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Abstract 

The first part of this study explored the effect of conditioner types and downforces during 

pad break-in on pad surface micro-texture evolution is investigated. In this study, two substantially 

different discs were employed (i.e. conventional versus CVD-coated), each at two different 

downforces. Pad samples were extracted throughout the break-in process and their surface micro-

topography and pad-wafer contact characteristics were analyzed using confocal microscopy. The 

two conditioning discs resulted in different evolution paths during break-in. In general, the 

conventional disc produced more pad ñfragmentsò that ended up getting counted as taller 

ñartificialò asperities as compared to the CVD-coated disc. In contrast, the gentle shaving action 

of the CVD-coated promoted eventual flattening of the asperity tips. Regardless of the disc type, 

the mean summit heights decreased and reach stable values as break-in progressed. Compared to 

the CVD-coated disc, the conventional disc resulted in higher mean summit curvature indicating 

sharper asperities.  

In the second part of the study, the effect of different types of conditioners used during 

tungsten chemical mechanical planarization on frictional, thermal, and kinetic aspects of the 

process was investigated. Based on a previous work regarding the effect of conditioner type and 

downforce on the evolution of pad surface micro-texture during break-in, two significantly 

different discs were employed (i.e. conventional vs. CVD-coated). Mini-marathon style tungsten 

CMP runs were conducted with each disc type, followed by tungsten polishing at varying 

combinations of pressures and velocities. Pad samples were extracted before and after the mini-

marathon polishing runs for confocal microscopy analyses of their surface micro-texture. 

Compared to the CVD-coated disc, the more aggressive nature of the conventional disc produced 
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a greater mean summit height, sharper asperities, higher contact density, and more pad fragments 

(with the latter acting as ñartificial pad asperitiesò). Consequently, the surface micro-texture 

generated by the conventional disc produced higher values of directivity and removal rates. We 

found that the mechanical effects were rate-limiting for tungsten removal for both discs. The 

conventional disc resulted in a removal rate constant that was 24 percent higher than its CVD 

counterpart owing to its more aggressive nature and the pad surface micro-texture that it caused. 

Within the third segment of this study, the effects of different types of conditioners (i.e. 

conventional vs. CVD-coated) on the evolution of frictional, thermal, and kinetic aspects of the 

tungsten chemical mechanical planarization were investigated. Two types of conditioning discs 

were used to conduct mini-marathons. Due to its more aggressive nature, the conventional disc 

was able to result in steady values of coefficient of friction (0.438) and blanket tungsten removal 

rate (2,530 Å/min) throughout the mini-marathon. In contrast, the CVD-coated disc resulted in a 

significant decay in coefficient of friction (from 0.440 to 0.373) as the mini-marathon progressed. 

At the same time, removal rates also dropped from 2,860 to 2,460 Å/min.  The decays observed 

with CVD-coated disc were likely due to its gentle nature and thus in its inability to remove 

reaction by-products as they got generated during repeated polishing. This hypothesis was 

confirmed by performing a mini-marathon with a much less chemically active slurry which did 

not cause any decays in polish metrics. Since mechanical effects were previously found to be rate-

limiting, Prestonôs equation was able to adequately simulate the removal rates and their trends for 

each and every wafer polished during the mini-marathons. 

In the fourth part of this study, a brand-new conventional diamond disc was subjected to 

32 hours of wear during which SEM images of certain active diamonds were taken and pad cut 

rates were measured. ILD wafers were polished before, midway through, and after the wear test 
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(on a brand-new pad) at varying combinations of pressure and velocity. Tungsten wafers were also 

polished midway through, and after the 32-hour wear. Polishing was accompanied by pad surface 

topography analysis via confocal microscopy. The disc experienced significant diamond tip micro-

wear along with dried slurry accumulation on its substrate causing pad cut rate to drop by a factor 

of 2. Despite this drastic change, over the duration of the wear test, there were no substantial 

changes in pad micro-texture, nor ILD or tungsten removal rates indicating the lack of any 

correlation between pad cut rate and film removal rate during the first 32 hours of wear. 

The fifth portion of this study explored a novel experimental technique utilizing UV-

enhanced fluorescence which was developed and used to measure fluid film thicknesses and 

general flow patterns during conditioning on a polishing pad. The method was successfully applied 

to several case studies for analyses of how conditioners with different working face designs (i.e. 

complex vane, full-face and partial-face), in conjunction with different platen angular velocities, 

affected fluid transport. In general, for all discs types, fluid across the pad followed similar trends 

where films were thickest near the wafer track center and thinnest near the pad edge (measurements 

showed a thickness range of appx. 0.5 to 1.1 mm). For all discs, the time for the film thicknesses 

to reach steady-state increased in proportion to the distance away from the pad center (times ranged 

between 12 and 62 sec). The full-face conditioner consistently produced the thinnest films and 

reached steady-state the fastest. In contrast, the complex vane conditioner created the thickest films 

and took longest to reach steady-state.  

The sixth and final part of this study investigated the tribological, thermal and kinetic 

aspects of SiO2 and Si3N4 polishing on both blanket and patterned wafers for STI CMP. Results 

showed the absence of anomalous tribological vibrational behaviors thanks to synergies between 

the colloidal CeO2-based slurry and the application-specific conditioning disc. Pad micro-textural 
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analysis revealed that the conditioner was able to maintain a high-quality pad surface without pore 

obscuration and with a sufficient number of tall asperities. In all cases, the dominant tribological 

mechanism was ñmixed lubricationò. Removal rates for both SiO2 and Si3N4 processes showed 

non-Prestonian behavior as both mechanical and chemical factors were at work. However, the 

Si3N4 process was much more non-Prestonian than SiO2. As expected, Si3N4 polishing resulted in 

COF values that were approximately one-half of their SiO2 counterparts. This resulted in high 

values of SiO2:Si3N4 removal rate selectivity. A modified Langmuir-Hinshelwood model was used 

to simulate removal rates with remarkable accuracy allowing us to extract both chemical and 

mechanical rate constants, and conclude that the process was designed to be (due to the nature of 

the slurry used) mechanically-limited for SiO2 and highly chemically-limited for Si3N4. Time 

traces extracted from patterned wafer polishing showed that COF could indeed be utilized as a 

real-time indicator for end-point detection. Data on patterned wafers was consistent with the 

observed COF time traces in that after 6 minutes of polishing, we observed the total removal of 

SiO2 with a hard stop on Si3N4. End-points reached were also consistent with our blanket wafer 

polishing data. Regardless of pattern density and pitch, SiO2 removed was not proportional to 

polish time. This was a result of the low colloidal ceria nano-particle content in the slurry which 

was explained via a phenomenological model. 
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1.1 Chemical Mechanical Planarization Overview  

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

successfully implemented into the fabrication process of integrated circuit (IC) as it continues to 

be the only means of achieving economically-viable global (millimeter and centimeter scales) and 

local (micrometer scale) planarization [1-4]. In the 1980s, confronted with the challenges of 

rapidly diminishing feature sizes and ever-increasing transistor density, IBM first introduced the 

modern CMP technique to produce the necessary level of planarity required in IC manufacturing 

[2-10]. IC units are made simultaneously on a single silicon wafer allowing for high volume 

manufacturing (HVM) process and improved efficiency. Currently, 300 mm sized wafers are what 

is preferred in IC manufacturing industries. Figure 1.1 shows an example top-view of a completed 

300 mm wafer with roughly 150 dies on its surface. These individual die will eventually be cut out 

of the wafer to become IC units for use in electronic devices.  

