 [37]. 
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 The experiments in Chapters 4, 5 and 6 make use of confocal microscopy to 

analyze the surface micro-texture of polishing pads. In order 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 simulate the pressure applied, by the wafer, on the polishing pad 

during CMP. During experimentation, a 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 Figure 2.12, at the sapphire window-pad interface.  

 

Figure 2.12: Light path at the sapphire window-pad interface [39]. 

Sapphire is used to emulate a wafer because it has a similar refractive index to 

that of the polyurethane pad (used in all experiments involving confocal microscopy in 

Chapters 4, 5 and 6), and because it is transparent [40]. Based on Snell’s Law, light will 

not be reflected back at the points of contact due to the similar refractive indices of the 

sapphire window and polyurethane pad [41]. 

2.3.2 Contact Area Analysis 

 An example of an image collected using contact method described in the previous 

subsection is shown in Figure 2.13. 
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Figure 2.13: Contact area image with near contact (top inset) and contact area (bottom inset). 

Several distinct regions can be seen in Figure 2.13: black, gray, and “zebra-

stripe” (or repeating black and white pattern). Due to the similar refractive indices of the 

sapphire window and polyurethane polishing pad, areas where the pad is contacting the 

sapphire window result in no reflectance of light and therefore appear black. Areas with 

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

light is able to reflect back due to the discrepancies in the sapphire-air and air-pad 

interface. However, when the distance between the pad surface and the sapphire window 

is in the order of the wavelength of the light (i.e. near contact), the light reflections from 

the sapphire-air and air-pad interface can interact constructively and destructively, 

producing “zebra stripes” [39,42]. The image size is 425 × 425 µm2. Image resolution is 

1024 × 1024 pixels or 0.42 µm per pixel. Contact contours (black areas in images) can be 

extracted and sorted by size. Therefore, contact area fraction and contacting summit 

density can be evaluated. The 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 Chapters 4, 5 and 6 contact area and contact 
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density are used to analyze the pad surface micro-texture generated by three different 

conditioner discs. 

2.3.3 Topography Analysis 

 Topographic images are formed by scanning a pad sample from top to bottom in 

intervals based off of the height of the confocal microscope optical slice. Each of the 

individual optical slices are then stacked to form a complete topographic image. An 

example of a topographic image collected using confocal microscopy is shown in Figure 

2.14. 

 

 

 

Figure 2.14: Pad surface topographic image and surface height scale. 

The inverse hyperbolic sine was performed on the surface heights in order to 

emphasize the high and low areas. The colors in Figure 2.14 represent different values of 

the surface height. The blue color is the lowest part of the pad surface topography, 

particularly the dark blue color. Blue colors are therefore representative of its pores. The 

green in is the mean of the surface topography, which is therefore representative of the 

interpore areas with a height in between that of the pores and the asperities. The orange, 
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and in particular, the red are the highest areas of the pad surface topography and are 

therefore representative of its asperities. Topographic images are collected in the exact 

same pad area as the contact area images so that the points of contact can be compared to 

the topographic features. 

Based on the topography image, a surface height histogram or surface height 

probability density function (PDF) can be constructed. The confocal microscope 

measures surface heights over a selected area relative to an arbitrary reference plane used 

by the tool. The height range is divided into equal bins and a histogram is made of the 

number of times that the surface height falls into each bin. Since the total count in each 

bin depends on the size of the region measured, it is convenient to normalize the 

histogram by dividing it by the area under the curve. Due to this normalization, the result 

does not depend on the sampling area and the histogram is then called a PDF. 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. The summit heights can then be calculated using the surface height mean 

plane as the baseline. Using this baseline, the mean summit height can be determined. 

The Gaussian curvature of a summit can be calculated by multiplying the two principle 

curvatures of a summit. These two principle curvatures occur at the values in which 

curvature is at maximum and minimum. The mean summit curvature is the mean of the 

calculated Gaussian curvatures. It should be noted that only the peaks that lie in the top 

25% of the surface are used in the analysis of the mean summit height and mean summit 

curvature. This is discussed in more detail in Chapters 4, 5 and 6 where 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 Silicon Dioxide Removal Mechanism 

In the earliest literature, the study of glass polishing was used to propose most of 

the mechanisms associated with polishing silicon dioxide. Silvernail et al. indicated the 

necessity for the presence of water during glass polishing, as removal rates were near 

zero without the presence of hydroxyl groups. In addition, removal rates were found to be 

the highest when the hydroxyl groups were provided by water [43]. Iler later proposed 

the following reaction mechanism between water and the Si-O-Si structure on the surface 

of SiO2 [44]. 

 

(SiO2)x + 2H2O ⇄ (SiO2)x-1 + Si(OH)4    Eqn. 3.1 

Izumitani identified a soft hydrated SiO2 layer could easily be removed by polishing with 

a slurry that contained water and abrasive particles [45]. Tomozawa et al. studied the 

formation of the hydrated SiO2 layer further and identified its thickness to be between 10 

to 200 Å [46]. Building on the work of previous researchers, Cook proceeded to develop 

a widely accepted and comprehensive SiO2 removal mechanism [47]. A summary of 

Cook’s SiO2 removal mechanism is as follows: SiO2 surfaces are first hydrolyzed to form 

surface silanol groups (Si-OH). This is followed by the formation of Si(OH)4 which is 

caused by the dissolution of silica. Si(OH)4 is said to be more fragile than the SiO2 film, 

thus it can be more easily removed by the slurry abrasive particles that are present at the 

pad asperities/wafer interface. Cook further indicated that at pH values above 7, the SiO2 

is completely hydrated. Increasing pH to 11 and higher leads to a complete dissociation 

of the surface hydroxyls. Removal rates are found to be the highest at higher pH values 

due to increased dissociation, however, the balance between removal rate and wafer 

surface planarity leads to the necessity of an optimum pH value. Finally, Cook 

summarized that the process of hydrolysis of SiO2 is fundamental to silicon dioxide CMP 

and the rate of reaction below the film surface is controlled by the diffusion of water into 

silica. SiO2 CMP is discussed in further detail in Chapter 6, where the effect of the pad 

surface micro-texture generated by different conditioning discs on SiO2 CMP is 

investigated. 
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3.2 Copper Removal Mechanism 

 Copper is removed through a sequential mechanism of an oxidation reaction 

followed by mechanical abrasion. Copper undergoes an oxidation reaction to form 

various species of copper oxide as follows [48]: 

 

2Cu + H2O → Cu2O + 2H+ + 2e-     Eqn. 3.2 

Cu2O + H2O → 2CuO + 2H+ + 2e-     Eqn. 3.3 

Cu2O + 3H2O → 2Cu(OH)2 + 2H+ + 2e-    Eqn. 3.4 

Reactions occurring on the copper surface can be quite complicated due to the typical 

chemical agents in the slurry such as an inhibitor and a complexing agent. A layer of CuI-

BTA molecules is formed on the copper film surface because Cu2O tends to complex 

with benzotriazole (BTA). This forms a passivating layer that can help prevent further 

corrosion of the copper surface [4]. At the same time the free Cu2+ and/or Cu(OH)2/CuO 

react/s with glycine (a water-soluble chelating agent) to generate the Cu2+-glycine 

complex [49]. This demonstrates how speciation of the copper oxide is dependent on pH 

conditions as well as the nature and concentration of chemicals in the slurry. Once the 

passivation layer is formed, it is then mechanically abraded by the interaction of slurry 

nanoparticles and the polishing pad. This is proven by the fact that the static chemical 

etch rate of copper is relatively low, while removal rate during CMP is relatively high 

[2]. Copper CMP is discussed in further detail in Chapter 7, where the tribology and 

vibrations generated during CMP is correlated to the removal of copper. 

3.3 Tungsten Removal Mechanism 

 The basic, generic, mechanism of material removal in metal CMP processes has 

been reported to comprise of two steps. First, a thin passivation layer is formed through a 

chemical reaction between the slurry and the metal surface. Next, this layer is removed 

through the mechanical abrasion caused by three-body contact between pad asperities, 

slurry nanoparticles (NPs) and the thin passivation layer [50-52]. It is the repetition of 
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these two steps that creates a dynamic balance between the chemical and mechanical (i.e. 

passivation layer formation, and its subsequent removal) aspects of the CMP process. 

Tungsten reacts with an oxidizing agent in the slurry to form a wide variety of complex 

species of tungsten oxide. In CMP, the many different oxidizers used will follow 

different reactions mechanisms with the tungsten surface. A general, simplified, kinetic 

mechanism follows the form of the reactions below [53]: 

 

W + Ox ⇄ WOx      Eqn. 3.5 

WOx → WOxn      Eqn. 3.6 

The tungsten film first reacts with the slurry oxidizing agent (Ox) to form a tungsten 

oxide film (WOx). WOx then forms the final tungsten film (WOxn). Due to the initial 

oxide being reversible, the initial tungsten oxide film can either be dissolved or the final 

tungsten oxide film can be removed mechanically. The later mechanism of mechanical 

removal is preferred and is controlled through pH adjustment of the slurry. Tungsten 

CMP is discussed in further detail in Chapter 8, where the effect of silica abrasive 

nanoparticles on the tungsten CMP process is investigated. 

3.4 Material Removal Mechanism Models in CMP 

3.4.1 Preston’s Equation 

Preston’s equation was first published in 1927 to relate the rate of material 

removal to the polishing pressure and sliding velocity [54]. 

 

RR = Kp × P × v ,     Eqn. 3.7 

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

is a proportionality constant referred to as Preston’s constant. 

 Preston’s equation was originally developed to describe glass polishing but it has 

since been widely accepted in CMP processes to describe material removal rates. A 
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shortcoming of the model in CMP applications emerges due to the fact that the model 

describes mechanical removal rate, and does not directly incorporate the chemical and 

thermal effects of the process. Although the complex interaction of the chemical and 

mechanical removal cannot be fully decoupled and described by Preston’s equation, some 

of the chemical interactions are lumped in the proportionality constant. Therefore, 

Preston’s equation is more accurate in describing CMP processes where the chemical 

effects of the removal mechanism are small. One common example of the application of 

the Preston model is the polishing of SiO2 films by SiO2 nanoparticles, which is mostly a 

mechanical process [29]. An example of how RR can be described using Preston’s 

equation is shown in Figure 3.1. 

 

 

Figure 3.1: Example of application of the Preston model in ILD CMP [29]. 
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3.4.2 Modifications to Preston’s Equation 

 Experimental data in the literature has shown there to be cases in which the CMP 

process indicates gross non-Prestonian behavior (i.e. deviation from linear dependence on 

the product of polishing pressure and velocity, or the presence of a non-zero passive etch 

rate when both pressure and velocity are zero). Several modifications to Preston’s 

equation have been proposed based on the experimental data. These modifications 

include a proportionality constant similar to Preston’s equation that groups the removal 

rate dependence on all other CMP process variables, including chemistry. Zhang et al. 

introduced a material removal rate model that accounts for plastic deformation and 

electrostatic particle adhesion during CMP [55]. Their model, shown in Equation 3.8, 

explained that material removal occurred due to the externally applied frictional force and 

the van der Waals forces between slurry particles and the wafer surface. 

 

RR = K × (P × v)1/2     Eqn. 3.8 

Shi et al. introduced a model (equation 3.9) that assumes there is a pressure 

dependence based on the number of particles in contact with the wafer during polishing 

[56]. 

 

RR = K × P2/3 × v     Eqn. 3.9 

Luo et al. developed a modified Preston’s equation (equation 3.10) due to the fact 

that Preston’s equation is limited in cases where the chemical effect is strong (i.e. copper 

and tungsten CMP) [57]. 

 

RR = (K × P × v) + (B × v) + Rc ,
   Eqn. 3.10 

where B and  Rc are constants. B × v takes into account a stronger dependence on velocity 

than pressure, while Rc depends on the slurry composition and accounts for chemical 

dissolution during polishing. 
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3.4.3 Modified Langmuir-Hinshelwood Model 

 The modified two-step Langmuir-Hinshelwood Model is a far more fundamental 

model that describes the removal mechanism. This model includes both chemical and 

mechanical effects of polishing. In addition, it considers flash heating that occurs at the 

pad-wafer interface [58].  

First, the thin film surface (S) is chemically altered 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/(m2s). 

 

𝑆 +  𝑛𝑅 
𝑘1
→ 𝐿 ,     Eqn. 3.11 

where R is typically water at high pH for SiO2 or water-diluted hydrogen peroxide for 

copper and tungsten. The soft surface layer is then mechanically abraded at a rate of k2 in 

mol/(m2s). 

 

𝐿 
𝑘2
→  𝐿       Eqn. 3.12 

The abraded material (L) is assumed to be transported away from the wafer surface and 

not redeposited on the wafer surface. Assuming that 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. 3.13 

where CR is the molar concentration of reactant R. To simplify the removal 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 without loss of generality. The 

removal rate becomes 

 

𝑅𝑅 =
𝑀𝑤

𝜌

𝑘1𝑘2

𝑘1+𝑘2
 ,      Eqn. 3.14 
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where Mw is the molar mass of the wafer material, and ρ is the density. The chemical rate 

constant follows an Arrhenius rate dependence, and is expressed as 

 

𝑘1 =  𝐴 𝑒𝑥𝑝 (−
𝐸𝑎

𝑘𝑇
) ,     Eqn. 3.15 

where A is the pre-exponential factor in mol/(m2s), Ea is the reaction activation energy in 

eV, k 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. 3.16 

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. 3.17 

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. 

 The units of k1 and k2 are the same since both reactions are assumed to be pseudo-

first order. Therefore, the ratio of the chemical reaction rate constant to the mechanical 

rate constant (k1/k2) is dimensionless and 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. 
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3.5 Tribology 

 Tribology is the study of surfaces that are in contact and in relative motion with 

one another, and is concerned with friction, wear, and lubrication [59]. A tribological 

system is formed when two or more moving bodies are in contact and begin to wear. In 

CMP, this occurs between the pad, wafer, and the abrasive particles. Complete and robust 

tribological studies are necessary to better understand wear mechanisms and estimate 

consumable end-of-life, such as for pads and diamond discs. 