 

Fig. 1.1: Top-view of a completed 300 mm wafer. 
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The manufacturing flow for making IC units can be most easily described as a sequential-

layering unit operations based process and can be broken up into 3 categories [5]. These categories 

are commonly known as the front end of the line (FEOL), the middle of the line (MOL) and the 

back end of the line (BEOL) processing [5, 8, 9]. FEOL generally represents the initial series of 

steps and layers involved in the formation of the transistor devices on top of the silicon wafer 

surface. MOL represents the myriad of sequentially deposited layers involved in the formation of 

the interlayer dielectric (ILD) materials and contact metal plugs which are generally composed of 

tungsten or cobalt with appropriate adhesion and diffusion layers such as titanium and titanium 

nitride (in the case of tungsten). BEOL refers to the collection of steps that form the multi-layer 

interconnects (typically composed of copper, tantalum and tantalum nitride) as well as the final 

passivation layer. In total, a finished multi-layer IC consists of hundreds of sequential steps, all of 

which are reliant to some degree on precision planarity. A general schematic of an IC cross-section 

and its varying layers is shown in Figure 1.2.  

 

Fig. 1.2: General schematic of IC cross section. 
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Initially , ILD CMP enabled the formation and stacking of complex multilayer metal 

interconnection in both logic and memory devices at the 0.8 ɛm technology node [7]. At a later 

time, the introduction of shallow trench isolation (STI) CMP paved the way for the development 

of the 0.35 ɛm technology node in front-end-of-line (FEOL) processes [11]. The utilization of 

tungsten CMP in MOL and BEOL processes enabled manufacturing below the 0.18 node.  

CMP is a dynamic polishing process (and one that never reaches steady-state conditions) 

that utilizes both chemical and mechanical forces complimentarily with each other to achieve a 

more planar material removal and less defect-free surface as compared to when the two forces are 

used independently [8, 12]. A simplified diagram of a single-platen CMP polishing system is 

shown in Figure 1.3. During CMP, a wafer with its dielectric and metal material side facing 

downwards is attached to a carrier head by means of both vacuum suction and a retaining ring 

which are used to prevent wafer slippage. With a specific downforce, the carrier head then presses 

the wafer onto the surface of a polishing pad typically composed of porous polyurethane. During 

processing, the wafer carrier head and the platen, which the pad is adhered to, are rotated in 

congruent directions (known as harmonic rotation) but with slightly varying rotational velocities. 

Simultaneously, a slurry composed of varying chemical agents and abrasive nanoparticles is 

injected to the center of the pad surface. The dynamic process kinematics, aided by the pores and 

sometimes grooves on the pad surface, transport the slurry to the pad-wafer interface [13-15]. Here, 

certain chemical agents within the slurry are utilized to form a soft passivation layer and promote 

chemical etching of the wafer surface. At the same time, three-body contact between the wafer, 

slurry nanoparticles, and pad surface asperities mechanically abrade the weakened wafer surface 

leading to the uniform material removal on global and local scale [16]. However, due to the applied 

pressure of the wafer, the pad surface rapidly undergoes plastic deformation causing changing in 
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the pad surface micro-texture. This degradation, coupled with the build-up of polishing by-

products within the pores of the pad leads to inconsistent polishing performance. This constitutes 

the need for conditioning the pad surface to ensure that a consistent surface micro-texture is 

maintained. During conditioning, a disc is swept across the pad with a certain applied downforce 

and rotational speed. This pad conditioner disc has on its surface many (ranging between hundred 

to tens of thousands) synthetically grown diamonds, or other protruding sharp features, which are 

used to regenerate the pad by cutting into its surface to maintain the consistent micro-texture and 

physically remove process by-products. When conditioning is performed in unison with wafer 

polishing the process is referred to as in-situ conditioning. In addition to the conditioning disc 

being used in-situ to maintain a steady process, it is also used to ñbreak-inò a newly installed pad 

prior to polishing ever commences. This break-in process is done as, initially, the surface micro-

texture of a brand-new pad is not adequate to support the stringent demands of modern CMP 

processes.  

 

 

Fig. 1.3: Diagram of a CMP polisher [17] . 
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1.1.1 Polishing Pads  

Polishing pads are most commonly composed of polyurethane as this material has excellent 

chemical and mechanical stability as well as high resistance to the chemicals used in CMP.  There 

are, however, many different varieties of polyurethane and their polishing characteristics depend 

substantially on their mostly propriety manufacturing processes [18]. The two types of 

polyurethane polishing pads manufactured for CMP are defined as thermoset and thermoplastic. 

The thermoplastic polyurethane has a molecular structure largely composed of linear chains that 

give it high elastomeric properties and durability. Conversely, the molecular structure of thermoset 

polyurethane is mainly crosslinked which yields a greater wear resistance in comparison to 

thermoplastic [19]. The micro-textures and porous structures are generated and controlled via the 

polyurethane casting process. The pad grooves are made by either cutting them onto a previously 

manufacture pad or by use of a mold design during casting process [18]. A cross-sectional scanning 

electron microscopy (SEM) image of a DowDupont IC1000® K-groove porous polyurethane pad 

is shown in Figure 1.4 below. 

 

Fig. 1.4: Cross-sectional SEM of a DowDupont IC1000® K-groove pad [18] . 
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1.1.2 Conditioning Discs 

Conventional conditioning discs (or conditioners) typically contain tens of thousands of 

synthetically grown diamonds on their working face. The diamondôs sharpness and arrangement 

on the conditioner disc can vary between the respective manufacturersô specifications and the 

intellectual properties that they hold. The diamond sizes also vary from disc to disc but are 

typically on the order of 80 to 200 microns. A CVD-coated conditioner disc is commonly 

comprised of a Si3N4 working face on top of which is a CVD diamond-like carbon (DLC) coating. 

These types of conditioner discs do not rely on the synthetic diamonds to condition the padôs 

surface. Rather, they utilize the abrasive micro-texture of the DLC coating on the working face of 

the conditioner. With CVD-coated conditioner discs, the micro-texture of the working face can be 

much more finely controlled thereby allowing for DLC coated structures that are on the order of a 

mere tens of microns [20]. Figure 1.5 shows SEM images of both a typical conventional and CVD-

coated conditioner disc working face.  

 

Fig. 1.5: SEM image of a conventional (left) and CVD-coated (right) conditioner disc [21] . 
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As previously mentioned, conditioning of the pad surface is a critical factor in CMP 

processing. Conditioning is used to regenerate and maintain a consistent pad surface micro-texture 

by opening pad pores and removing process by-products. Figure 1.6 shows top-down SEM images 

of a Dupont IC1000® polishing pad with and without conditioning. In the image of the 

unconditioned pad, the build-up of debris and polishing by-product can be seen.  

 

Fig. 1.6: Top-down SEM images of Dupont IC1000® polishing pads that are (left) conditioned                           

and (right) unconditioned [21] . 

 

1.1.3 Chemical Slurries  

Generally, slurries are multi-phased and multi-component systems composed of a mixture 

of abrasive nanoparticles, deionized water, and a variety of chemical agents. These chemicals are 

commonly composed of oxidizers and organic compounds that act as dispersion and passivation 

agents. Slurries also contain dispersants, fungicides and biocides depending on their use. Slurry 

behavior and interaction at the pad-wafer interface is crucial as it is a defining factor in CMP 

performance [10].  
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Oxidizing agents are key chemical components within slurries as they are used to create 

soft (passivated) oxide surface layers, most specifically on metallic wafer films, that can be more 

easily removed by the slurryôs abrasive nanoparticles. Hydrogen peroxide (H2O2), ferric nitrate 

(Fe(NO3)3), and potassium iodate (KIO3) are some typical oxidizers that are most commonly 

utilized in CMP [22]. Another common chemical component of slurries are surfactants. Surfactants 

are utilized in slurries because they can modify the net charge to induce electrostatic stabilization 

as well as provide a steric barrier between the abrasive nanoparticles and wafer film surface [10]. 

Electrostatic stabilization is important as it helps stop slurry agglomeration from occurring which 

can cause sub-micro-scale scratches, or defects, on the wafer film surface during polishing. 

Inhibitors is the last of the major chemical component within slurries. Inhibitors are typically 

organic compounds that are used to minimize undesirable side-reactions from occurring. For 

example, inhibiting compounds are regularly used during metal CMP to prevent corrosion from 

occurring on the wafer surface [2]. 

Beyond the variety of applications of chemical agents, slurries also contain abrasive 

nanoparticles which are utilized to accomplish the majority of the mechanical actions during the 

process. The nanoparticles, in unison with the polishing pad asperities, contact and abrade the 

chemically weakened wafer surface allowing new material to become exposed for further chemical 

reaction to occur [2]. Silica, ceria, and alumina are the three most widespread types of abrasive 

nanoparticles that are used, although the use of alumina has become quite rare nowadays due to 

the fact that it causes surface defects during polishing. The type of nanoparticle as well as its size 

distribution are critical in CMP as they could have a great impact the performance of the process. 

SEM images of the different types of particles are shown in Figure 1.7. 
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Fig. 1.7: SEM images of (a) colloidal silica, (b) fumed silica, (c) alumina and (d) ceria particles [23-25]. 

 

1.2 Chemical Mechanical Planarization Applications  

As previously mentioned, CMP has been widely adopted within each of the three segments 

of the IC manufacturing process (i.e. FEOL, MOL, and BEOL) for planarization of: 

¶ Interlayer Dielectric (ILD) 

¶ Tungsten (W) plugs 

¶ Shallow Trench Isolation (STI) 
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1.2.1 Interlayer Dielectric ( ILD ) CMP 

ILD CMP is the most common planarization process in semiconductor manufacturing with 

its utilization being adopted in both MOL and BEOL fabrication. Silicon dioxide (SiO2) is the 

most commonly used ILD material and is deposited, by means of chemical-vapor deposition 

(CVD), on top of previously etched metal structures. The purpose of the ILD material is to act as 

an insulator between the respective metal interconnects and promote proper device functionality. 

Due to the peaks-and valley topography of the previously etched metal layers, the SiO2 film that 

is deposited on the surface is non-planar. Thus, this necessitates the need for CMP to create planar 

surface in which the following steps can properly be built upon. For these reasons, ILD CMP has 

focused on the optimization of consistent material removal rate and uniformity across the wafer 

surface (on both a global and local scale) as the critical areas of development. A schematic diagram 

of ILD CMP is shown in Figure 1.8.  

 

Fig. 1.8: A schematic of ILD CMP [10] . 
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1.2.2 Tungsten CMP 

 Tungsten CMP is heavily relied upon in BEOL and MOL processes for the formation of 

contacts, or plugs, to properly connect transistors to interconnecting layers [26]. Tungsten is used 

as a common contact material in IC fabrication because it acts as an effective diffusion barrier and 

has exceptional electromigration performance (in comparison to copper which is known to diffuse 

into the adjacent, as well as underlying, silicon structures) [7].  

The tungsten plug fabrication process first begins by etching a trench into the oxide layer to 

create a vertical via. This is followed by physical-vapor deposition (PVD) of a thin film of titanium 

and titanium nitride (Ti/TiN). This film stack acts as a barrier layer and is essential due to poor 

tungsten-to-SiO2 adhesion feasibility. It also prevents any tungsten to diffuse out and cause 

electrical shorts or interfere with the dopants present in the transistors.  

After the deposition of the barrier layer, CVD is used to fill the vertical via with tungsten. The 

CVD process creates an overburden layer that must be removed by tungsten CMP which is 

typically performed in steps. First, the bulk tungsten overburden layer is removed and the CMP 

process is stopped on the barrier layer. Subsequently, a second CMP process is used to remove the 

thin barrier layer of Ti/TiN from the SiO2 surface while minimizing dishing and erosion (as later 

exemplified in Figure 1.10) of the tungsten contact relative to its neighboring materials and 

structures (such as the field areas). An illustration of the tungsten plug fabrication process is shown 

in Figure 1.9. 
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Fig. 1.9: Simplified tungsten contact formation process schematic [17] . 

 

1.2.3 Shallow Trench Isolation (STI) CMP 

 STI is predominately used in FEOL processes to provide dielectric isolation between 

transistors and prevent short-circuiting of adjacent devices [27]. The STI process begins with the 

thermal growth process of a SiO2 layer followed by the deposition of silicon nitride (Si3N4) above 
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it. Thereafter, reactive ion etching is used on both layers to form a trench in the isolation area 

which is then filled by some type of a SiO2 CVD [10, 28-31]. Similar to the tungsten CMP process, 

the STI CMP process is performed in two steps. In the first step, the excess CVD SiO2 is removed 

from the top of the active areas (i.e. Si3N4/SiO2 film areas that have not been removed due to 

etching). Within this step, the performance requirement is to achieve an acceptable global planarity 

and a minimum number of surface defects (i.e. scratches). In the second step, the remaining SiO2 

film is selectively removed to expose the underlying Si3N4 where the process is stopped and no 

further planarization is done [1, 32]. During this segment of the STI CMP process, the objective is 

to expose, but not remove, the active silicon nitride layer whilst also minimizing SiO2 dishing in 

the trench (Figure 1.10). This is necessary for the deposition of subsequent layers within the IC 

fabrication process that will become the transistor. A non-uniform step height due to SiO2 dishing, 

or erosion of the Si3N4 film, can cause incomplete contact and failure at the transistor gate level 

[10]. Furthermore, the complete removal of the SiO2 material on top of the Si3N4 is crucial as well. 

If not completely removed, the residual SiO2 will act as a mask during the Si3N4 dry etch stripping 

portion of the process which will  also cause the transistor to fail [33, 34]. To combat these issues 

and accomplish an acceptable STI layer, ceria-based slurries are most commonly used because of 

their inherently high SiO2-to-Si3N4 removal rate selectivity [10]. Figure 1.11 shows a schematic 

representation of an ideally executed STI process. 
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Fig. 1.10: A schematic representation of dishing and erosion in CMP [35] . 

 

 

Fig. 1.11: A schematic representation of the STI process [36] . 
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1.3 Cost of Ownership (COO) and the Environmental Impact of CMP  

 CMP is one of the most expensive processes in IC manufacturing. For example, the 

extensive use of deionized wafer to dilute slurry and clean the pad and the wafer between polishing 

has been found to account for as much as 40% of the entire water consumption within an IC 

fabrication facility [37]. However, the high cost of ownership (COO) associated with CMP is more 

specifically related to its consumable costs as well as the fairly low process throughput and 

efficiency. CMP processing performance is based on many variable inputs which can interact with 

each other in complicated fashions. A major portion of research done in CMP is motivated by the 

ultimate goal of creating a more efficient process that will also lower both the COO and 

environmental impact. As depicted in Figure 1.12 below, nearly the entirety of the total 

consumable cost (over 90%) are due to the slurry, pad, and conditioner. 

 

Fig. 1.12: Cost of CMP consumables [38] . 
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 Slurries account for approximately 49% of CMP consumable costs and are composed of a 

mixture of different chemical agents an abrasive nanoparticle as already previously mentioned. 

Currently in CMP, the accepted practice is to dispense the slurry from a single injection point near 

the center of the pad where it is allowed to flow freely over the rotating pad surface. Due to this 

action, the slurry utilization efficiency is substantially minimized (ranging from 2 to 25% 

depending on other process parameters such as pad groove design) as large amounts of slurry are 

drawn off the pad and transported directly into the waste stream due to centrifugal forces [39]. The 

chemical waste produced from these slurries during CMP processing can pose environmental, 

health and safety (EHS) risks if gone unchecked. As a result, chemical waste from CMP process 

are treated before their disposal. However, the capture and treatment of slurry nanoparticles have 

shown to be inefficient and costly [40]. The combined effects of low slurry utilization in CMP has 

posed both major COO as well as environmental concerns. For these reasons, a greater 

understanding of how the polishing process is affected by slurry constituents is necessary so that 

appropriate changes can be made to meet the COO as well as the EHS impact needs.  