3.5.1 Frictional Force and COF 

 Three body interactions between the pad asperities, abrasive nanoparticles, and 

wafer surface produce shear force (Fshear) and downforce (Fdown) during polishing. Shear 

force is the tangential force that causes shear stress (described at Fy in Chapter 2), and 

downforce is the traditional normal force (described at Fz in Chapter 2). The ratio of the 

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

 

𝐶𝑂𝐹 =  
𝐹𝑠ℎ𝑒𝑎𝑟

𝐹𝑑𝑜𝑤𝑛
 
     Eqn. 3.18 

The instantaneous COF is described by Equation 3.18. The average COF ( COF ) is 

generated by taking the mean value of all the instantaneous COF measurements (acquired 

at 1000 Hz) during a polishing run. 

 

𝐶𝑂𝐹 =
1

𝑁
∑ 𝐶𝑂𝐹𝑖

𝑁
𝑖=1  

    Eqn. 3.19 

It is the average COF that is presented in Chapters 5 through 8. COF is considered an 

important tribological property for further understanding of the polishing process because 

it is known to greatly impact CMP performance and removal rate as well as being a 

significant contributor to heat generation during polishing [60-65]. 

 



59 

 

3.5.2 Sommerfeld and Pseudo-Sommerfeld Numbers 

 Journal bearings were first used to perform early 2-body tribological studies. In 

such an experimental set-up, a journal (or shaft) was rotated under load within a 

lubricated bearing. The shear force generated by the contact between the shaft and the 

bearing was recorded and divided by the downforce applied by the suspended load to 

obtain the COF. The Hersey number lumps the lubricant viscosity, linear velocity and 

applied pressure into a quantity usable for determining the lubrication mechanism. It is 

important to note that the Hersey number has units of length. An extension of the Hersey 

number, the Sommerfeld number (which is more suitable for CMP applications), is a 

dimensionless grouping of several parameters used to describe 3-body contact, and is 

given by the equation: 

 

𝑆𝑜 =
𝑣𝜇

𝑃𝛿
 
      Eqn. 3.20 

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. 

 The individual parameters must be known in order to calculate the Sommerfeld 

number for each given polishing system. Geometric relations can be used to calculate the 

relative pad-wafer sliding velocity for a polisher with a known pad-center to wafer-center 

dimension. The polishing pressure is known because it a parameter that is set during 

polishing (or measured directly). The working viscosity of the slurry during polishing is 

difficult to determine because the slurry is highly non-Newtonian and the working 

viscosity will change with temperature which rises significantly during polishing. In 

addition, any determination of slurry viscosity using standard rheological equipment such 

as a viscometer would not accurately represent the working viscosity during polishing. 

This is because the channel distance across which the slurry performs its function (i.e. 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, therefore requiring unreasonably 

high shear rates to be applied by the viscometer, which is not possible. While it is 

possible to use confocal microscopy to determine the pad surface roughness, due the 
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detailed analysis involved in determining the pad surface roughness and the difficulty in 

measuring slurry viscosity, the determination of the Sommerfeld number is complicated. 

It is therefore desirable to assume the roughness and the viscosity to be constant and 

simplify the grouping of parameters to those that are easily known (i.e. pressure and 

sliding velocity). 

 The Sommerfeld number is simplified through the use of the Pseudo-Sommerfeld 

number. The Pseudo-Sommerfeld number is used in the experiments in Chapters  7 and 8 

its simplification is described by the following equation: 

 

𝑆𝑜𝑝𝑠 =  
𝑣

𝑃
 
      Eqn. 3.21 

In order to obtain the Pseudo-Sommerfeld number, one needs to assume that the slurry 

viscosity is constant over all polishing conditions. This may or may not be a good 

assumption depending on the type of slurry being used. The pad surface roughness also 

needs to be taken to be constant. This is a valid assumption as wafer polishing in set of 

experiments takes place on one type of pad with a given micro-texture. 

3.5.3 Lubrication Mechanisms 

 The Stribeck curve is often used to describe tribological systems such as 

CMP (Figure3.2). The Stribeck curve involves a log-log plot of COF versus Sommerfeld 

(or Pseudo-Sommerfeld) number. The Stribeck curve can be used to determine the three 

lubrication mechanisms that can take place in tribology, as defined by Ludema [59]. 

These include: 

 

• Boundary lubrication 

• Partial (or mixed) lubrication 

• Hydrodynamic lubrication 
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Figure 3.2: Generic Stribeck curve [59]. 

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

particles are in intimate 3-body contact with one another. This contact results in relatively 

high values of COF, and generally occurs at low Sommerfeld numbers (i.e. low velocity 

and high pressure). Here, the Stribeck curve has a flat shape. Partial (or mixed) 

lubrication occurs when the slurry film thickness is of the same order as the pad asperity 

height. 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 lubrication occurs at 

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

increasing Sommerfeld number. Hydrodynamic lubrication occurs at higher values of 

Sommerfeld number (i.e. high velocity and low pressure) and occurs as a thicker slurry 

film develops, further separating the wafer and pad. The wafer can be described as 

hydroplaning over the pad surface in this regime and the slope of the Stribeck curve 

generally reaches an inflection point, and can become positive or negative based on slurry 

characteristics and chemistry. 
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 The general shape of the curve will not change by using the Pseudo-Sommerfeld 

number to generate the Stribeck curve. The COF values are measured values that will not 

change and 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. For this reason, the Pseudo-Sommerfeld number is used to generate 

all Stribeck curves in Chapters 7 and 8.  
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CHAPTER 4: Effect of Conditioning Downforce and Pad Break-In 

Time on Pad Surface Micro-Texture in Chemical Mechanical 

Planarization  
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CHAPTER 5: Effect of Conditioner Type and Downforce, and Pad 

Break-In Time, on Pad Surface Micro-Texture in Chemical Mechanical 

Planarization 
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The relationship between directivity (Δ) and removal rate (RR) 

during copper chemical mechanical planarization (CMP) was investigated. 

We measured the high-frequency shear and normal forces generated by 

stick-slip (which has been routinely used to explain micro- and nano-scale 

interactions that lead to material removal), and found there to be a strong 

correlation between Δ (defined as the ratio of variances in shear force to 

those of normal force) and copper RR so long as the tribological 

mechanism remained constant. In cases where the tribological mechanism 

changed from “boundary lubrication” (BL) to “mixed lubrication” (ML), 

values of Δ were much lower yet the straight-line relationship between Δ 

and RR was maintained, albeit it was shifted significantly. This was due to 

the ML regime consisting of hydrostatic or buoyant forces supporting the 

wafer, which led to less variability in frictional forces or less stick-slip 

events. Additionally, it was found that Δ and RR increased with sliding 

velocity while in BL due to an increase in stick-slip events. Conversely, Δ 

and RR decreased at lower sliding velocities while in ML due to an 

increase in hydrostatic or buoyant force supporting the wafer. 

mailto:jemcalli@email.arizona.edu
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1. Introduction 

For the past several decades, Chemical mechanical planarization (CMP) has been 

a key enabler in the scaling of integrated circuit (IC) manufacturing as it is the only 

means of achieving global and local planarization across the entire wafer surface in an 

economic manner. During CMP, a rotating polishing pad is placed into direct contact 

with a rotating wafer. Then, a chemical slurry containing abrasive nanoparticles is 

injected onto the surface of the pad and transported to the pad-wafer interface through a 

combination of polisher kinematics and the use of the pores and grooves on the pad 

surface. When done properly, 3-body contact from the pad surface asperities, the abrasive 

nanoparticles in the slurry and the features on the surface of the wafer lead to the uniform 

removal of material from the wafer surface.(1,2) During polishing, the pad surface micro-

texture becomes degraded by abrasive wear, plastic deformation on the pad surface, and 

build-up of polishing by-products and pad shavings. In order to maintain a steady CMP 

process, a pad conditioning process is necessary to counteract the degradation of the pad 

surface micro-texture.(3) During metal CMP the basic, generic, mechanism of material 

removal has been reported to comprise of two steps. First, a thin passivation layer is 

formed through a chemical reaction between the slurry and the metal surface, and second, 

this layer is removed through the mechanical abrasion caused by the 3-body contact 

between pad asperities, slurry nanoparticles and the thin passivation layer.(4,5) It is the 

repetition of these two steps that creates a dynamic balance between the chemical and 

mechanical (i.e. passivation layer formation and its subsequent removal) aspects of the 

CMP process. The balance between the chemical and mechanical aspects of the process is 

a key factor in determining the quality of the polishing performance (i.e. the tribological, 

vibrational, thermal and kinetic attributes of the CMP process).(4,5) 

A necessary series of steps in understanding the kinetics of a CMP process, 

involves pre-measuring film thicknesses on multiple blanket wafers, polishing them one 

by one through various combinations of pressures and sliding velocities, cleaning and 

drying the wafers, and finally determining their post-CMP film thicknesses. These steps 

are quite straight-forward to perform, but they require sizable manpower as well as time, 

processing and metrology budgets. In our present study, we attempt to correlate typical 
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wafer-level kinetic data (as noted above) with a certain easily-attainable relationship 

between data pairs of shear force and normal force (called directivity, or Δ, and defined 

as the ratio of the variance of shear forces to that of normal forces in a single polishing 

run) obtained at 1,000 Hz during processing of the same wafers. Δ, a dimensionless 

parameter, has its pedigree in the analysis of fine violins.(6-12) How sound radiates from a 

violin is a key factor in the overall listening experience. The direction of the sound 

follows the direction of the vibrations in the body of the violin. As the violin is played, 

both its top plate and bottom plate begin to vibrate. Δ, in this sense, is the ratio of the 

variance of forces applied to the top plate – which is oriented toward the listener and has 

two f-holes for the air to exit – to the variance in forces applied to the bottom plate. If the 

violin’s directivity is close to unity, sound emanates in an isotropic and omnidirectional 

way. If its directivity is higher than unity, the sound of the violin travels more toward the 

listener and further overcomes the sounds of other instruments playing concurrently. For 

instance, 18th century Italian violins tend to have directivities that range from 1.5 to 2.1, 

while very fine modern violins struggle to have their directivities exceed 1.3.(6-12) This 

anisotropy is analogous to the asymmetry in shear and normal force variances in a typical 

CMP process. As such, we believe that directivity can be used as a metric for polishing 

performance. In a CMP process, much like violin playing, as the wafer, the slurry 

nanoparticles and the pad make physical contact with one another, multiple high-

frequency stick-slip events are created that cause vibrations within the wafer-slurry-pad-

polisher system. These vibrations are manifested in the form of fluctuations of shear and 

normal forces during polishing. If these forces can be accurately and precisely measured 

(not many polishers used today in the industry can do this), then Δ can be correlated to 

removal rate (RR). So far, CMP models describing material removal have used average 

coefficient of friction (COF), but this ignores entirely variance in shear and normal 

forces. Given the fact that our polisher can measure these forces at a high frequency, we 

can easily calculate Δ. In fact, our group has recently introduced the parameter into the 

CMP process.(12-17) 

Previous work has focused on the vibrations that occur in various CMP 

processes.(12-21) Fukuroda et al., Hetherington et al., Kojima et al. and Rao et al. studied 

vibrations in CMP and found that they could be used as an end-point detection technique 
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for polishing different materials.(18-21) However, the authors did not correlate the 

vibrations to RR. Of the works that have studied vibrations in CMP, several have focused 

on Δ’s role in the process.(12-17) Philipossian et al. introduced the concept of Δ into CMP 

and found that higher values of Δ resulted in higher values of copper RR, but the 

researchers did not analyze enough data points to find a consistent trend.(12) Diaz et al. 

observed that Δ was effected by the different polishing regimes that take place in CMP 

and by the design of the specific retaining ring used, but she did not perform any wafer 

polishing to see its effect on RR.(13,14) Peckler et al. also observed that Δ was affected by 

a CMP consumable, this time being the pad conditioner.(15) Separately, Peckler et al. 

found that Δ somewhat increased with P × v and found a loose correlation between Δ and 

copper RR.(16) Mariscal et al. also found a correlation between Δ and RR, but for a 

tungsten CMP application.(17) The authors made the following conclusion regarding Δ 

based on the fact that material (generally in the form of a chemically softened surface 

layer) was removed as a result of 3-body contact events among the wafer, slurry nano-

particles and pad asperities, and by the relative sliding action of the wafer, in the 

direction of shearing. The fluctuations in shear force were said to be due to numerous 

stick-slip events at high frequencies, which combined to strip away the chemically 

softened surface layer bit by bit. In other words, the removal of material occurred through 

stick-slip events (also described as the variance of shear force). Due to the fact that Δ is a 

function of the variance of shear force, it is clear from these works that the relationship 

between Δ, stick-slip and RR is not yet fully understood. Here, we have performed 

blanket copper wafer polishing tests and successfully found a very strong correlation 

between Δ and RR. In addition, we have described the role that different lubrication 

regimes play on the correlation between Δ and RR. 

2. Experimental Apparatus and Procedure 

All tests were performed on an Araca APD-800 polisher and tribometer.(22) The 

APD-800 is a single-platen research and development polisher and tribometer designed to 

process substrates measuring up to 300 mm in diameter. On this tool, the non-oscillating 

counterclockwise wafer carrier and its drive mechanism sit on a friction table attached to 

the frame. A load cell connected to the table measures the main component Fy of the 
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friction force vector. This component runs perpendicular to the line connecting the platen 

and carrier centers. The radial component Fx of the friction force is not measured but is 

known to be small from experiments on a similar 200 mm tool.(23) The head does not use 

a contact retaining ring. Instead, a non-contact wafer backing film attached to a water-

filled template holds the wafer. The platen and its drive mechanism sit on four load cells 

that monitor the total force Fz transmitted by the wafer to the pad. This includes both the 

applied load and any fluid forces that develop in the interface. All forces are measured at 

1,000 Hz. There is no feedback between the normal force load cells and the carrier. Inside 

of the carrier, behind the wafer, there is an air chamber that applies the polishing force. 