 The polishing pad, accounting for 33% of cost, is another important consumable. High-

volume manufacturing (HVM) CMP is constantly exploring ways to increase the useful life of the 

polishing pad while also maintaining adequate process performance. This is an important subject 

of research in CMP because not only can higher pad lives lead to increased polisher availability 

but it can also reduce the expense of pads as well. Pad life has been found to be related to the 

abrasiveness of the slurry and conditioning process among other factors. Operational costs can be 

decreased by learning more about the interplay of these consumables so that they can be efficiently 

and effectively utilized during polishing. Throughout HVM CMP, the polishing pad is constantly 

being subjected to degradation from the process necessitating the use of the conditioner disc to 
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regenerate the pad surface. However, in order to condition and regenerate the pad, the conditioner 

must cut into and remove pad material. This leads to the eventual discarding and replacement of 

the pad after a period of time. Generally speaking, pad lives close to 50 hours are considered to be 

acceptable in IC manufacturing. 

 The conditioner is another major component in CMP and accounts for 13% of the total 

consumables cost. Like the polishing pad, the conditioner has a limited lifespan and must be 

replaced after some time (an acceptable conditioner lifespan is approximated to be 50 to 100 hours) 

[41]. Suffice it to say that a conditioner needs to last at least as long as a pad; preferably twice as 

long.  

 It has been previously reported that less than 1% of the diamonds on a conventional 

conditioning disc are active participants in cutting the polishing pad [41, 42]. These active 

diamonds are also subjected to micro-wear from the conditioning process which changes how they 

condition the pad surface [41, 42]. In addition to this, the substrate surface of the conditioner which 

holds the synthetic diamonds in place can degrade over time due to corrosive properties associated 

with chemicals in the slurry. The low diamond utilization efficiency, active diamond micro-wear, 

and substrate surface corrosion associated with conventional conditioning discs has led to the 

wider adoption of CVD-coated conditioners.  

 Due to these issues, a better understanding of the relationship between the conditioner and 

generated pad surface micro-texture is necessitated especially for CVD-coated conditioning discs 

as there is currently a limited number of published studies. Studies on this subject could be used 

to extend both the pad and conditioner life as well as improve polishing performance leading to 

improved COO and reduced environmental impacts. 
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1.4 Research Motivation and Goals  

The primary motivation and goal of this work is to explore solutions to different challenges 

in CMP that have already been outlined in Section 1.3. These solutions can be found by developing 

a better understanding of several fundamental aspects of CMP such as the implementation of 

different process parameters and the exploration as to the effects of differing consumable sets. 

Studies into these subjects will be beneficial in reducing environmental impacts and COO.  

Within this dissertation, there are six primary studies. The respective studies are 

independent of one another yet cohesive to the overall goal of the work. The motivation and goals 

of these six studies are described below and also appear as individual chapters within the 

dissertation: 

¶ Insights into Tungsten Chemical Mechanical Planarization: Part I. Surface Micro-

Texture Evolution during Pad Break-In (Chapter 4): The effect of conditioner types 

and downforces during pad break-in on pad surface micro-texture evolution is 

investigated. Two substantially different discs are employed (i.e. conventional vs 

CVD-coated), each at two different downforces. Pad samples are extracted throughout 

the break-in process and their surface micro-topography and pad-wafer contact 

characteristics are analyzed using confocal microscopy. The two conditioning discs 

result in different evolution paths during break-in. In general, the conventional disc 

produces more pad ñfragmentsò that get counted as taller ñartificialò asperities as 

compared to the CVD-coated disc. In contrast, the gentle shaving action of the CVD-

coated disc promotes eventual flattening of the asperity tips. Regardless of the disc 

type, the mean summit heights decrease and reach stable values as break-in progresses. 
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Compared to the CVD-coated disc, the conventional disc results in higher mean summit 

curvature indicating sharper asperities. This work underscores the need for optimum 

conditioner design for attaining a steady pad surface micro-texture at a given 

downforce and within a reasonable break-in time. 

¶ Insights into Tungsten Chemical Mechanical Planarization: Part II. Effect of Pad 

Surface Micro-Texture on Frictional, Thermal and Kinetic Aspects of the Process 

(Chapter 5): The effect of different types of conditioners used during tungsten chemical 

mechanical planarization (CMP) on frictional, thermal, and kinetic aspects of the 

process is investigated. Based on the previous work from Chapter 4, regarding the 

effect of conditioner type and downforce on the evolution of pad surface micro-texture 

during break-in, two significantly different discs are employed (i.e. conventional vs. 

CVD-coated). First, mini-marathon style tungsten CMP runs are conducted for each 

disc. These are followed by tungsten polishing at various pressures and velocities. Pad 

samples are extracted before and after the mini-marathon polishing runs for confocal 

microscopy (CM) analysis of their surface micro-texture. Compared to the CVD-coated 

disc, the more aggressive conventional disc produces summits that are 60 percent taller 

and 50 percent sharper. It also causes contact density to be more than four times higher 

likely due to the many more pad fragments that it generates. Consequentially, the 

surface micro-texture generated by the conventional disc produces a 50 percent higher 

directivity and a 60 percent higher removal rate. For both discs, we found that 

mechanical effects are rate-limiting for tungsten removal. The conventional disc results 

in a Prestonôs constant that is 24 percent higher than its CVD counterpart owing to its 

more aggressive nature and pad surface micro-texture that it generates. 
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¶ Insights into Tungsten Chemical Mechanical Planarization: Part III. Mini-Marathons 

and Associated Numerical Simulations (Chapter 6): The effects of different types of 

conditioners (i.e. conventional vs. CVD-coated) on the evolution of frictional, thermal, 

and kinetic aspects of the tungsten chemical mechanical planarization (CMP) is 

investigated. Two types of conditioning discs are used to conduct mini-marathons. Due 

to its more aggressive nature (reported on in Chapter 4), the conventional disc is able 

to result in steady values of coefficient of friction (0.438) and blanket tungsten removal 

rate (253 nm/min) throughout the mini-marathon. In contrast, the CVD-coated disc 

results in a significant decay in coefficient of friction (from 0.440 to 0.373) as the mini-

marathon progresses. At the same time, removal rates also dropped from 286 to 246 

nm/min. The decays observed with CVD-coated disc is likely due to its gentle nature 

(also reported on in Chapter 4) and thus in its inability to remove reaction by-products 

which are generated during repeated polishing. This hypothesis is confirmed by 

performing a mini-marathon with a much less chemically active slurry which did not 

cause any decays in polish metrics. Since mechanical effects were previously found to 

be rate-limiting (as reported in Chapter 5), Prestonôs equation is able to adequately 

simulate the removal rates and their trends for each and every wafer polished during 

the mini-marathons. 

¶ Effect of Conditioner Disc Wear on Frictional, Thermal, Kinetic and Pad Micro-

Textural Attributes of Interlayer Dielectric and Tungsten Chemical Mechanical 

Planarization (Chapter 7): A brand-new conventional diamond disc is subjected to 32 

hours of wear during which SEM images of active diamonds are taken and pad cut rates 

are measured. ILD wafers are polished before, midway through, and after the wear test 
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(on a brand-new pad) at varying combinations of pressure and velocity. Tungsten 

wafers are also polished midway through, and after the 32-hour wear. Polishing is 

accompanied by pad surface topography analysis via confocal microscopy. The disc 

experiences significant diamond tip micro-wear along with dried slurry accumulation 

on its substrate causing pad cut rate to drop by a factor of 2. Despite this drastic change, 

over the duration of the wear test, there is no substantial changes in pad micro-texture, 

nor ILD or tungsten removal rates indicating the lack of any correlation between pad 

cut rate and film removal rate during the first 32 hours of wear. 

¶ Effect of Various CVD-Coated Conditioning Disc Designs and Polisher Kinematics on 

Fluid Flow Characteristics during CMP (Chapter 8): A novel experimental technique 

utilizing UV-enhanced fluorescence is developed and used to measure fluid film 

thicknesses and general flow patterns during conditioning on a polishing pad. The 

method is successfully applied to several case studies for analyses of how conditioners 

with different working face designs (i.e. complex vane, full-face and partial-face), in 

conjunction with different platen angular velocities, affect fluid transport. In general, 

for all discs types, fluid across the pad follow similar trends where films are thickest 

near the wafer track center and thinnest near the pad edge (measurements showed a 

thickness range of appx. 0.5 to 1.1 mm). For all discs, the time for the film thicknesses 

to reach steady-state increases in proportion to the distance away from the pad center 

(times ranged between 12 and 62 s). The full-face conditioner consistently produces 

the thinnest films and reaches steady-state the fastest. In contrast, the complex vane 

conditioner creates the thickest films and takes longest to reach steady-state. The work 

demonstrates the significance of understanding and visualizing the mechanisms that 
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can contribute to fluid transport during CMP and how our novel technique could 

contribute, in the near future, to a greater understanding of fluid transport during in-

situ conditioning.  

¶ Tribological, Thermal and Kinetic Characterization of SiO2 and Si3N4 Polishing for 

STI CMP on Blanket and Patterned Wafers (Chapter 9): We investigate the tribological, 

thermal and kinetic aspects of SiO2 and Si3N4 polishing on both blanket and patterned 

wafers for STI CMP. Results show the absence of anomalous tribological vibrational 

behaviors due to synergies between the colloidal CeO2-based slurry and the 

application-specific conditioning disc. Pad micro-textural analysis reveals that the 

conditioner is able to maintain a high-quality pad surface with no pore obscuration and 

a sufficient number of tall asperities. In all cases, the dominant tribological mechanism 

is ñmixed lubricationò. Removal rates for both SiO2 and Si3N4 processes show non-

Prestonian behavior as both mechanical and chemical factors are at work. However, 

the Si3N4 process is much more non-Prestonian than SiO2. As expected, Si3N4 polishing 

results in COF values that are approximately one-half of their SiO2 counterparts. This 

results in high values of SiO2-Si3N4 removal rate selectivity. A modified Langmuir-

Hinshelwood model is used to simulate removal rates with remarkable accuracy 

allowing us to extract both chemical and mechanical rate constants, and conclude that 

the process is mechanically-limited for SiO2 and highly chemically-limited for Si3N4. 

Time traces extracted from patterned wafer polishing shows that COF could indeed be 

utilized as a real-time indicator for end-point detection. Data on patterned wafers is 

consistent with the COF time traces in that after 6 minutes of polishing, we observe the 

total removal of SiO2 with a hard stop on Si3N4. For patterned wafer polishing, the 
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amount of SiO2 removal is not proportional to polish time. That is regardless of pattern 

density and pitch, SiO2 removal is greatest towards the end of the process. 
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Chapter 2: Experimental Apparati  
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2.1 APD-800 Polisher and Tribometer  

All of the studies within this dissertation were conducted on an Araca APD-800® polisher 

and tribometer. The APD-800®, developed jointly by Fujikoshi Machinery Corporation (Nagano, 

Japan) and Araca, Inc. (Tucson, AZ USA), is a single-platen research and development system 

designed to process both 200-mm and 300-mm wafer substrates. The polisher is equipped with 

signal acquisition hardware such as direction-dependent load cells and Araca Inc.ôs FSX-800® 

proprietary signal analysis software.  

These distinct features provide the polishing system with the unique ability to acquire, in 

real-time, accurate shear and normal force data measurements at a frequency as high as 2,300 Hz. 

The APD-800® is also equipped with motor currents data acquisition, amplification, and recording 

hardware for the carrier, platen and conditioner with capabilities up to 2,300 Hz.  

Additionally, the polisher is equipped with an adjustable single-point infrared (IR) 

temperature sensor for the measurement of the real-time pad surface temperature during the 

polishing process. The pad surface temperature can also be obtained at the same acquisition rate 

as the force and motor current transducers. An image of the polisher system with its major 

components emphasized and a brief description of these main parts are shown in Figure 2.1 and 

Table 2.1, respectively. 
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Fig. 2.1: APD-800® polisher and tribometer [43] . 
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Table 2.1: Major components of APD-800®with brief description of functionality [43]. 

 

Part Part Name Function 

A Wafer carrier motor 
Operates rotation and pressure 

application of the carrier head 

B Shear force load cell Measures real-time shear force 

C Conditioner carrier motor 
Operates rotation and oscillation of 

conditioner 

D Control panel Controls hardware operation 

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

F Emergency stop switch 
Turns off APD-800 immediately in 

case of emergency 

G Automatic run switches Runs polishing with automatic set up 

H Manual switches 

Attaches/releases the wafer and 

raises/lowers the carrier head (see 

Figure 2.4) 

I Signal conditioners and amplifiers 
Resets, amplifies and calibrates the 

force signal from load cells 

J Platen, wafer and conditioner carriers More details in subsequent sections. 

K Down force load cells 

Measures real-time down force. Two 

more load cells exist on the rear side 

(not shown) 

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

system 

 

2.1.1 Control Panels  

 The majority of the controls and switches for the APD-800® are located on the front panel 

of the polisher. Amongst these components is the human-machine interface (HMI) touch screen 

control panel which allows for user input of varying input parameters such as tank selection, slurry 

flow rate, polishing pressure, carrier and platen rotation rate, and polishing time for up to 5 
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polishing steps. Figure 2.2 shows the polisherôs front panel with further description of the 

respective components and their functionality listed in Table 2.2. Additionally, an example 

polishing recipe is shown in Figure 2.3. 

 

Fig. 2.2: APD-800® front panel [43] . 
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Table 2.2: Components of APD-800® front panel with brief description of functionality [43] . 

 

Part Component Function 

A Control Panel Hardware operation controller 

B Secondary ON switch 

Turns on APD-800® after the 

primary ñON/OFFò switch is turned 

on 

C Secondary OFF switch 

Turns off APD-800® before the 

primary ñON/OFFò switch is turned 

off 

D Emergency stop switch 
Stops polisher operations 

immediately in case of emergency 

E Auto run STOP switch 

Stops polishing sequence for 

automatic run set-up; reset tool after 

alarm deactivation 

F Auto run START switch 
Starts polishing sequence for 

automatic run set-up 

G Manual/auto run switch 
Switch run mode between manual 

and auto 

H Shear force signal amplifier 
Resets and amplifies shear force 

signal load cell 

I USB connector Connection for APD-800® to PC 

J Down force signal amplifier 
Resets and amplifies down force 

signal from load cell 
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Fig. 2.3: An example polishing recipe defined by user input [43] . 

 

 Furthermore, the APD-800® also features a set of switches that allow for manual control 

of the carrier head vertical position as well as the wafer template attach or release functions in 

between polishing processes. These switches operate independently of the touch screen control 

panel and are located on the front side of the polisher as previously depicted in Figure 2.1. An 

image of this control panel as well as a list of the functionality of its switches are shown in Figure 

2.4 and Table 2.3, respectively. 

 

Fig. 2.4: Manual switches on the front side of the polisher [43] . 
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Table 2.3: Brief description of functionality for the front side manual switches [43]. 

 

Part Name Function 

Carrier UP Raises the wafer carrier head 

Carrier DOWN Lowers the wafer carrier head 

Wafer VAC 
Allows for wafer template to be 

attached to carrier head 

Wafer BLOW 
Releases wafer template from carrier 

head 

 

2.1.2 Polishing Platen System and  Downforce (F z) Load Cells 

The platen is 800 mm in diameter and its surface is made out of a ceramic material 

(alumina) as depicted in Figure 2.5. The reasoning for the ceramic platen is to minimize corrosion 

or degradation from the slurries using during CMP. On top of the platen surface, various types of 

polishing pad can be installed through use of a thin adhesive layer on bottom side of the pad.  

The platen motor allows for variable rotational rates (ranging from 20 to 180 RPM) of the 

platen in the counter-clockwise direction during the process. The platen and its drive mechanism 

sit on top of four load cells that together measure the total normal downforce (Fz) transmitted by 

the wafer onto the pad. These four load cells are located in the corners underneath the platen 

assembly (Figure 2.5).  
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Fig. 2.5: APD-800® polishing platen system [43] . 