An electro-pneumatic transducing regulator controls the chamber pressure. Pressure 

adjustments can occur but are much slower than the force acquisition frequency. The 

applied load is periodically checked and calibrated on a static platen. In addition to the 

signal acquisition hardware, the APD-800 is also equipped with Araca Inc.’s FSX-800 

proprietary signal analysis software. These hardware and software features provide the 

user with the unique ability to acquire accurate real-time shear force and down force 

measurements. Average shear and normal force, as well as the variance of shear and 

normal force can then be found from the tens of thousands of instantaneous data points 

extracted from each wafer run in order to calculate the average COF and Δ for each wafer 

run. Additionally, the APD-800 also contains a single-point infrared (IR) temperature 

sensor used for measuring real-time pad surface temperature data during polishing. A 

more detailed description of the 300-mm wafer polishing system can be found 

elsewhere.(22) 

In our tests, brand-new 300 mm blanket electroplated copper wafers were 

polished at multiple pressures (P = 1.0, 1.5 and 2.0 PSI) and sliding velocities (v = 1.2, 

1.5 and 1.8 m/s) for a total of nine P × v combinations. Experiments were performed 

using the Fujimi PL-7106 slurry at a flow rate of 250 mL/min. This slurry contained less 

than 1.5 weight % colloidal silica-based nanoparticles and was pre-mixed by a ratio of 

87:10.2:2.8 (H2O:slurry:H2O2) as per the manufacture’s specification. Prior to polishing, 

a brand new DowDupont IC-1000 K-grooved polishing pad was broken-in for 60 minutes 

with the Shinhan CCH212 CVD-coated conditioning disc as shown in Figure 1. The 

working face of the diamond disc consists of three CVD-coated raised areas shown in 
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black. During break-in, the platen and conditioning disc rotated counter-clockwise at 63 

and 95 rotations per minute (RPM), respectively. The applied downforce on the 

conditioner was 5.7 lbf. Ultra-pure water (UPW) was injected near the pad’s center at a 

flowrate of 250 mL/min with the conditioner sweeping across the pad 10 times per 

minutes. After pad-break in, ten dummy wafers were polished at 1.5 PSI and 1.5 m/s in 

order to ensure a “seasoned”, or developed, pad surface. This was ascertained by noting 

that the coefficient of friction (COF) values after polishing each dummy wafer had 

become more or less constant. In-situ pad conditioning was next performed followed by 

polishing tests on the monitor wafers. The pad was rinsed with UPW at 1 L/min for 30 

seconds between each polish. In order to calculate the RR, the thickness of the copper 

film was measured with a CMT-SR5000 Sheet Resistance/Resistivity Measurement 

System before and after polishing, and the difference was divided by the polish time. 

3. Results and Discussion 

Thermal and Tribological Results – Mean values of COF and pad surface 

temperature are plotted in Figure 2 for all polishing conditions which show that COF and 

temperature both increase with pressure. This is expected because frictional force (i.e. 

shear force, or COF) is a function of down force and an increase in pressure will cause an 

increase in force between the pad and wafer. While this trend between pressure, COF and 

temperature is straight forward, the trend between sliding velocity, COF and temperature 

is not, as it depends on the specific value of the pressure. This can be explained by the 

lubrication results extracted from the Stribeck curve shown in Figure 3 which indicates 

that the tribological mechanism starts in BL and transitions to ML at higher velocities and 

lower pressures (i.e. higher values of pseudo-Sommerfeld number). When operating in 

BL, the wafer, pad and abrasive particles are engaged in intimate contact, such that it is 

unlikely that a hydrostatic or buoyant force exists due to the fluid supporting the 

wafer.(24,25) In this lubrication regime, COF exhibits little change with pseudo-

Sommerfeld number which . This translates to the very small change in COF with the 

sliding velocity as observed in Figure 2 at the highest pressure. Although, while the COF 

is not changing with sliding velocity at the highest pressure, temperature is increasing. 

This is likely due to the ability of the K-groove shapes machined on the pad surface to 
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retain the slurry.(25) At higher values of sliding velocity, fresh slurry introduced on to the 

pad surface is not able to dilute the retained slurry and lower the temperature of the pad 

surface as effectively as it does at lower values of sliding velocity. In comparison, at 

lower values of pressure polishing performance transitions to ML. In this regime, the 

wafer and the pad are not in intimate contact with one another. Some abrasives may be in 

direct contact with the pad and wafer, but much less than in the case of BL. A fluid film 

layer will develop partially separating the wafer and the pad, and a hydrostatic or buoyant 

force will then exist due to this fluid supporting the wafer.(24,25) It can now been seen 

from Figure 2 that COF is decreasing with sliding velocity in this regime while 

temperature is changing to a lesser extent. This makes sense since COF decreases in ML, 

therefore causing less heat due to friction to dissipate towards and into the pad. The 

increase in pad temperature due to slurry retention is then offset by the decrease in COF. 

Force cluster plots are shown in Figure 4. Each cluster is made of 60,000 data 

points and the reported COF values are the average of the ratios of all 60,000 shear and 

normal force data pairs. A description of the various cluster shapes is noteworthy here: At 

the lowest pressure, variations in shear force are much smaller due to the fact that these 

polishing conditions fall solely in the ML regime. At higher pressures, clusters seem to 

have distinct core regions (where the concentration of individual data points is the 

greatest) surrounded by halo regions (where the concentration of data points become 

progressively sparse as the data pairs move away from the core’s center). As pressure is 

increased, the clusters seem to become stretched in the longitudinal direction. In many 

cases, this stretching is asymmetrical where the halo is expanded in only one direction 

(towards the right-hand side) and is no longer encompassing the core. In a recent study, 

Borucki et al. analyzed similar force clusters obtained from polishing blanket copper 

wafers and discovered the existence of certain structures in the halo regions.(26) On one 

side of the clusters that he analyzed, a high shear force was paired with a low normal 

force while on the opposite side, a low shear force was paired with a high normal force 

(the same is more or less true in our case). Borucki et al. attributed the structures to the 

development of fluid dynamic forces in the pad-slurry-wafer interface which caused 

repetitive high-frequency changes in the attitude (i.e. altitude, pitch and bank) of a wafer 

being polished.(26) Since both solid contact and fluid pressures contributed to normal 



101 

 

force, while shear forces were solely governed by solid contact pressure, he deduced that 

slurry availability was one of the factors dictating the force cluster shapes in his work. In 

our case, we believe that the myriad shapes shown in Figure 4 are also caused by the 

periodic development of high-frequency fluid pressure and suction events in the wafer-

slurry-pad interface, which are affected by the polishing regime. When polishing is in the 

BL regime, these fluid pressure and suction events have the ability to affect variations in 

shear force more greatly since the wafer-slurry-pad interface is so intimate. As the 

polishing regime transitions to ML, these fluid pressure and suction events have less of 

an effect on shear force variations since hydrostatic or buoyant forces are now beginning 

to support the wafer. When the pressure is decreased to the lowest value used in this 

study (1.0 PSI), these fluid pressure and suction events are either less pronounced or have 

less of an effect on shear force variations due to the wafer now being greatly supported 

by hydrostatic or buoyant forces. 

While these qualitative observations in the force cluster plots can be explained, 

such visual observation are not thorough or scientific enough; the variations of forces 

need to be compared in a more quantitative way. This can be done by analyzing the 

parameter Δ (again, defined as the ratio of the variance of shear forces to that of normal 

forces for all 60,000 data pairs in a single polishing run). The importance of Δ can be 

explained theoretically. Generally speaking, in CMP, the 3-body contact between 

abrasive NPs, pad asperities and the wafer surface can result in NPs rolling, or sticking 

and slipping on the wafer surface.(27) This stick and slip results in the generation of 

mechanical forces which can be measured through Δ. When studying the tribology of 

CMP, stick-slip refers to cyclic fluctuations in the magnitudes of frictional force and 

relative velocity between the wafer and the pad. It is usually associated with a relaxation 

oscillation that depends on a decrease of the COF with increasing sliding velocity. True 

stick-slip, in which each cycle consists of a stage of actual stick followed by a stage of 

overshoot (i.e. slip) requires that the kinetic COF (i.e. the COF parameter being measured 

in this study) is lower than the static COF (i.e. corresponding to the maximum friction 

force that must be overcome to initiate macroscopic motion between the wafer and 

pad).(28) It is precisely for the reason that we cannot measure static COF, that we have 

resorted to reporting the mean dynamic COF (which is the average of the ratios of all 
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60,000 shear and normal force data pairs) in our Stribeck curves. This however does not 

completely capture the differences in the tribological attributes of the process. Simply 

put, mean COF does not consider the nuances associated with stick-slip events, nor does 

it reflect any of the instantaneous changes in wafer attitude (i.e. altitude, pitch and bank). 

Indeed, as shown in Figure 3, there is a change in mean COF as a function of pseudo-

Sommerfeld number, however, a measure of the variance of shear force to the variance of 

normal force reflects the extent of stick-slip events which dictates the actual shape of the 

data clusters in each case. Instead of measuring the ratio of the average forces generated 

during this stick-slip process, Δ measures the ratio of their variances and is therefore able 

to quantify these stick-slip events with higher values of Δ representing higher frequencies 

of stick-slip events. 

Similar to the Stribeck curve in Figure 3, Δ is plotted against pseudo-Sommerfeld 

number in Figure 5. By comparing these two plots, a trend can be observed based on the 

lubrication regimes involved. From the Stribeck curve in Figure 3, when polishing is at 

low values of pseudo-Sommerfeld number the processes is in BL where changes in 

sliding velocity result in small changes in COF. While in this regime, Δ increases with 

pseudo-Sommerfeld number in Figure 5 due to increases in velocity resulting in more 

stick-slip events. From Figure 3, as pseudo-Sommerfeld number is increased, polishing 

transitions to ML. At this point Δ reaches a maximum in Figure 5 and then begins to 

decrease with the pseudo-Sommerfeld number. In the ML regime Δ is now dominated by 

changes in pressure, indicating that at lower pressures, hydrostatic or buoyant forces 

supporting the wafer lead to less variability of frictional forces or less stick-slip events. 

This can be backed up further by the plot of Δ vs P × v in Figure 6. From this plot it can 

be seen than sliding velocity has little effect on Δ until the highest value of pressure is 

reached (i.e. when the polishing process is in BL). This makes sense due to the fact that 

the solid contact and fluid forces taking place in each regime are different resulting in 

differing amounts of stick-slip. 

Kinetic Results - In keeping with the trends observed from the thermal and 

tribological results, Figure 7 demonstrates that copper RR is also increasing with P × v. 

This is expected since we’ve shown that COF and temperature also increase with 
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increasing with P × v. Additionally, it appears that, like Δ, RR does not change much 

with sliding velocity until polishing is performed at the highest pressure. When it comes 

to RR, it is best to express things graphically 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 8). Results show that, regardless of the 

lubrication regime, similar trends in RR versus COF × P × v are observed in that as the 

product of COF and mechanical power increases, so does copper RR. However, 

depending on the pressure, or, in turn, the polishing regime, RR behaves differently with 

changes in sliding velocity. At lower pressures (i.e. ML) RR decreases with increasing 

sliding velocity, while at higher pressures (i.e. BL) RR increases with sliding velocity. 

This makes sense because the removal of material occurs through stick slip-events. In 

BL, increasing sliding velocity increases these stick-slip events and therefore increases 

RR. However, in ML, increasing sliding velocity increases the hydrostatic or buoyant 

forces supporting the wafer and therefore decreases stick-slip events and the RR. Since 

these stick-slip events cause the removal of material in CMP, and our tool is capable of 

measuring the variations in forces caused by such events, there should be a strong 

correlation between RR and Δ (Figure 9), which indeed turns out to be the case. The 

reasoning behind the two separate yet identically-sloped lines is again due to the change 

in lubrication regime. Following the same trend as described earlier, Δ increases with RR 

while in BL and Δ decreases with RR while in ML. However, regardless of the regime 

that the polishing conditions follow, the trend between Δ increases with RR is the same 

(as shown by the identical slopes of the fitted lines). This indicates that the measured 

variations in forces which are captured by the parameter, Δ, are the direct result material 

removal on the wafer surface. While COF is not able to capture this fully, Δ is, since it 

represents the extent of stick-slip events that are occurring in a particular CMP process. It 

should be noted that our entire set of experiments was repeated (keeping all conditions 

exactly the same) with another CVD-coated Shinhan conditioner that had a different 

design and performance characteristics (Shinhan CCH23), and nearly identical results (in 

terms of the relationship between RR and Δ, and the role of the lubrication regime) were 

achieved. The complete set of results are not shown here for the sake of brevity, however, 

the plot of RR vs Δ is shown in Figure 10. The data in Figure 10 provides further 
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credibility to our general approach and way of thinking presented here as the same set of 

conclusions can be made. 

4. Conclusion 

We investigated the correlation between Δ and copper RR. A necessary series of 

steps in determining the RR of a CMP process, involves pre-measuring film thicknesses 

on multiple blanket wafers, polishing them one by, cleaning and drying the wafers, and 

finally determining their post-CMP film thicknesses. These steps are quite straight-

forward to perform, but they require sizable manpower as well as time, processing and 

metrology budgets. Since stick-slip causes RR in CMP, and directivity is able to measure 

the high frequency forces generated by stick-slip, a strong correlation between Δ and 

copper RR was found. It was also determined that this relationship between Δ and copper 

RR did not depend on the polishing regime that was occurring during the process. 

Regardless of polishing regime the relationship correlation between Δ and copper RR 

was identical, however, the values of Δ that occurred were much lower in the ML regime. 

This was due to the ML regime consisting of hydrostatic or buoyant forces supporting the 

wafer, which led to less variability of frictional forces (i.e. less stick-slip events). 

Additionally, it was found that Δ and RR increased with sliding velocity while in the BL 

regime, due to an increase in stick-slip events, and Δ and RR decreased with sliding 

velocity while in ML, due to an increase in hydrostatic or buoyant forces which 

supported the wafer. This new understanding of the relationship between Δ and RR, and 

how it depends on the lubrication regime, provides a new way to estimate the polishing 

behavior in a much less labor-intensive way as compared to the measurement of pre- and 

post-polish film thicknesses. 
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Figure 1: Disc design for the CCH212 pad conditioner.  
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Figure 2: COF and Temperature vs P × v at sliding velocities of 1.2 (blue circles), 1.5 (red 

triangles) and 1.8 (green squares) m/s - dashed lines represent isobars.  
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Figure 3: Stribeck Curve at sliding velocities of 1.2 (blue circles), 1.5 (red triangles) and 1.8 

(green squares) m/s - dashed lines represent isobars.  
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Figure 4: Cluster plots of shear force vs. normal force for all 9 combinations of P × v. 
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Figure 5: Δ vs pseudo-Sommerfeld number at sliding velocities of 1.2 (blue circles), 1.5 (red 

triangles) and 1.8 (green squares) m/s - dashed lines represent isobars.  
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Figure 6: Δ vs P × v at sliding velocities of 1.2 (blue circles), 1.5 (red triangles) and 1.8 (green 

squares) m/s - dashed lines represent isobars.  
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Figure 7: Copper Removal Rate vs P × v at sliding velocities of 1.2 (blue circles), 1.5 (red 

triangles) and 1.8 (green squares) m/s - dashed lines represent isobars.  
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Figure 8: Copper Removal Rate vs COF × P × v at sliding velocities of 1.2 (blue circles), 1.5 

(red triangles) and 1.8 (green squares) m/s - dashed lines represent isobars.  
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Figure 9: Copper Removal Rate vs Δ at sliding velocities of 1.2 (blue circles), 1.5 (red triangles) 

and 1.8 (green squares) m/s. 
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Figure 10: Copper Removal Rate vs Δ at sliding velocities of 1.2 (blue circles), 1.5 (red triangles) 

and 1.8 (green squares) m/s - using the Shinhan CCH23 conditioner.  
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The effect of slurry abrasive nanoparticle (NP) concentration on 

the tribological, thermal and kinetic attributes of tungsten chemical 

mechanical planarization (CMP) was investigated. Three tungsten slurries 

with different amounts of colloidal silica NPs, without any detectable 

changes in formulation chemistry, yielded three different polishing 

outcomes. As slurry nanoparticle concentration [NP] increased the 

coefficient of friction (COF), temperature and removal rate decreased. 

This was also true tungsten to silicon dioxide removal rate selectivity. For 

tungsten removal, 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 

constants. Simulation results indicated that the process was chemically-

limited for most polishing conditions, and that the process became even 

more chemically limited as P × v increased. Moreover, the process 

became more chemically-limited as [NP] increased. During the extraction 

of an important parameter for simulation purposes (apparent activation 

energy), a unique change in curvature of the Arrhenius plot was observed 

and attributed to the fact that CVD tungsten films differ in their density, 

mailto:jemcalli@email.arizona.edu
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chemical compositions and film morphology as a function of their 

thickness. The same explanation also accounted for the observed changes 

in the instantaneous shear forces vs. polish time. 

1. Introduction 

For over 4 decades, chemical mechanical planarization (CMP) has been a key 

enabler in the scaling of integrated circuits (IC) in high-volume manufacturing (HVM) as 

it is the only means of achieving global and local planarization across the entire wafer 

surface in an economic manner. During the CMP process, a rotating polishing pad is 

placed into direct contact with a rotating wafer. Then, a chemical slurry containing 

abrasive nanoparticles (NPs) is injected onto the surface of the pad and transported to the 

pad-wafer interface through a combination of polisher kinematics and the use of the pores 

and grooves on the pad surface. Three-body contact from the pad surface asperities, the 

abrasive NPs in the slurry and the features on the wafer surface lead to the uniform 

removal of material from the wafer surface. (1,2) The basic, generic, mechanism of 

material removal in metal CMP processes has been reported to comprise of two steps. 

First, a thin passivation layer is formed through a chemical reaction between the slurry 

and the metal surface, and second, this layer is removed through the mechanical abrasion 

caused by the three-body contact between pad asperities, slurry NPs and the thin 

passivation layer. (3,4) It is the repetition of these two steps that creates a dynamic balance 

between the chemical and mechanical (i.e. passivation layer formation and its removal) 

aspects of the CMP process. The balance between the chemical and mechanical aspects 

of the process is a key factor in determining the quality of the polishing performance (i.e. 

the tribological, thermal and kinetic attributes of the CMP process). (3,4) A key variable in 

determining the chemical and mechanical balance during CMP is the slurry used during 
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the process. (4-18) The chemical nature of the slurry can be altered by changing the 

concentration and types of the chemical agents used in its formulation. As for its 

mechanical nature, which is of particular interest in this study, it can be altered by 

changing the abrasive [NP] without any changes to its formulation chemistry.(5) 

Previous literature has studied the effect of varying nanoparticle concentration 

[NP] for various slurry types (i.e. SiO2, Al2O3, CeO2, etc.) on myriad CMP processes (i.e. 

SiO2, W, Cu, etc.). (6-18) Of these previous works, several have focused on varying [NP] 

in tungsten CMP processes. (14-18) Wang et al. studied the effect of slurry abrasive 

concentration on removal rate (RR) and process temperature and found that while process 

temperature remained constant, tungsten RR increased with abrasive concentration. (14) 

However, the authors did not mention what type of abrasive was used in the chemical 

slurry. Jairath et al. changed silica NP and oxidant concentrations to find that tungsten 

RR increased with both silica NP and oxidant concentration. (15) It is important to note 

that Jairath et al. did not mention how [NP] was adjusted. Paul observed that tungsten RR 

increased with both silica and alumina [NP], however, he also did not mention how [NP] 

was adjusted. (16) Stein et al. also observed an increase in tungsten RR with alumina [NP]. 

(17) While they did not mention how the [NP] was adjusted, they did mention that the pH 

of the slurry was held constant with varying [NP]. Bielmann et al. also found that 

tungsten RR increased with alumina [NP] and reported that [NP] was varied through the 

most common and simple method, that being, dilution. (18) It is clear from these works 

that independent studies of the contribution of NPs to tungsten removal during CMP is 

non-trivial as attempts in varying [NP] via water dilution (or other means) causes changes 

in the pH, ionic strength and concentration of other critical additives of the subject slurry 
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and inadvertently affects its chemical activity. Here, we have gone to extreme lengths to 

formulate three tungsten slurries with varying amounts of colloidal silica NPs without 

causing any detectable changes in formulation chemistry. In addition to metrics such as 

pad surface temperature and RR measured in previous works, this study also measures 

other key CMP metrics such as shear force and coefficient of friction (COF) for each of 

the three slurries. Finally, a modified Langmuir-Hinshelwood tribo-chemical model is 

employed to predict RR as a function of pad temperature, COF, pressure, and relative 

pad-wafer sliding velocity. 

2. Experimental Apparatus and Procedure 

All tests were performed on an Araca APD-800 polisher and tribometer equipped 

with proprietary force transducers suitable for acquiring real-time shear and normal force 

at 1,000 Hz. (19) The APD-800 is a single-platen research and development polisher and 

tribometer designed to process substrates measuring up to 300 mm in diameter. The 

APD-800 is equipped with signal acquisition hardware such as directional load cells 

connected to the FSX-800 proprietary signal analysis software. This feature provides one 

with the unique ability to acquire accurate real-time shear force and down force 

measurements. Average shear and normal force can then be found from the tens of 

thousands of instantaneous data points extracted from each wafer run in order to calculate 

the average COF for each wafer run. Additionally, the APD-800 contains a single-point 

infrared temperature sensor used for measuring real-time pad surface temperature data 

during polishing. A more detailed description of the 300-mm wafer polishing system can 

be found elsewhere. (19) 
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Brand-new 300 mm blanket chemical vapor deposited (CVD) tungsten wafers 

were polished at multiple pressures (P = 2, 3 and 4 PSI) and sliding velocities (v = 1.0, 

1.4 and 1.8 m/s) for a total of nine P × v combinations. In addition to tungsten polishing, 

3 blanket SiO2 wafers were polished at 2 PSI and 1 m/s, 3 PSI and 1.4 m/s as well as 4 

PSI and 1.8 m/s. The polishing experimentation as described above was repeated for the 

three different slurries used in this study. Each of the 3 tungsten slurries was specifically 

formulated by a HVM slurry supplier such that, during the manufacturing process, the 

amounts of colloidal silica NPs were varied without causing any detectable changes in 

formulation chemistry (i.e. pH, ionic strength, additive concentrations, etc.). The slurries 

employed will henceforth be referred to as Slurry 1, Slurry 2 and Slurry 3, respectively. 

Slurry 1, 2 and 3 contained 1.5, 2.5 and 3.5 weight % colloidal silica-based NPs, which 

were pre-mixed by a ratio of 10,000 : 714 (slurry : H2O2) as per the manufacture’s 

specifications and injected on to the pad surface at a flow rate of 250 mL/min. Prior to 

polishing with each slurry, a DowDupont IC-1000 XY-grooved polishing pad was 

broken-in for 30 minutes with a Saesol 4DNS80AMC1 conditioning disc. During the 

break-in, the platen and conditioning disc rotated counter-clockwise at 80 and 70 

rotations per minute (RPM), respectively, with a downforce of 6.75 lbf. Ultra-pure water 

(UPW) was injected near the pad’s center at a flowrate of 250 mL/min and the 

conditioner swept across the pad 13 times per minutes. After pad-break in, ten dummy 

wafers were polished at 3 PSI and 1.4 m/s in order to ensure a “seasoned”, or developed, 

pad surface. Between each polish the pad was rinsed with UPW at 2 L/min for 30 

seconds and ex-situ pad conditioning was performed for 30 seconds. In order to calculate 

RR, the thickness of the tungsten and SiO2 films were measured with a CMT-SR5000 
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sheet resistance measurement system and SENTECH film thickness probe, respectively, 

before and after polishing. 

3. Results and Discussion 

Thermal and Tribological Results – The mean values of COF and pad surface 

temperature are plotted in Fig. 1 for all polishing conditions. Regardless of polishing 

conditions used, COF decreases from Slurry 1 to Slurry 3. This means that COF is 

decreasing as silica [NP] is increasing. Mean pad surface temperature trends are 

consistent with the COF data in that, as a whole, increasing [NP] results in the lowest set 

of temperatures. These trends in COF, and subsequently pad surface temperature, may be 

explained by the mechanical forces that are occurring in this particular CMP processes. 

During CMP in general, the three-body contact between abrasive NPs, pad asperities and 

the wafer surface can result in NPs rolling, or sticking and slipping on the wafer surface. 

(20) This stick and slip results in the generation of mechanical forces which can be 

measured through COF. (21) When studying the tribology of CMP, stick-slip refers to a 

cyclic fluctuation in the magnitudes of frictional force and relative velocity between the 

wafer and the pad. It is usually associated with a relaxation oscillation that depends on a 

decrease of the COF with increasing sliding velocity. True stick-slip, in which each cycle 

consists of a stage of actual stick followed by a stage of overshoot (i.e. slip) requires that 

the kinetic COF (i.e. the parameter being measured in this study) is lower than the static 

COF (i.e. corresponding to the maximum friction force that must be overcome to initiate 

macroscopic motion between the wafer and pad). (21) Previous work has shown that this 

stick-slip phenomenon creates scratches on the polished wafer surface at lower values of 

[NP]. (20,21) However, as [NP] increases, pitting deformations of the wafer surface occur 
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faster than scratches, indicating that there is likely more rolling of the NPs than sticking 

and slipping. (20,21) This is because there is a significant reduction of the load on the 

individual NPs as their concentration increases. (20) As a result, COF decreases with 

increasing [NP] due to the reduction in mechanical action caused by the increased rolling 

motion of the NPs. The drop in mean pad temperatures with increasing [NP] renders 

further credibility to lower COF values because less heat is dissipated into the pad due to 

friction. A closer scrutiny of the process, by constructing Stribeck curves (Fig. 2), shows 

the tribological mechanism starts in “boundary lubrication” and transitions to “mixed 

lubrication” for all 3 slurries. Although, for the slurry with the highest number of NPs 

(Slurry 3), the transition takes place at lower values of sliding velocity and higher values 

of pressure (i.e. lower values of pseudo-Sommerfeld number). This transition occurs 

more readily at higher values of [NP] because the additional abrasive NPs lead to a 

higher tendency to roll, and therefore, cause a drop in COF at lower pseudo-Sommerfeld 

numbers. In addition to the tungsten results, COF results for the three SiO2 wafers 

polished with each slurry can be seen in Fig. 3. These results indicate the effects of 

changing [NP] are similar for SiO2 in that COF decreases with increasing [NP]. However, 

in comparison with tungsten, SiO2 COF does not seem to change as much with P × v. 

This is likely due to the fact that the pressures and velocities used for SiO2 polishing 

contained a much smaller range of pseudo-Sommerfeld numbers and therefore SiO2 

polishing remained in the same tribological regime throughout. 

Kinetic Results – In keeping with the trends observed from the thermal and 

tribological results, Fig. 4 demonstrates that tungsten RR also decreases with increasing 

values of [NP]. This is expected due to the fact that COF and temperature also decrease 
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with increasing [NP]. In addition to the tungsten results, RR selectivity between tungsten 

and SiO2 can be seen for the 3 wafers polished with each slurry (Fig. 5). These results 

show that increasing [NP] causes a significant decrease in RR selectivity. This is due to 

the fact that SiO2 RR increases with [NP] while at the same time, tungsten RR decreases. 