 

The load cells function by outputting a voltage signal that is linearly correlated with the 

applied downforce from the carrier head as well as any fluid interfaces that develop within the 

pad-wafer interface during a polishing process. The signals are then transferred through the force 

amplifiers and into a dedicated computer, via connection through the USB port, which is installed 

with Araca Inc.ôs proprietary LabView® program.  

The program visualizes the four individual down force readings which are displayed as 

such due to the asymmetric placement of the load cells. The summations of the respective readings 

outputted from the load cells are then compiled and reported as the total overall normal downforce. 

An example of the individual and overall downforce measurements is displayed in Figure 2.6. 

 



51 

 

 

Fig. 2.6: Example of measurements from (a) the respective downforce load cells and (b) total downforce 

during polishing [44] . 

 

2.1.3 Wafer Carrier  System and Shear Force (Fy) Load Cell 

The wafer carrier system (shown in Figure 2.7) consists of vacuum pressure lines, carrier 

head rotational and up/down motors, pressure chamber, sliding table equipped with the shear force 

load cell, and the carrier head itself.  Like the platen motor, the carrier head motor allows for 

varying rotational rates (ranging from 15 to 120 RPM). During processing, the rotation of the 

carrier head is set to compliment that of the platen so that the wafer has a relative linear sliding 

velocity. The carrier head, which is positioned above the platen in its standby position, is composed 

of a wafer attachment plate and an internal pressure chamber as depicted in Figure 2.8. The wafer 

attachment plate is also composed of a ceramic material to inhibit corrosion from slurries used in 

CMP. Additionally, the entirety of the ceramic plate working face is covered with an array of small 

holes that allows one of the vacuum lines to hold the polycarbonate water-filled wafer template 
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(more details on the template shortly) securely during the polishing process. There is a second 

pressure line which is used to manipulate the internal chamber pressure and apply the user inputted 

downforce during polishing.  

 

Fig. 2.7: APD-800® wafer carrier system [43] . 

 

 

Fig. 2.8: Wafer carrier head and ceramic plate [43] . 
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Unlike the carrier heads used in HVM, the carrier head on the APD-800® polishing system 

does not use a contacting retaining ring. Rather, a non-contact retaining ring and backing film 

manufactured by PR Hoffman® is used to hold the wafer in place on the water-filled template. The 

purpose of the water-filled internal chamber within the polycarbonate template is to uniformly 

distribute the applied processing pressure throughout the wafer surface. The backing film is black 

in color and composed of a buffed porous material that, when wetted, can securely fasten the wafer 

in place via capillary forces that prevent wafer slippage from occurring. The green non-contact 

retaining ring creates a small pocket in which the wafer sits in and acts a secondary method for 

preventing wafer slippage. It is important to note that the depth of the retaining ring pocket is 

thinner than the thickness of the wafer substrate thus ensuring that their no contact between the 

retaining ring and pad during polishing. Images of a 300 mm wafer polycarbonate water-filled 

template assembly can be seen below in Figure 2.9 (note that the water is dyed red in the image 

for visual purposes). 

 

Fig. 2.9: Polycarbonate water-filled template for 300 mm wafer: (left) front side with backing film and 

retaining ring, (right) back side with water filled internal chamber visible [43] . 
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The wafer carrier system is mounted on top of a sliding table equipped with a load cell to 

measure the shear force (Fy) during polishing processes as shown in Figure 2.10. The sliding table 

has a bottom plate and an upper plate. The bottom plate is held stationary to the polisher frame 

whereas the upper plate is allowed slide (in the y-direction) with respect to the bottom plate. During 

polishing process, the movement of the upper plate relative to the fixed bottom plate provides a 

force onto the shear force load cell. In the same fashion as the downforce load cells, the shear force 

load cell outputs a signal that is linearly correlated to the applied force. The signal is processed in 

the same manner as the downforce measurements that have already been previously discussed. An 

example of the shear force output is shown in Figure 2.11. 

 

 

Fig. 2.10: APD-800® shear force measurement system [43] . 
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Fig. 2.11: Example of measurements from the shear force load cells during polishing [44] . 

 

2.1.4 Pad Conditioning System  

As already mentioned in previous sections, the objective of pad conditioning in CMP is to 

maintain a consistent pad surface micro-texture and remove processing by-products as well as pad 

shavings and debris. The conditioner system, similar to the carrier system, contains a rotational 

motor and vacuum pressure lines. Additionally, though, the conditioner system also features a 

hydraulic piston as well as a rail and stepper motor.  

The rotational electromotor controls the conditioner hear rotation and the vacuum pressure 

lines are used to apply the user inputted downforce on the pad surface. The hydraulic piston 

controls the vertical position of the conditioner head whereas the rail and stepper motor allow the 

conditioner to sweep radially across the pad surface. The sweep schedule of the conditioner system 

can be divided into 10 distinct zones each with customizable lengths and dwell times to ensure that 

proper, user desired, pad conditioning is achieved. An image of the pad conditioning system used 

in our studies is shown in Figure 2.12.  
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Fig. 2.12: APD-800® pad conditioning system [43] . 

 

2.2 Wafer Film Thickness Analytical Tools  

 Beyond the APD-800®, ancillary equipment and tools were used for analyses of polishing 

performance and metrics. Subsequent chapters of this dissertation (Chapter 5 to 7 and 9) deal with 

measuring the removal rate of thin films of various materials that are deposited on silicon wafers, 

and subsequently (and partially) removed by CMP. The removal rate is found by acquiring film 

thickness measurements on the wafer surface at numerous points both before and after polishing 

is performed. An Advanced Instrument Technology (AIT®) CMT-SR5000 sheet resistance 

measurement system is utilized to calculate the film thickness of metal films via measurement of 

the materialôs electrical resistance. A SENTECH® Film Thickness Probe (FTP) reflectometer is 
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used to calculate the film thickness of non-conductive films by measuring the materialôs optical 

properties.  

 

2.2.1 Sheet Resistance Measurement System 

 As previously mentioned, the CMT-SR5000 is used to measure wafers with metallic films 

before and after the CMP process to obtain the polishing removal rate. The wafers that are 

measured using the CMT-SR5000 are blanket wafers meaning that the entirety of wafer surface is 

covered with one type of material film, such as tungsten. An image of the AIT® CMT-SR5000 can 

be seen in Figure 2.13. 

 

Fig. 2.13: Advanced Instrument Technology (AIT®) CMT-SR5000 sheet                                        

resistance measurement system. 
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The film thickness is determined by acquiring the material sheet resistance. The resistance for 

a rectangular section of film is given by the following equation:  

                                                                Ὑ  
 

 
                                 Equation. 2.1 

where Rs is the sheet resistance, ɋ is the measured film materialôs electrical resistance, h is the 

metal film thickness, l is the length of the measured rectangular section, and w is the width of the 

measured rectangular section.  

 The AIT® CMT-SR5000 employs a four-point probe to measure the resistance of thin film. 

The schematic working principles of a four-point probe is depicted in Figure 2.14. The four-point 

probe functions by inputting a known and constant current (I) through the two outer probes that 

generates a voltage drop (V) between the two inner probes. If the spacing between the four probe 

points are equal and the conducting film thickness is less than 20% of the spacing, then Maxwellôs 

field equations can be used to give an equation relating current and voltage to sheet resistance as 

shown below [5]: 

                                                     Ὑ
 

  
τȢυτ                                 Equation. 2.2 

 

 

Fig. 2.14: Working schematic of a four-point probe [5, 45]. 
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2.2.2 Reflectometer  Measurement System 

The SENTECH® FTP reflectometer is used to measure wafers with non-conductive films, 

an example of such being SiO2 before and after polishing to attain the removal rate. The wafers 

that are measured using the reflectometer, like the sheet resistance measurement system, are 

blanket wafers. The system utilizes a lamp that is situated perpendicular to the wafer surface to 

emit a light with a specific wavelength. The emitted light shines on the wafer surface which 

produces a characteristic reflectance spectrum. The produced spectrum is a function of the 

refractive index, extinction coefficient of the film and substrate, and the film thickness [45]. The 

optical properties of commonly uses non-conductive thin films are already known and inputted 

into the FTP software system. With the optical properties already inputted into the system, the FTP 

software is able to calculate the film thickness by using it as a fitting parameter to match the 

measured and predicted spectrums. An image of the SENTECH® FTP reflectometer is shown in 

Figure 2.15. 

 

Fig. 2.15: SENTECH® Film Thickness Probe (FTP) reflectometer measurement system. 
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2.3 Fluid Film Thickness Analytical  Tools 

 In Chapter 8, studies pertaining to fluid flow on the pad surface while simultaneously 

emulating specific CMP processing conditions were done. An Araca, Inc. UVIZ-100® system was 

used for analysis of the fluid transport measurements which were acquired by utilizing a non-

intrusive ultraviolet-enhanced fluorescence (UVEF) technique. 

 

2.3.1 Ultraviolet -Enhanced Fluorescence 

 An Araca, Inc. UVIZ-100® system (Figure 2.16) was used for measuring fluid film 

thickness by employing a non-intrusive method called ultraviolet-enhanced fluorescence (UVEF). 

The UVIZ-100® system has two light emitting diodes (LEDs) to project (onto the pad surface) UV 

light which would then excite a fluorescence dye that is mixed inside the fluid prior to use. Since 

this method is based on fluorescence, black polishing pads are employed to avoid light emissions 

from the pad itself. Additionally, the UVIZ system has a high-resolution charged coupled device 

(CCD) camera to record the emission of the fluorescent light on the pad surface. Both the camera 

and UV-LEDs are connected to adjustable magnetic arms that can be attached to the APD-800® 

polisher system so that the two devices can be focused on desired portions of the pad during the 

experimental processes.  

Once the process is completed, the camera recordings are analyzed using an in-house 

proprietary image analysis software written in LabVIEW® which quantifies the image brightness 

intensity. The brightness is then correlated to the fluid film thickness using a predetermined 

calibration curve, in which brighter images are correlated to thicker fluid films [46, 47]. Figure 
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2.17 shows an example image of the LabVIEW® image analysis interface after a polishing process 

is completed.  

 

Fig. 2.16: UVIZ-100® fluid film thickness measurement system. 
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Fig. 2.17: LabVIEW® image analysis interface and example fluid film brightness data 

measurements. 

 

2.4 Laser Scanning Confocal Microscopy  

Rigorous analysis of the pad surface micro-texture is done in Chapter 4, 5, and 9 of this 

dissertation through the use of confocal microscopy for correlation to polishing performance. A 

Zeiss LSM 880 laser scanning confocal microscope (Figure 2.18) was used for all of the pad micro-

textures studies assessed in these portions of the dissertation. Confocal microscopy has become an 

increasingly popular tool in biological and material sciences in thanks to its ability to capture high-

quality images of small features in a non-invasive manner. Additionally, confocal microscopy has 

numerous advantages over conventional wide field optical microscopy techniques such as depth 

of field control, diminishment of background information outside the focal plane, and image 

stacking [48].  
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Fig. 2.18: Zeiss LSM 880 laser scanning confocal microscope system. 

 

2.4.1 Working Principle  of Confocal Microscopy  

 Confocal microscopy works by directing an argon excited laser beam (488 nm wavelength) 

through an aperture and set of dichromatic mirrors which splits the beam. An objective lens is then 

used to focus the split beams onto a focal plane of the sample piece (in our case the pad sample). 

Light that is reflected off the sample travels back through the dichromatic mirrors and towards a 

confocal pinhole aperture situated in front of a photomultiplier tube (PMT) detection system. It is 

important to note that only in-focus light is allowed to pass through the pinhole aperture for the 
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detection system to read [48]. A complete two-dimensional image is formed by manipulating the 

dichromatic mirrors to scan the desired focal plane (in both the x-direction and y-direction) so that 

the PMT detection system can compile the light measurements at each individual point. In this 

fashion, two-dimensional optical slices are imaged one pixel at a time. Additionally, the focal 

plane can be adjusted in the z-direction (up/down) using the objective lens. Thus, by capturing 

two-dimensional images at differing focal planes and stacking them on top of each other, a three-

dimensional topographic image of a sample can be made [48-50]. The basic working principles of 

confocal microscopy are shown in more detail in Figure 2.19.  Furthermore, in this dissertation 

confocal microscopy is utilized beyond its topographical analysis mode and contact analysis mode 

of pad samples are done as well.   

 

Fig. 2.19: Working principles of confocal microscopy [51] . 
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2.4.2 Topograph ic Mode Analysis  

 In confocal microscopy, topographic images are formed by scanning a pad sample from 

top to bottom in 1.4 µm thick intervals. Each of the individual optical slices are stacked atop of 

each other to form the complete topographic image of the pad surface. An example of a pad sample 

topographic image collected via confocal microscopy is shown in Figure 2.20. The topographic 

images are displayed on a color contour hyperbolic arcsine scale for better visualization and 

distinctions within the pad surface height. In the topographic image, the blue color depicts the 

lowest areas of the pad surface and are therefore representative of the pores. Red color refers to 

the highest areas which correspond to pad asperities or summits. Green is the mean of the surface 

topography and is therefore representative of interpore areas.  

 

Fig. 2.20: Example of pad sample topographic image with surface height scale [52] . 
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 For all the studies pertaining to pad surface micro-texture done in this dissertation, eight 

contingent and non-overlapping 425 µm × 425 µm2 images of the pad sample were stitched 

together to form a single 3,400 µm × 425 µm2 for further analysis of the pad surface. An example 

(with the exception of those done in association with Chapter 9 for STI CMP) of a set of eight 

stitched images is shown in Figure 2.21.  

 

Fig. 2.21: Example of a 3,400 µm × 425 µm2 pad surface topographic image. 

  

From the topography images, a surface height histogram or surface height probability density 

function (PDF) can be created [53]. The confocal microscope measures surface heights relative to 

an arbitrarily set reference plane to obtain surface height values. From here, the height range is 

divided into equal bins so that a histogram can be made which displays the number of times that a 

surface height falls into each bin. The histogram is then normalized since the total count in each 

of the bins depends on the size the region measured.  Due to this normalization, the result is no 

longer dependent on the sampling area and the histogram becomes a PDF. The probability of 

finding a point on the surface of the pad with a given height range is determined by the area under 

the PDF within that chosen range. It is also common to shift the mean of the PDF to a value of 

zero since the initial reference plane used by the confocal microscope system is arbitrary. From 

here, distinct pad surface parameters, such as summit height and summit curvature, can be 

calculated [54, 55].  
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Summit height is calculated using the surface mean plane as the baseline. Using this 

baseline, summit heights are determined but only from peaks that lie in the top 25% of the pad 

surface as this upper area is most relevant in CMP. It is from these asperities, within this top 25% 

regime, that the mean summit height is extracted from. The curvature of a summit is calculated 

from the product of the principle curvatures to obtain the Gaussian curvature. These two principle 

curvatures are values in which the curvature of a summit is at a maximum and minimum. It is 

important to note that mean summit curvature is obtained from the same peaks used to calculate 

the mean summit height (i.e. those that lie within the top 25% of the pad surface). The significance 

of obtaining the summit curvature from our pad sample is that it is inversely proportional to the 

radius of curvature of a pad asperity. This indicates that a large observed summit curvature defines 

a pad summit, or asperity, that is narrow and sharp whereas a small summit curvature characterizes 

an asperity that is rounded and dull.  