This increase in SiO2 RR with [NP] is typical of SiO2 CMP processes due to the 

increased number of NPs coming into contact with the SiO2 film. (9) Similar to COF 

trends, RR selectivity does not seem to change as much with P × v in comparison with 

tungsten RR. When it comes to RR, it is best to express things graphically 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 (Fig. 6). Results 

show that, regardless of slurry concentration, similar trends in tungsten RR versus COF × 

P × v are observed in that as the product of COF and mechanical power increases, so do 

tungsten RRs. The relationships seen in all three data sets are linear, however, the data 

does not intersect the origin (see dashed line in Fig. 6). This non-zero intersection 

suggests the presence of a non-zero static etch rate and is a clear indication that the 

polishing process is both chemical and mechanical in nature, and therefore, non-

Prestonian. This can also be supported by the Arrhenius relationship observed for the 

process in Fig. 7, indicating there is indeed a reasonably strong chemical aspect to the 

polishing process in our experiments. 

Additionally, the slope of the data in Fig. 7 can be used to extract the apparent 

activation energy (Ea) for each slurry. (22) It is important to note that Ea values will 

depend on the particulars of the process, the polisher and the consumables used. For this 

particular process, a complication is encountered in that the slope of the Arrhenius curve 
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is much steeper at lower pad temperatures (hence, lower P × v values) as compared to 

those at higher temperatures. This change in the slope of the Arrhenius curve is shown by 

the three separate dashed lines in Fig. 7. Each of these three lines represents a different 

possible slope that could be used to extract Ea for this process. The slope of an Arrhenius 

curve can change depending on the rate limiting step in the process (i.e. reaction rate 

limiting or mass transport limiting). However, this is not the case in CMP because the 

reactant concentration in the slurry is at least one order of magnitude higher than the 

amount required to react with the wafer surface, indicating there is always excess reactant 

present; therefore the process is always in the  reaction rate limited regime. In addition, 

this behavior seems to be unique to tungsten polishing as it has not been observed when 

polishing Ti, Cu, Co or SiO2 films. (22-24) The changing slope of the Arrhenius curve is 

due to the fact that film characteristics including morphology, density and chemistry (i.e. 

elemental composition) change as a function of film thickness for the CVD tungsten 

films. (25-27) Such film characteristics are dependent on many parameters, such as the sub-

layer films, atomic layer deposition (ALD) for tungsten nucleation, chemical precursors 

and process temperature. (25-27) Two specific characteristics affect the CMP process in 

particular. The first is that CVD tungsten films have a rough surface layer due to their 

crystalline orientation and resulting surface morphology, which depends on the specifics 

of the CVD tungsten process itself. (25-28) This means that a rougher surface layer will 

result in a far greater surface area for the slurry to oxidize and for the pad and NPs to 

planarize compared to a flat surface. The second characteristic is the elemental 

composition of the film. Previous work has shown that the amount of oxygen in a CVD 

tungsten film will vary with depth. (25-28) This typically takes the form of WO3 which has 
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a different reaction mechanism with the slurry and a different density (7.16 for WO3 vs. 

19.3 grams per cm3 for pure tungsten). (25-28) Due to the fact that CMP is a tribochemical 

in nature, the above characteristics are to certainly affect the mechanical and chemical 

aspects of the process. Additionally, since film thickness changes as a function of 

polishing time, then film morphology, density and chemistry must also change 

accordingly. In order to simplify the discussion that follows, we assume there to be 2 

distinct tungsten layers that get polished. A top layer, with a rough micro-texture, varying 

chemical composition and varying density that ranges from approximately 500 to 1,500 

Å in thickness, followed by an underlying layer with much lower roughness and much 

higher tungsten purity. Since, on average, the slurry with the most NPs (i.e. Slurry 3) has 

a 17% lower RR than the one with the least (i.e. Slurry 1), its associated Arrhenius 

relationship has the highest curvature as the material being polished is mainly comprised 

of the top layer which is easier to remove. 

The effects of the difference in the two layers that comprise the CVD tungsten 

film can be independently confirmed from the three real time shear force plots exhibited 

during a single polishing run (Fig. 8). The three plots in Fig. 8 were performed with one 

wafer each at 4 PSI and 1 m/s for Slurries 1, 2 and 3. For each slurry, the shear force 

initially starts high right after the wafer first touches down onto the polishing pad (i.e. in 

the first 2 to 4 seconds). Next, the shear force decreases as polishing progresses until it 

reaches a minimum. This initial decrease is due to the planarization, or smoothening, of 

the top layer on the CVD tungsten surface. As the tungsten film surface is planarized, it 

eventually reaches a point in which the upper layer is “broken through” from a top-down 

areal perspective. This transition occurs at the minimum value of the frictional force and 
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is represented by the first dashed line in each of the three plots of Fig. 8. After reaching a 

minimum value, shear force begins to increase again until it reaches a stable value and 

remains constant for the remainder of the polishing process. After the initial 

“breakthrough”, both the top layer and bottom layer of the tungsten film are being 

polished at the same time. This is occurring because typical CMP processes (especially 

those in which our polisher is involved which has typical within-wafer removal rate non-

uniformities of 5 to 15%) across the entire wafer surface (5-mm edge exclusion), 

meaning that different areas of the wafer surface will polish faster than other regions. (1,2) 

This will cause certain locations on the wafer surface to be comprised of the top layer, 

while other locations on the wafer surface may be mostly comprised of the bottom layer. 

As both layers are being polished simultaneously, the areal coverage of the top layer will 

decrease as it is polished away and the areal coverage of the bottom layer will be 

increasingly revealed. During the time in which both layers are being polished, the shear 

force will increase until all of the top layer is polished away or “cleared”. This point of 

“clearing” of the top layer of the tungsten film can be seen by the second dashed line in 

each of the three plots in Fig. 8. At this point, the bottom tungsten film is the only film 

left; the shear force therefore remains constant for the remainder of the polish. Previous 

work has found similar trends in shear force throughout a single CVD tungsten polishing 

run in which the authors also concluded that this was due to the difference in CVD 

tungsten characteristics as a function of film depth. (28) Again, because on average, the 

slurry with most NPs (i.e. Slurry 3) has a 17% lower RR than the one with the least (i.e. 

Slurry 1), the time it takes to reach “breakthrough” and “clearing” is different for each 

slurry. This can be seen visually by the arrow in each of the three plots shown in Fig. 8 
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(as [NP] increases, RR decreases, and it takes longer to polish through the top CVD 

tungsten layer). 

Simulation Results – To describe the non-Prestonian polishing performance 

observed, a well-established modified two-step Langmuir-Hinshelwood model is used to 

simulate tungsten (W) RR and the associated chemical and mechanical reaction rate 

constants. (22) Here, we assume that n moles of reactant R react with the tungsten wafer 

surface (W) at a rate of k1 to form a soft surface layer, L. 

𝑊 + 𝑛𝑅 
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 RR 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 RR is  

𝑅𝑅 =
𝑀𝑤

𝜌

𝑘1𝐶𝑅
𝑛

1 +
𝑘1𝐶𝑅

𝑛

𝑘2

 , 

where CR is the molar concentration of reactant R, Mw is the molecular weight of the film 

being polished and ρ is the density of the film being polished. In order to simplify the 

equation, the concentration of reactant R is assumed to be constant (i.e. no depletion) so 

that CR can be absorbed into the chemical reaction rate k1 and set to unity. Both of the 
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reactions can be assumed to pseudo 1st order reaction. Hence, k1 and k2 have the same 

units of mol/(m2×s). The RR is then 

𝑅𝑅 =
𝑀𝑤

𝜌

𝑘1𝑘2

𝑘1 + 𝑘2
 , 

The chemical rate constant is expressed as 

𝑘1 =  𝐴 exp (−
𝐸𝑎

𝑘𝑇
), 

where A is a pre-exponential factor, Ea 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 µ𝑘𝑃𝑣 , 

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

𝑣1 2⁄ +𝑒
𝜇𝑘𝑃𝑣 , 

where Tp is the mean pad surface temperature (as reported in Fig. 1), 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 

RR data and simulated RR. The slurry activation energy is calculated from the slope of 

the natural log of the RR plotted against the inverse of the mean pad temperature (Fig. 7), 

assuming an Arrhenius relationship. (22) 
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Table I lists the optimized values for parameters A, β, cp, and e as well as the RMS error 

between the experimental data and the simulated RRs. Since all three slurries had the 

same chemical composition for all experimental conditions, the activation energy (Ea) 

and the pre-exponential factor (A) are taken to be identical. (29)  

The parameters from Table I were used to simulate the RR data in two different 

ways. First, we assumed that since all three slurries had the same chemical composition, 

they should all be simulated together with the same fitting parameters. This was done 

using the fitting parameters from the “All 3 Slurries Combined” column in Table I. The 

RR values simulated using these parameters are compared to the experimental RRs in 

Fig. 9 with an RMS of 167 Å/min (8% of the average RR value for all three slurries). 

However, due to the curvature in the Arrhenius plot, the value of Ea will change 

depending on how one estimates the slope of the line. As a reminder, the curvature in the 

slope of the Arrhenius plot is due to the two different layers of the CVD tungsten film 

that are being polished. For this reason, Ea and A will change with time during polishing. 

Due to the fact that there were not enough data points in the lowest and highest sloped 

lines in Fig. 7, Ea was extracted using only the average slope, and both Ea and A were 

held constant. In an attempt to overcome this limitation, we decided to simulate the RR 

via a second route in which we considered that the fitting parameters β, cp, and e could 

change with each slurry (i.e. each value of [NP]). The fitting parameters used for each 

individual slurry are also shown in Table I along with the respective RMS values. It can 

be seen that the RMS values decreased when simulating slurries with the higher values of 

[NP]. This is because higher values of [NP] led lower RRs and therefore more time spent 

polishing the top tungsten layer. Since the average Ea used in this simulation is 
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representative of all data points, it makes sense that the slurry with the data points most 

responsible for the curvature in the Arrhenius plot (which the average Ea is extracted 

from) would have the lowest RMS. The RRs simulated using these parameters are 

compared to the experimental RRs in Fig. 10 with an average RMS of for all three 

slurries of 113 Å/min (5% of the average RR value for all three slurries). These results 

and the change of curvature in the Arrhenius plot indicates the need for a model that 

accounts for multiple tungsten layers with different densities, chemical compositions and 

film morphology. It should be noted that Mw and ρ were held constant in the RR equation 

for all simulations, and future work will have to consider the true Mw and ρ as a function 

of polish time. This is beyond the scope of this work, however, the simulated chemical 

and mechanical rate constants are further analyzed because of the goodness of the fits. 

The simulated chemical and mechanical rate constants produced similar results 

for both approaches in our simulation discussed above. For that reason, only the results of 

the second approach are discussed moving forward. More important than either constant 

individually, the ratio of the chemical rate constant to the mechanical rate constant 

(𝑘1/𝑘2) is shown in Fig. 11 for each of the three slurries. Since the units of k1 and k2 are 

the same, 𝑘1/𝑘2   is an unitless value. This ratio describes whether the process is 

chemically-limited or mechanically-limited; values less than unity indicate that the 

process is chemically limited. Results indicate that the ratio of 𝑘1/𝑘2 decreases as P × v 

increases. The ratio 𝑘1/𝑘2 starts above one for all three slurries and transitions to less 

than one for higher values of P × v (i.e. mechanical power). This indicates that the 

tungsten polishing is mechanically-limited at lower values of mechanical power and 

transitions to a chemically-limited process at higher values of mechanical power for this 
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combination of slurry, pad, conditioners, pressure and velocity settings. Polishing with 

Slurry 3 results in the lowest values of 𝑘1/𝑘2, indicating that the polishing process is 

more chemically-limited with increasing [NP]. 

4. Conclusion 

We investigated the effect of slurry [NP] on the tribological, thermal and kinetic 

attributes of tungsten CMP polishing performance. Three tungsten slurries with 

sufficiently different amounts of colloidal silica NPs, without any detectable changes in 

formulation chemistry, were used to produce three very different polishing results. The 

slurry with the highest [NP] generated the lowest COF, mean pad temperature and 

removal rate due to the relatively greater amount of rolling motion compared to stick-slip. 

This rolling motion occurs more frequently at higher values of [NP] due to the significant 

reduction of the load on the individual NPs as their concentrations increased. As a result 

of this rolling motion, there was a reduction in mechanical action leading to a decrease in 

COF with increasing [NP]. 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 constants. The simulation results 

for the ratios of chemical to mechanical rate constants indicated that the process was 

chemically-limited for most polishing conditions, further 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. In addition, the process became even more chemically-

limited as [NP] increased. Although the simulation results were in excellent agreement 

with experimental results and could be backed up theoretically, a problem arose due to 
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the change in the curvature of the Arrhenius plot, which led to difficulties in estimating a 

reasonably correct Ea due to the appearance of multiple slopes. The cause of the 

curvature and multiple slopes in the Arrhenius plot was explained by the fact that CVD 

tungsten films could have different densities, chemical compositions and film 

morphology based on different deposition-dependent parameters such as the sub-layer 

films, ALD tungsten nucleation, CVD tungsten precursors and process temperature. This 

was backed up by the changing instantaneous shear force throughout the polishing run of 

a single tungsten wafer. Although it is beyond the scope of this work, the results 

indicated the need for a model that accounts for multiple tungsten layers with different 

densities, chemical compositions and film morphology. This will be the subject of an 

upcoming study by our research team.  
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Table I. Optimal values for E, A, Cp, e, β and the resulting RMS. 

 

 

All 3 Slurries 

Combined 

 

 

Slurry 1 

 

 

Slurry 2 

 

 

Slurry 3 

 

E (eV) 0.71 0.71 0.71 0.71 

A (mole · m-2 · s-1) 2.56 × 108 2.56 × 108 2.56 × 108 2.56 × 108 

Cp (mole/J) 

e 

β (K/Pa(m/s)0.5-e) 

RMS (Å/min) 

6.63 × 10-8 

7.89 

1.81 × 10-4 

167 

5.80 × 10-8 

6.46 

2.18 × 10-4 

142 

6.86 × 10-8 

8.01 

2.00 × 10-4 

137 

7.90 × 10-8 

7.13 

1.79 × 10-4 

60 
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Figure 1: Tungsten COF and Average Pad Temperature vs. P × v for all 3 slurries. 
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Figure 2: Tungsten Stribeck Curve for Slurry 1 (top), Slurry 2 (bottom left) and Slurry 3 (bottom 

right).
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Figure 3: SiO2 COF vs. P × v for all 3 slurries.  
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Figure 4: Tungsten Removal Rate vs. P × v for all 3 slurries. 
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Figure 5: Removal Rate Selectivity between tungsten and SiO2 vs. P × v for all 3 slurries.  
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Figure 6: Tungsten Removal Rate vs. COF × P × v for all 3 slurries.  
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Figure 7: The Tungsten Arrhenius plot for all 3 slurries showing 3 different slopes.  
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Figure 8: Tungsten Shear Force vs. Time plots at 4 PSI and 1 m/s for Slurry 1 (top), Slurry 2 

(middle) and Slurry 3 (bottom).  
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Figure 9: Comparing experimental and simulated Tungsten removal rate data using the 

parameter values from the “All 3 Slurries Combined” column in Table I.  
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Figure 10: Comparing experimental and simulated Tungsten removal rate data using the 

parameter values from the “Slurry 1”, “Slurry 2” and “Slurry 3” columns in Table I for each 

respective slurry.  
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Figure 11: Simulated ratios of the Tungsten chemical-to-mechanical rate constants.  
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CHAPTER 9: Impact of Polisher Kinematics and Conditioner Disc 

Designs on Fluid Transport during Chemical Mechanical Planarization 
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Fluid film thicknesses were measured and general flow patterns 

were analyzed during conditioning on a polishing pad using a recently 

developed UV-enhanced fluorescence experimental technique. The 

method was used to analyze how conditioners with different working face 

designs and polisher kinematics (platen angular velocities) affected fluid 

flow characteristics on the pad surface. In general, fluid film thicknesses 

followed the same general trends across the pad surface for both disc 

designs and platen speeds. Regardless of the parameters used, the fluid 

film was the thickest in sections nearest to the wafer track and was 

significantly thinner near the center and edge of the pad. For both discs, 

the time for film thicknesses to reach steady-state increased with distance 

from the radius. In general, the full-face conditioner had a smaller 

maximum attainable fluid thickness (MAFT) and time to reach steady-

state (TTRSS) as it most effectively expelled (i.e. squeegeed) the fluid off 
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the pad surface. In contrast, the partial-face conditioner had a larger 

MAFT and TTRSS as its more intricate design allowed for greater fluid 

retention and generated more back-flow.  

 

Introduction  

Chemical mechanical planarization (CMP) has been a key enabler in the scaling 

of integrated circuit (IC) manufacturing for the past 4 decades as it is the only means of 

achieving global and local planarization across the entire wafer surface in an economic 

manner. During CMP, a chemical slurry containing abrasive nanoparticles is injected 

onto the surface of a pad. Then, a rotating wafer is placed into direct contact with the 

rotating polishing pad. The slurry injected onto the pad surface is transported to the pad-

wafer interface through a combination of polisher kinematics and the use of the pores, 

perforations and grooves on the pad surface. Three-body contact from the pad surface 

asperities, the abrasive nanoparticles in the slurry and the features on the wafer surface 

lead to the uniform removal of material from the wafer surface. (1,2) In addition to the 

slurry providing abrasive nanoparticles to contribute to the mechanism of material 

removal in CMP, it also contributes through chemical reaction on the wafer surface. The 

basic, generic, mechanism of material removal in CMP processes consists of: (1) the 

formation of a thin passivation layer through a chemical reaction between the slurry and 

the wafer surface, and (2) the subsequent removal of this layer through mechanical 

abrasion caused by three-body contact. It is the repetition of these two steps that defines 

the CMP process. (3,4) The common variable in the 2 steps above is the chemical slurry 

employed, indicating the importance of slurry in the CMP process. Furthermore, slurry 

accounts for approximately half of the total cost of ownership (COO) in CMP. (5). Low 

slurry utilization efficiencies, between 2 and 25%, occur during CMP because a 

substantial amount of the slurry is expelled into the waste stream before even reaching 

the wafer. (6) As such, a deeper understanding of the process parameters that dictate fluid 

transport, lower COO and reduce the potential environmental burden generated by wasted 

slurry during CMP is needed. 
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Previous literature has worked towards visualizing fluid flow during CMP using 

several methods (i.e. computational fluid dynamics, numerical simulations or 

experimental flow visualizations) and determined the effect of different consumables (i.e. 

pad, retaining ring, conditioner, slurry dispense method, etc.) on fluid flow. (7-27) The 

studies based on computational fluid dynamics and other numerical methods require vast 

computational resources and have limited experimental validation. (7-21) Experimental 

flow visualization methods have primarily dealt with qualitative flow visualization using 

dyed slurries and fluorescent fluids that would get illuminated when excited by a YAG 

laser or with an ultraviolet (UV) light source. (21-25) Additional studies have used particle 

image velocimetry (PIV) to better understand slurry flow patterns during CMP. (26,27) 

These experimental flow visualization studies have furthered the understanding of 

complex flow patterns during CMP, however, they are not as relevant to today’s needs 

because the experiments done in those studies made use of polishers that were much 

smaller than those used in high-volume manufacturing (HVM). Moreover, those studies 

used pads without grooves and did not employ a conditioner (typically used in HVM) 

during the process.  

Many mechanisms and their complexities contribute to the transport of fluid (i.e. 

water, chemical agents or slurry) during CMP. The major factors that contribute to fluid 

transport during CMP are described below: 

• An inherent asymmetry in the fluid flow patterns occurs because fluid is typically 

injected (or dispensed) slightly away from the pad center. (28,29) 

• Pad surface micro-texture (including pores and asperities), furrows in the pad (due 

to conditioning), as well as pad grooves and perforations of various designs. (30- 34) 

• Centrifugal forces that grow stronger near the edge of the pad and advective 

transport in the radial direction due to the co-rotation of the pad and wafer during 

polishing. (8-11,35) 

• Drag forces between the moving fluid and the pad surface. The magnitudes of 

these forces change radially. Such centripetal forces counter the centrifugal forces 

noted above. (25) 
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• Surface tension forces near the edge of the pad which resist fluid ejection 

outwards and off of the pad, causing fluid build-up. (36) 

• The pad surface micro-texture becomes degraded during polishing by abrasive 

wear, plastic deformation on the pad surface, and build-up of polishing by-

products and pad shavings. In order to maintain a steady CMP process, a pad 

conditioning process is necessary to counteract the degradation of the pad surface 

micro-texture. Although the necessity of a conditioner is brought about in order to 

regenerate the pad surface, the oscillatory and rotary motion of the conditioner 

play significant roles in fluid transport, adding to the overall complexity of flow 

patterns (especially during in-situ conditioning). (22, 37-41) A visual demonstration 

of this can be seen by the boundary layer that is always formed in the bow wave 

of the conditioner at its leading edge resulting in the transport of fluid around the 

disc. Complex disc designs are therefore another dominant factor associated with 

the conditioner disc involving the movement of fluid under the disc. This will lead 

to ejection of fluid retained under the disc at various radial positions, as well as 

partial back-flow as the conditioner sweeps back to the center of the pad. (26) 

Building on the work of previous researches and taking into consideration the 

above noted complications in analyzing fluid flow in CMP, especially when conditioning 

is involved, Mariscal et al. recently introduced a comprehensive quantitative and 

qualitative method for analyzing fluid transport and fluid thicknesses globally on 

polishing pads suitable for processing 300 mm wafers. (42) The method of analysis was 

based on a UV-enhanced fluorescence technique. During the study, Mariscal et al. 

analyzed a section of the pad ranging from 264 to 365 mm from the pad center. Our 

current study has increased the region of analysis to encompass a range from 130 to 365 

mm from the pad center. This range better represents the fluid path that will participate in 

the polishing of 200 and 300 mm wafers. In addition, Mariscal et al. applied this method 

to determine how various chemical vapor deposited (CVD) coated conditioner designs 

and platen rotational speeds affected fluid flow, whereas this study will use both 

conventional and CVD-coated conditioner discs (currently used in state-of-the-art HVM) 

with completely different designs. 
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Experimental Apparati and Procedure 

All experiments were conducted on the Araca, Inc. APD-800® polisher and 

tribometer (a single-platen research and development polisher and tribometer designed to 

process substrates measuring up to 300 mm in diameter). A detailed description of the 

apparatus is provided elsewhere. (43,44) Fluid film thicknesses were analyzed across 6 

different sections of the pad surface with all tests conducted twice to ensure repeatability. 

Two platen rotations (50 and 100 RPM) and two different conditioners were tested. The 

experimental procedure involved taking the two conditioners and subjecting them to ex-

situ conditioning (i.e. in the absence of a wafer) for 72 seconds with fluid film thickness 

data acquisition commencing at the moment the process was initiated. The reason for 

opting for ex-situ conditioning was to exclude any further complexities that would have 

resulted due to the presence of a rotating wafer. The 6 sections of analysis spanned 

radially inward from the edge of the pad towards the center and were all located slightly 

less than 90-degrees downstream in relation to the conditioner’s sweep path. Section 1 

was nearest to the edge of the pad and spanned from 333 to 365 millimeters from the pad 

center. Section 2, 3, 4 and 5 spanned from 302 to 333, 264 to 302, 203 to 264 and 146 to 

203 millimeters from the pad center, respectively. Section 6 was closest to the center of 

the pad and was located 130 to 146 millimeters from the pad center. Ultra-pure water 

(UPW) mixed with a fluorescent dye (0.5 g/L of 4-methyl-umbelliferone) was injected at 

a flowrate of 250 mL/min 89 millimeters off the pad center. A rough schematic 

representation of the various sections on the pad surface that were analyzed is shown in 

Figure 1 (also included is an example of a still image extracted from the video with the 

analyzed sections outlined). 

UV light was projected onto the surface of the pad by two light emitting diodes 

(LEDs) which excited the dye in the UPW and caused it to fluoresce. From previous 

research, the intensity of the emitted fluorescence was known to be directly proportional 

to the thickness of the fluid film on the pad surface. (45-47) Since, fluorescent dye is prone 

to photodegradation if exposed to UV light for long periods of time all tests were 

conducted in a darkened room with no external light sources (other than the UV 

illumination system) and as rapidly as possible (within the same day). (25) The UVIZ-
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100® system manufactured by Araca, Inc. was used to record the fluid film thickness. (45-

47) A high-resolution (1620×1220 pixel) charged coupled device camera with a shutter 

speed of 0.02 sec and an acquisition frequency of 5 Hz was utilized to record the 

emission of the fluorescent light on the pad surface. This acquisition frequency correlates 

to 360 images being taken during the 72 second period of each conditioning test. The 

camera was kept at the same position and angle at all times so as to provide a common 

baseline and fair comparisons amongst the differing sets of tests. Images were then 

analyzed via Araca, Inc.’s proprietary image analysis software written in LabVIEW®. (48) 

This software was used to convert each raw image to a grayscale image and then crop the 

grayscale image as per the 6 desired sections of analyses on the pad surface. In order to 

maintain the alignment with the sections, the image crop positions and window sizes 

were kept consistent for every image. Then, brightness quantification was used to obtain 

the average brightness of the respective images. For a respective cropped image, the 

analysis software first produced a summation of pixels having specific brightness values. 

The average brightness of one cropped image was then acquired by averaging the 

brightness over all pixels. This procedure was repeated for all 360 images acquired from 

each of the respective 72 second tests. More information on the various details and 

specifications of the acquisition system can be found elsewhere. (45) 

Once the tests were completed for each conditioner at each platen RPM, a 

calibration curve was created to correlate mean fluid brightness of the images to fluid 

film thickness. This was done by systematically adding specified volumes of the 

fluorescent dyed fluid into a container with a known bottom area. The thickness of the 

fluid was then back-calculated using the volume transferred to the container as well as the 

area of the container itself. The UVIZ system was used to capture images of the fluid 

after every transfer and the average brightness was collected using our image analysis 

software. A calibration curve correlating the average brightness of the grey-scale image 

to the fluid film thickness was then created as shown in Figure 2. This relationship 

between brightness and fluid film thickness was then used to find average fluid film 

thickness in each image acquired during experimentation, and therefore, for each of the 

sections illustrated in Figure 1. 
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Fluid film thickness was analyzed in several quantifiable ways. First, the raw fluid 

thicknesses in each of the analyzed sections were compiled and plotted as a function of 

time (an example shown in Figure 3a). It should be noted that a film thickness of 0.17 

mm was measured for all experimental processes before testing commenced and the dyed 

fluid was injected onto the surface (time equal to zero seconds). This could be explained 

by the fact that the environment in which experiments were conducted was not entirely 

dark, and as a result, the UVIZ system recorded some light reflecting off of the pad 

surface prior to the injection of any fluorescent fluid. This correlated to an inherent fluid 

film thickness being measured when there was in fact none. In order to account for this 

background light pollution, all of the measured data points were shifted down by 0.17 

mm. In addition, once the process was initiated, the APD-800® polisher system took 5 

seconds to move the conditioner down from its idle standby position to engage the pad. 

Therefore, the first 5 seconds of all experiments were omitted from our analysis because 

one of the primary objectives of this study was to analyze the conditioner’s effect on fluid 

transport in CMP. The example in Figure 3a continues on in Figure 3b demonstrating 

how the fluid thickness data had been shifted by 5 secs and 0.17 mm. The resulting data 

in Figure 3b was then best described by fitting to a curve expressed in the following 

equation, (42) 

𝑦 = 𝑎 − 𝑏[𝑒−𝑐(𝑥𝑛)]                           Eq. 1 

where y is the fluid film thickness and x, the time. The constants a, b, c and n are fitting 

parameters the optimum values of which were used to minimize the root mean squared 

error for the fit. Eq. 1 was then used to calculate a hypothetical film thickness that would 

be reached after an arbitrary conditioning duration (10 minutes) in order to obtain what 

Mariscal et al. defined as the “maximum attainable fluid thickness” or MAFT. Typical 

CMP wafer polishing processes last no more than approximately a minute, so Mariscal et 

al. calculated the time that it would take to reach 90% of the MAFT and defined this as 

the “time to reach steady-state”, or TTRSS. (42) An example of the fitted fluid film 

thickness curves, as well as their respective TTRSS values, is shown in Figure 3c. It 

should be noted that our results were precise to within ± 5% (1-sigma) based on the 

reproducibility tests performed here as well as in other studies. 
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All experiments made use of a black DowDupont embossed Politex® polishing 

pad with a diameter of 762 mm. A black pad was necessary to use during 

experimentation because it reduced the natural fluorescence present in most white-

colored polyurethane pads when excited by lasers or UV light. (45-47) The pad was broken-

in using a 3M PB32A brush conditioner for 30 minutes with UPW at a downforce of 1.4 

kgf and sweeping from 66 to 361 millimeters from the pad center 11 times per minute. 

During break-in, the conditioning disc and the platen rotated counter-clockwise at 95 and 

50 RPM, respectively. The conditioner kinematics used for the break-in process were 

kept the same for all subsequent tests. A low downforce of 1.4 kgf was used so as to 

minimize each discs’ respective ability to condition the pad surface and impact fluid 

transport during subsequent tests. Between each test, the pad was thoroughly rinsed with 

2 liters of UPW for 30 seconds so as to remove any residual fluorescent dye and 

eliminate the possibility of a “memory effect” for subsequent tests. The conditioners used 

were the EHWA Diamond 1.3K and BSL. The BSL disc had protruding surfaces 

designed in a spiral fashion that contained tens of thousands of randomly arranged 

synthetic diamonds. This disc was classified as a “partial-face” conditioner, as defined by 

Mariscal et al., due to the fact that its protruding areas had the ability to effectively retain 

fluid. (42) In contrast, the 1.3K disc contained exactly 1,300 micro-replicated tips which 

were uniformly micro-machined in a square grid pattern throughout and then subjected to 

a blanket CVD diamond film deposition process. This disc was classified as a “full-face” 

conditioner, as defined by Mariscal et al. (42) It should be noted that the entire face of this 

disc was not able to contact the pad surface during conditioning, however micro-

machined raised areas made the disc behave as a full face disc from a fluid transport 

perspective. This was due to the fact that the raised features were only 50 microns tall, 

and since we knew that the pad deformed more than 50 microns at the given disc 

downforce, the disc was not able to retain fluid as effectively as the partial-face 

conditioner. Figure 4 shows the two conditioners classified by their “type”. 
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Results and Discussion 

General Trends – Fluid film thickness values (acquired from each respective 

fitted curve) across the pad surface for each conditioner type at both platen rotational 

speeds (i.e. 50 and 100 RPM) are shown in Figure 5 at different times during the process 

(i.e. after 2, 10, 20 and 40 seconds). It can be seen that all curves follow a similar trend 

when it comes to fluid transport on the pad surface regardless of conditioner type or 

platen speed. As flow starts, sections closest to the pad center (i.e. Section 6) have the 

thickest film due to fresh fluid being dispensed nearest that region. As a result of fresh 

fluid from the injector being more quickly available to those areas closer to the pad 

center, the time for the fluid thickness to reach a steady-state (TTRSS), was lower for 

those sections (Figure 6). At the same time, TTRSS was higher for the sections farther 

away from the pad center because they were representative of a larger pad surface area 

which increased with the square of the pad radius. As time elapsed and more fresh fluid 

was dispensed onto the pad surface, film thicknesses increased throughout. In the region 

closest to the pad center, film thicknesses increased by approximately 10% on average 

from 2 to 10 seconds and then remained constant. Moving slightly further from the pad 

center (i.e. Section 5) fluid film thickness nearly doubled from 2 to 10 seconds before 

rapidly leveling off. Moving further away from the pad center to sections 2, 3 and 4 at 

100 RPM, film thicknesses increased by approximately 2 to 3 times (1 to 2 times at 50 

RPM) in the first 2 to 10 seconds before leveling off at a slower rate. This was likely due 

to the conditioners’ ability to draw fresh fluid from the center of the pad and redistribute 

it in regions represented by Sections 2, 3 and 4 as it moved radially outward. (37,38) In 

Section 1 (the furthest section from the pad center), the fluid film thicknesses increased 

by approximately 7 times on average, yet, at a slower rate than the central sections. The 

reason for such a dramatic increase was that the region represented by Section 1 started 

with the lowest fluid film thickness. In addition, after 10 seconds, Section 1 maintained a 

lower film thickness than the central regions. This was due to the fact that fluid in this 

region was expelled from the pad surface as the conditioner moved over the edge of the 

pad. Another contributing factor was that angular velocity was at its maximum at the 

pad’s edge, causing the fluid film to become thinner due to the larger centrifugal forces. 
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(8) The behavior of the fluid on the pad surface resulted in MAFT (Figure 7) being larger 

in the central regions (i.e. Sections 2, 3 and sometimes 4) and lower in Section 1, 5 and 6 

(i.e. regions close to the center or the edge of the pad). 

An interesting phenomenon observed was the increased brightness of the 

fluorescing fluid at the very edge of the pad (Figure 8). This was due to excessive fluid 

build-up in that region. This observation was not captured by the quantitative UVIZ 

analysis because it was outside the boundaries of the 6 sections analyzed. However, this 

build-up was likely due to high surface tension forces that the fluid experiences at the 

very edge of the pad. (36) 

Conditioner and platen speed comparisons for MAFT – All conditioner and platen 

speed combinations produced similar fluid transport trends across the pad surface, 

however, significant differences in MAFT were observed based on the conditioner and 

platen speed combination. From Figure 7 it can be seen that the partial-face conditioner 

(BSL) caused a 13% thicker fluid film across all 6 sections at 100 RPM when compared 

to the full-face conditioner (1.3K). Although, at 50 RPM, values for MAFT were the 

same for each conditioner type (within the 5% experimental margin of error). The 

significant difference in MAFT at 100 RPM was due to the differences in the working 

surfaces of the discs as the full-face conditioner imparted more of a squeegeeing effect on 

the pad thereby expelling fluid more effectively over the edge of the pad when compared 

to the partial-face disc. In comparison, the conditioner with partial-face was able to retain 

fluid more effectively thereby slowing down the transport process and generating more of 

a back-flow, thus resulting in thicker films. (42) The reason that there was a significant 

difference in MAFT at 100 RPM, while none at 50 RPM, was due to the fact that the 

back-flow effect became more effective when the angular velocities of two rotating 

structures were matched. (26) In our experimentations, the conditioner rotation speed was 

always maintained at 95 RPM, so when the platen speed was at 100 RPM it was more 

closely matched to that of the conditioner. Therefore, back-flow became more 

pronounced, leading to a greater difference in MAFT between the two discs. 
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For both conditioner types, MAFT decreased significantly when platen speed was 

increased from 50 to 100 RPM. This was expected due to the inherently higher 

centrifugal forces at the higher rotational velocity. However, this was not the case for 

Section 6 (the closest section to the center of the pad). Regardless of disc type and platen 

speed, MAFT was statistically the same in Section 6. This was due to the fact that this 

section was closest to the point of injection (and the resulting slurry puddle) and also due 

to the relatively smaller centrifugal forces near the middle of the pad. Therefore, the 

MAFT in this section was likely governed by fluid flow rate, which remained constant in 

this study. 

Conditioner and platen speed comparison for TTRSS – Compared to MAFT, 

significantly large differences in TTRSS could be distinguished between both the 

conditioner type and platen rotational speeds. As shown in Figure 6, the partial-face 

conditioner had significantly longer TTRSS (by an average of 75 and 20% at 50 and 100 

RPM, respectively across all 6 sections) when compared to the full-face conditioner. This 

was likely because the BSL disc, with its partial-face design having higher fluid retention 

abilities, was more effective at impeding and disrupting fluid flow thus creating higher 

TTRSS as compared to the full-face disc. However, it should be noted that at 100 RPM, 

the full-face conditioner had a longer TTRSS in Sections 3 and 4. This could be because, 

even though the partial-face conditioner had higher MAFT in these sections, its ability to 

retain fluid and redistribute it to these regions more effectively, allowed it to reach 90% 

of its MAFT more quickly. 

TTRSS increased for the full-face conditioner when platen speed was increased 

from 50 to 100 RPM, while at the same time the TTRSS decreased for the partial-face 

conditioner. For the full-face disc, the increase in TTRSS was straightforward because 

the system took longer to equilibrate at the higher RPM. For the partial-face disc, the 

decrease in TTRSS was again due to the fact that the disc could more effectively retain 

fluid at the closely matched higher RPM and was therefore able to assist in the build-up 

of fluid towards the MAFT more quickly than it could at the lower RPM. 
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Conclusions 

A recently-developed technique utilizing UV-enhanced fluorescence was used to 

quantify film thicknesses and general flow patterns during ex-situ pad conditioning. The 

method was successfully applied to qualitatively and quantitatively study the effect of 

conditioner working face designs (“full-face” and “partial-face”), in conjunction with 

different platen angular velocities, on fluid transport characteristics during CMP. In 

general, fluid film thicknesses followed the same trends across the pad surface for all disc 

designs and platen speeds. Regardless of the parameters used, the fluid film was the 

thickest in sections nearest to the wafer track and was significantly thinner near the center 

and the edge. There was also a distinguishable general trend in regards to the time needed 

for film thickness to reach steady-state. Depending on disc design, location on the pad, 

and platen velocity, TTRSS ranged between 3 and 72 sec. At radial distances further 

away, it took longer for fluid thicknesses to reach steady-state due to the area dependence 

on pad radius. In addition to these general trends, notable distinctions were observed in 

regards to MAFT and TTRSS based on conditioner design and platen velocity. In 

general, the full-face conditioner had a smaller MAFT and a smaller TTRSS as it most 

effectively expelled (i.e. squeegeed) the fluid off of the pad surface. In contrast, the 

partial-face conditioner had a larger MAFT and a larger TTRSS because its more 

intricate design allowed for greater fluid retention and generated greater back-flow. The 

partial-face conditioner was also more effective in impeding and disrupting flow, which 

led to a larger TTRSS. This work demonstrated the importance of quantitatively and 

qualitatively understanding and visualizing the various mechanisms that can contribute to 

the complex transport of fluid during CMP processing. This novel technique could help 

to contribute to new disc designs, as well as a greater understanding of fluid transport 

when an actual wafer is being polished. 
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Figure 1: Schematic top view of the polisher set-up with main components and the highlighted 

sections of analyses (left). Example still frame from video file showing sections of analyses 

relative to polisher components (right). 

Both images have sections of analyses distinguished by color: Section 1 (purple), Section 2 

(green), Section 3 (dark blue), Section 4 (red), Section 5 (yellow) and Section 6 (light blue). 
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Figure 2: Slurry film thickness calibration curve.  
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Figure 3: Data analyses example: (a) raw data, (b) shifted data and (c) fitted curves with TTRSS 

(dashed lines) for Section 1 (purple), Section 2 (green), Section 3 (dark blue), Section 4 (red), 

Section 5 (yellow) and Section 6 (light blue).  
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Figure 4: Conditioner discs used: 1.3K (left) and BSL (right).
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Figure 5: Fluid film thicknesses across the pad surface at 50 RPM (left column) and 100 RPM 

(right column) for the 1.3K (top row) and BSL (bottom row) discs at 2 (purple circles), 10 (green 

circles), 20 (dark blue circles) and 40 (red circles) seconds.  
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Figure 6: TTRSS vs. Section at 50 RPM (left) and 100 RPM (right) for the 1.3K (blue)                                         

and BSL (yellow) discs. 
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Figure 7: MAFT vs. Section at 50 RPM (left) and 100 RPM (right) for the 1.3K (blue) and BSL 

(yellow) discs.  
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Figure 8: Example of a still frame from video file showing build-up of fluid on the edge of                                     

the pad due to surface tension. 
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CHAPTER 10: Conclusions and Future Work  



175 

 

10.1 Conclusions 

This work furthered the knowledge regarding the effect of diamond conditioner 

discs and their associated downforce on pad surface micro-texture and the corollary effect 

on copper CMP. It also provided a base for correlating variances in forces with copper 

RR due to fundamental “stick-slip” phenomenon in CMP. Additionally, improvements 

were made on the understanding of the effect of slurry nanoparticle concentration on the 

thermal, tribological and kinetic attributes of tungsten CMP. Finally, Fluid film 

thicknesses were measured and general flow patterns were analyzed during conditioning 

on a polishing pad using a recently developed UV-enhanced fluorescence experimental 

technique. 

Individual sections on the conclusions of the studies in this dissertation are 

provided below: 

• Effect of Conditioning Downforce and Pad Break-In Time on Pad Surface Micro-

Texture in Chemical Mechanical Planarization (Chapter 4): The effect of 

conditioning downforce on the evolution of the micro-texture of the pad surface 

during break-in was investigated. Two different downforces were used, each 

resulting in different evolution paths during the break-in stage. Throughout break-

in, pad samples were collected and their surface topography and contact area were 

analyzed with confocal microscopy. The pad conditioned at the lower downforce 

resulted in a smaller percentage contact area and a smaller contact density. This 

pad also had taller and sharper asperities throughout, but both appeared to 

approach the same stable surface topography values for each downforce after 60 

minutes. The pad conditioned at the higher downforce generated more pad 

fragments, which after analysis, were shown to be large, low pressure contact 

areas that would contribute to a higher lubrication during polishing. These were 

associated with poorly-supported contacting summits, which were shown to be 

much more common than conventional fully-supported contacting summits. The 

pad conditioned at the higher downforce was able to reach stable surface micro-

texture parameters within the first 5 to 30 minutes of the break-in process, while 
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the pad conditioned at the lower downforce was not able to reach stable pad 

surface micro-texture parameters until within the first 15 to greater than 60 

minutes. 

• Effect of Conditioner Type and Downforce, and Pad Break-In Time, on Pad 

Surface Micro-Texture in Chemical Mechanical Planarization (Chapter 5): The 

effect of conditioner type and downforce on the evolution of the micro-texture of 

the pad surface during break-in was investigated. Two different diamond 

conditioners (ABT and 3M) were used with three different possibilities of 

downforce for a total of five experimental cases. Pad samples were collected 

throughout the break-in process and their surface topography and contact area was 

analyzed using confocal microscopy. Each experimental case resulted in different 

evolution paths during break-in. However, in general, the ABT disc resulted in 

more similar evolution paths during break-in compared to 3M. All cases in this 

study resulted in similar evolution paths for the mean summit height, while at the 

same time different summit height distribution evolution. The mean summit 

curvature evolution was similar in all cases. The evolution of the contact density 

and percentage contact area was very similar for the ABT disc at all downforces. 

However, the 3M disc resulted in different evolution paths that approached 

similar results after 60 minutes of pad break-in. Most pad surface micro-texture 

parameters stabilized within the first 30 minutes of pad break-in. The pad 

conditioned by the ABT disc at all downforces and the 3M disc at the highest 

downforce generated more pad fragments, which could be visually seen in the 

contact images. These pad fragments contributed to much of the contact area and 

density on the pad surface. These pad fragments were also shown to contribute to 

decreased visibility into the pores as break-in progressed. This decreased pore 

visibility can be seen in the topographic images. Comparing the two discs, ABT 

had smaller changes in micro-texture evolution with downforce which can be 

explained by the difference in characteristics between the two discs. The different 

characteristics of the two discs contributes to two completely different cutting 

mechanisms. The ABT disc, having blockier diamonds and less pressure per 
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active diamond compared to the 3M disc, exhibits more of a “plowing action” 

compared to the “cutting” action of the 3M disc. 

• Effect of Conditioner Type and Downforce, and Pad Surface Micro-Texture on 

SiO2 Chemical Mechanical Planarization Performance (Chapter 6): Using 

confocal microscopy, micro-texture analysis in this study was implemented as a 

screening process for selecting the proper type of conditioning discs to be used 

(ABT and EHWA). Both discs were used to break in brand new pads for 30 

minutes prior to polishing. For the EHWA disc, RR remains unaffected by a 

change in COF, yet for the ABT disc RR increases while COF decreases. These 

trends were explained by the two general types of sliding contact in CMP (solid 

sliding contact and lubricated sliding contact). While both types of sliding contact 

are known to contribute to RR, only the solid sliding contact contributes to COF. 

This is because material removal can occur as long as the slurry layer between the 

pad and wafer is thin enough to hold active slurry particles, which is the case in 

both types of sliding contact. In comparison, if there is no solid sliding contact, 

then minimal shear force will get generated which will have little contribution to 

friction. Therefore, when contacting summits are highly lubricated, COF and RR 

may become uncorrelated. This is in fact the case in this study. The ABT disc 

generates more pad fragments than EHWA, leading to an overall higher RR and 

lower COF for ABT. It is known that pad fragments are more easily lubricated 

because they are not fully supported and they generate a larger contact (i.e. higher 

surface area), therefore creating lower localized pressure and allowing more fluid 

to infiltrate the pad-wafer contact region. This lubrication leads to a reduction in 

COF by causing a lower shear force. 

• Correlating Removal Rate to Directivity in Copper Chemical Mechanical 

Planarization (Chapter 7): The relationship between directivity (Δ) and RR during 

copper CMP was investigated. We found there to be a strong correlation between 

Δ (defined as the ratio of variances in shear force to those of normal force) and 

copper RR so long as the tribological mechanism remained constant. A necessary 

series of steps in determining the RR of a CMP process, involves pre-measuring 
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film thicknesses on multiple blanket wafers, polishing them one by, cleaning and 

drying the wafers, and finally determining their post-CMP film thicknesses. These 

steps are quite straight-forward to perform, but they require sizable manpower as 

well as time, processing and metrology budgets. Since stick-slip causes RR in 

CMP, and directivity is able to measure the high frequency forces generated by 

stick-slip, a strong correlation between Δ and copper RR was found. It was also 

determined that this relationship between Δ and copper RR did not depend on the 

polishing regime that was occurring during the process. Regardless of polishing 

regime the relationship correlation between Δ and copper RR was identical, 

however, the values of Δ that occurred were much lower in the ML regime. This 

was due to the ML regime consisting of hydrostatic or buoyant forces supporting 

the wafer, which led to less variability of frictional forces (i.e. less stick-slip 

events). Additionally, it was found that Δ and RR increased with sliding velocity 

while in the BL regime, due to an increase in stick-slip events, and Δ and RR 

decreased with sliding velocity while in ML, due to an increase in hydrostatic or 

buoyant forces which supported the wafer. This new understanding of the 

relationship between Δ and RR, and how it depends on the lubrication regime, 

provides a new way to estimate the polishing behavior in a much less labor-

intensive way as compared to the measurement of pre- and post-polish film 

thicknesses. 

• Effect of Abrasive Nanoparticle Concentration on the Tribological, Thermal and 

Kinetic Attributes of Tungsten Chemical Mechanical Planarization (Chapter 8): 

The effect of slurry abrasive nanoparticle concentration [NP] on the tribological, 

thermal and kinetic attributes of tungsten CMP was investigated. Three tungsten 

slurries with sufficiently different amounts of colloidal silica NPs, without any 

detectable changes in formulation chemistry, were used to produce three very 

different polishing results. The slurry with the highest [NP] generated the lowest 

COF, mean pad temperature and removal rate due to the relatively greater amount 

of rolling motion compared to stick-slip. This rolling motion occurs more 

frequently at higher values of [NP] due to the significant reduction of the load on 

the individual NPs as their concentrations increased. As a result of this rolling 
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motion, there was a reduction in mechanical action leading to a decrease in COF 

with increasing [NP]. 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 constants. The 

simulation results for the ratios of chemical to mechanical rate constants indicated 

that the process was chemically-limited for most polishing conditions. In addition, 

the process became even more chemically-limited as [NP] increased. Although 

the simulation results were in excellent agreement with experimental results and 

could be backed up theoretically, a problem arose due to the change in the 

curvature of the Arrhenius plot, which led to difficulties in estimating a 

reasonably correct Ea due to the appearance of multiple slopes. The cause of the 

curvature and multiple slopes in the Arrhenius plot was explained by the fact that 

CVD tungsten films could have different densities, chemical compositions and 

film morphology based on different deposition-dependent parameters such as the 

sub-layer films, ALD tungsten nucleation, CVD tungsten precursors and process 

temperature. This was backed up by the changing instantaneous shear force 

throughout the polishing run of a single tungsten wafer. 

• Impact of Polisher Kinematics and Conditioner Disc Designs on Fluid Transport 

during Chemical Mechanical Planarization (Chapter 9): A recently-developed 

technique utilizing UV-enhanced fluorescence was used to quantify film 

thicknesses and general flow patterns during ex-situ pad conditioning. The 

method was successfully applied to qualitatively and quantitatively study the 

effect of conditioner working face designs (“full-face” and “partial-face”), in 

conjunction with different platen angular velocities, on fluid transport 

characteristics during CMP. In general, fluid film thicknesses followed the same 

trends across the pad surface for all disc designs and platen speeds. Regardless of 

the parameters used, the fluid film was the thickest in sections nearest to the wafer 

track and was significantly thinner near the center and the edge. There was also a 

distinguishable general trend in regards to the time needed for film thickness to 

reach steady-state. Depending on disc design, location on the pad, and platen 

velocity, TTRSS ranged between 3 and 72 sec. At radial distances further away, it 
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took longer for fluid thicknesses to reach steady-state due to the area dependence 

on pad radius. In addition to these general trends, notable distinctions were 

observed in regards to MAFT and TTRSS based on conditioner design and platen 

velocity. In general, the full-face conditioner had a smaller MAFT and a smaller 

TTRSS as it most effectively expelled (i.e. squeegeed) the fluid off of the pad 

surface. In contrast, the partial-face conditioner had a larger MAFT and a larger 

TTRSS because its more intricate design allowed for greater fluid retention and 

generated greater back-flow. The partial-face conditioner was also more effective 

in impeding and disrupting flow, which led to a larger TTRSS. 

10.2 Future Work 

In order to improve the IC manufacturing processes that drive technological 

advances, it is essential to define and characterize problems found within CMP processes 

used in high-volume manufacturing (HVM) and continue to increase the collective 

knowledge of the planarization process. Future studies based on the work done in this 

dissertation are proposed as follows: 

• Conditioning downforce, conditioner type, pad break-in time and pad surface 

micro-texture (Chapters 4, 5 and 6) – In Chapter 4, the effect of conditioning 

downforce on the evolution of the micro-texture of the pad surface during break-

in was investigated for a CVD-coated conditioning disc. Two different 

downforces were used, each resulting in different evolution paths during break-in. 

Chapter 5 reported on the continuation of this work by extending it to multiple 

discs with a wider range of downforces. As such, further continuation of this work 

ought to involve looking at pad cut rate and pad life. Both of these parameters 

have great implications in HVM applications. This work is beneficial to help 

users screen different downforces and different break-in times. A deeper 

understanding of how this effects critical consumable material life is essential for 

improving the process further. In Chapter 5, we further looked at the effect of 

conditioner type and downforce on the evolution of the micro-texture of the pad 

surface during break-in was investigated. Two different conventional diamond 



181 

 

conditioners (ABT and 3M) were used with three different possibilities of 

downforce for a total of five experimental cases. The different characteristics of 

the two discs contributes to two completely different cutting mechanisms. Chapter 

6 continued this work by polishing SiO2 with pads conditioned with different 

discs and downforces. Further continuation of this work would involve looking at 

pad cut rate, pad life, synthetic diamond wear and disc life. Again, these metrics 

have great implications in HVM applications (especially when it comes to cost of 

ownership)  and the proposed work would be beneficial in helping process 

engineers screen different downforces and different break-in times. In addition, 

our present work compared the cutting mechanisms of two conventional diamond 

discs. Future work would compare the cutting mechanisms of CVD-coated discs 

as well. In Chapter 6, we also looked at the effect of pad micro-texture on 

material removal rate. Using confocal microscopy, micro-texture analysis in this 

study was implemented as a screening process for selecting the proper type of 

conditioning discs to be used (ABT and EHWA). Both discs were used to break in 

brand new pads for 30 minutes prior to polishing. For the EHWA disc, RR 

remains unaffected by a change in COF, yet for the ABT disc RR increases while 

COF decreases. These trends were explained by the two general types of sliding 

contact in CMP (solid sliding contact and lubricated sliding contact). A 

continuation of this work would focus on polishing at multiple pressures and 

sliding velocities since these variables are also known to dramatically change 

COF and RR. This would also be beneficial for simulation purposes since the 

Langmuir-Hinshelwood simulation discussed in Chapter 3 and implemented in 

Chapter 8 takes COF into account. In addition, it would be beneficial to extend 

this work to the polishing of other materials in order to better understand how the 

different types of contact that take place in CMP, and their lubricity, affect the 

polishing process of these other materials. 

• Correlating removal rate to directivity – In Chapter 7, the relationship between 

directivity (Δ) and RR during copper CMP was investigated and a strong 

correlation between Δ and copper RR was found. This new understanding of the 

relationship between Δ and RR, and how it depends on the lubrication regime, 
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provides a new way to estimate the polishing behavior in a much less labor-

intensive way as compared to the measurement of pre- and post-polish film 

thicknesses. A continuation of this work would focus on extending this 

investigation to other materials. Previous work has shown a similar relationship in 

tungsten CMP but has not investigated its dependence on the lubrication regime. 

In addition, this work could be extended to oxide materials as well. This would 

help to gain more insight into how Δ affects processes that are more mechanical 

in nature. 

• Abrasive nano-particle concentration, tribology, temperature and kinetics – In 

Chapter 8, the effect of slurry abrasive nano-particle concentration [NP] on the 

tribological, thermal and kinetic attributes of tungsten CMP was investigated. A 

continuation of this work would focus on the polishing of other materials such as 

silicon dioxide, silicon nitride and cobalt. Oxides and nitrides are much more 

mechanically based polishing process compared to metals such as cobalt, and as 

such should depend greatly on [NP]. In addition, a problem was identified during 

modeling of the tungsten polishing process due to the change in the curvature of 

the Arrhenius plot, which led to difficulties in estimating a reasonably correct Ea 

due to the appearance of multiple slopes. The cause of the curvature and multiple 

slopes in the Arrhenius plot was explained by the fact that CVD tungsten films 

could have different densities, chemical compositions and film morphologies 

based on different deposition-dependent parameters such as the sub-layer films, 

ALD tungsten nucleation, CVD tungsten precursors and process temperature. 

Therefore, additional future work would focus on a model that accounts for 

multiple tungsten layers with different densities, chemical compositions and film 

morphology. 

• Polisher kinematics, conditioner disc designs and fluid transport – In Chapter 9, 

fluid film thicknesses were measured and general flow patterns were analyzed 

during conditioning on a polishing pad using a recently developed UV-enhanced 

fluorescence experimental technique. The method was used to analyze how 

conditioners with different working face designs and polisher kinematics (platen 
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angular velocities) affected fluid flow characteristics on the pad surface. This 

work demonstrated the importance of quantitatively and qualitatively 

understanding and visualizing the various mechanisms that can contribute to the 

complex transport of fluid during CMP processing. It should be noted that we 

opted for ex-situ conditioning during this study in order to exclude any further 

complexities that would have resulted due to the presence of a rotating wafer. A 

continuation of this work, once the role of the disc has been isolated and studied 

sufficiently, calls for such tests involving in-situ conditioning with an actual wafer 

being polished. One may also consider using other types of black pads (such as 

pads with spiral, perforated or concentric grooves) to explore differences in fluid 

transport as a function of pad grooving. This novel technique could help 

contribute to new disc designs, as well as a greater understanding of fluid 

transport when an actual wafer is being polished.  
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