 

2.4.3 Contact Mode Analysis 

In confocal microscopy, for contact mode analysis, a custom-made pad sample holder 

with a sapphire window in its center is used for measurement of the contact characteristics 

between the pad-wafer interface. A sapphire window is used to simulate pad-wafer contact 

because it is both transparent and has a refractive index similar to that of the polyurethane pad 

material [56, 57]. For contact mode analysis, the pad sample is placed face down onto the 

sapphire window with a known pressure applied to the backside of the sample piece. This 

pressure is set to simulate the pressure on the polishing pad, applied by the wafer, during actual 

CMP processing. In this mode of confocal microscopy analysis, the argon laser beam first travels 
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through the sapphire window to illuminate the pad sample surface. In accordance with Snellôs 

Law, light will not be reflected back at points of contact between sapphire window and 

polyurethane pad due to their similar refractive indices [58, 59]. Figure 2.22 illustrates the 

reflection and refraction of light at the interface of the sapphire window and pad surface. 

 

Fig. 2.22: Illustration of light reflection and refraction at the interface of the sapphire window and pad 

sample [57, 60]. 

 

An example of a contact mode pad sample image acquired from confocal microscopy is 

shown in Figure 2.23.  Within the image, three distinct regions can be noted: black, grey, and 

repeating black and white pattern (ñzebra-stripedò). As already mentioned, areas in which the pad 

is in contact with the sapphire window do not reflect light and therefore appear as black. Areas 

that are an even gray color correspond to portions of the pad far below the interface of the sapphire 

window and pad surface. In these grey areas, light is reflected back due to discrepancies coming 

from the sapphire-air and pad-air interfaces. The zebra-stripe pattern is produced when the 
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sapphire window and pad surface are in near contact with each other (i.e. within the order of the 

wavelength of the light source, 488 nm). Here, light reflections from the pad-air and sapphire-air 

interfaces interact with each in both a constructive and destructive manner producing the black 

and white zebra-striped patterns [57, 61].  

 

Fig. 2.23: Example of pad sample contact mode image with areas of contact, near contact, and far from 

contact defined. 

 

Contact mode images are the exact same size (425 µm × 425 µm2) and are taken in the 

exact same pad areas as the topographic mode images so that comparison between contact points 

and topographic features can be made. The image resolution of the contact mode images are 

1024 × 1024 pixels or 0.42 µm per pixel. Based on the already discussed contact criteria, distinct 

pad surface contact parameters such as contact area percentage and contacting summit density 

can be acquired. The contact area percentage is calculated by dividing the contact area by the 

total area. Contact density is calculated by counting the total number of contact points within a 
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given area. An example of an entire set of contact mode images (3,400 µm × 425 µm2) is shown 

in Figure 2.24. 

 

Fig. 2.24: Example of a 3,400 µm × 425 µm2 pad surface contact mode image. 

 

2.5 Telecentric Multi -Triangulation Macroscopy  

In Chapter 9, topographic analyses of the pad surface micro-texture was done via 

telecentric multi-triangulation (TMT) macroscopy using a Keyence VR-3000® One-shot 3D 

Measuring Macroscope (Figure 2.25). This instrument incorporates three, double-telecentric 

lenses for accurate imaging with reduced distortions and aberrations in comparison to standard 

lenses (exemplified in Figure 2.26) [62, 63]. Additionally, this telecentric macroscope incorporates 

a multi-triangulation system for the accurate measurement of configuration heights which allows 

it to have many of the same features found in confocal microscopy.  

 

Fig. 2.25: The Keyence VR-3000® One-shot 3D Measuring Macroscope system [63] . 
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Fig. 2.26: (Left) standard camera lens image with distortion at the periphery and (right) telecentric lens 

image with minimal distortion in the field-of-view [62, 63]. 

 

2.5.1 Working Principles of Mu lti -Triangulation Macroscopy  

TMT macroscopy works by first emitting patterned light from a source through a 

transmitter lens and onto the sample surface. The receiver lens, which is placed at an off-angle 

from the transmitter light source, is then utilized to collect the light that is reflected off the sample 

piece. Lastly, the image produced by the receiver lens is captured using a complementary metal 

oxide semiconductor (CMOS) camera.  However, since the reflected light is being viewed at an 

off-angle through the receiver lens, changes in height on the sample surface will cause the 

patterned light to appear banded and bent at each height change. Using triangulation techniques, 

the extent of light bending can be used to calculate feature heights as well as positions. This allows 

for accurate 3D measurements of the sample object to be acquired [63]. The basic working 

principles of TMT macroscopy are shown in more detail in Figure 2.27.  
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Fig. 2.27: Working principles of multi-triangulation macroscopy [63]. 

 

In association with the work reported in Chapter 9 that employed a VR-3000®, a total of 

six land areas on the pad surface, that were sufficiently far from the grooves, were measured. For 

each land area, a 3D image of the surface was produced at 160X giving an image size of 1.93 

mm × 1.4 mm. Within these respective images, four 0.5 mm × 0.5 mm regions were scanned 

(giving a total of 24 individual 3D images) for key surface roughness parameters such as mean 

surface roughness and surface root mean square roughness. Finally, using methods already 

explained in Section 2.4, surface height PDF plots were created for acquisition of the pad surface 

mean summit height and mean summit curvature.  
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Chapter 3: General Theory 
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3.1 Silicon Dioxide  (SiO2) Removal Mechanism  

Both ILD and STI CMP deal with the removal of SiO2 as part of the process and, although 

somewhat relatable, the mechanisms of removal for the two processes differ substantially. For ILD 

CMP, the mechanism of SiO2 removal is more dependent on the hydrolysis of the film surface. 

For STI CMP, the mechanism is more related to the presence of the ceria-based slurry abrasive 

particles that are used as highly-selective removal between SiO2 and silicon nitride (Si3N4) is 

necessary. 

 

3.1.1 SiO2 Removal Mechanisms for ILD CMP   

In the past, a majority of proposed mechanisms for silicon dioxide (SiO2) were based on 

studies of glass polishing. From these initial studies it was found, that for CMP, that the hydrolysis 

of SiO2 is an essential factor in the removal mechanism. It was first indicated by Silvernail et al. 

that the presence of water was necessary as he observed nearly no SiO2 removal without the 

presence of hydroxyl (OH) groups [64]. Additionally, it was found by Cornish et al. that polishing 

rates increased directly with hydroxyl reactivity with water yielding the highest removal rates [65].  

At a later time, Iler proposed a reversible polymerization and depolymerization reaction between 

water (H2O) and the Si-O-Si surface structures of the SiO2 film to form orthosilicic acid (Si(OH)4) 

[66].  

The proposed reaction is described in below in Equation 3.1. 

                                         ὛὭὕ ςὌὕ ᵮ ὛὭὕ ὛὭὕὌ                     Equation. 3.1 
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Izumitani et al. identified that the SiO2 surface was softer when hydrated and the utilization of a 

slurry containing both water and abrasive particles could much more easily remove material [67]. 

Further studies on the formation of the hydrated SiO2 layer were done by Tomozawa et al. who 

found that the hydrated layer could range between 10 to 200 Å thick [68].  

Based on these previously mentioned works, Cook proceeded to develop what has now 

become the most widely accepted SiO2 removal mechanism in ILD CMP [69].  A summation of 

the SiO2 CMP removal mechanism postulated by Cook is as follows: 

First, SiO2 is hydrolyzed resulting in the formation of silanol groups (Si-OH) on the 

surface. Next, the dissolution of silica causes the formation of silicon hydroxide (Si(OH)4) which 

is weaker than SiO2 and thus can be more easily (and mechanically) removed by the abrasive 

particles (commonly fumed or colloidal silica in ILD CMP) within slurry that are present at the 

pad-wafer interface. Additionally, Cook indicated that the extent of the hydrolysis process is 

fundamental to SiO2 CMP and it can be manipulated by the pH value of the slurry. At pH values 

above 7, the SiO2 surface becomes completed hydrated, whereas, at pH 11 or higher, complete 

disassociation of the surface hydroxyl groups occurs. Removal rates are found to be highest at 

higher pH values relating to the increased disassociation. However, the need to strike a balance 

between removal rate and wafer surface planarity has led to the optimization of the pH values 

(typically within the range of 10.5 to 11.3). 

 

3.1.2 SiO2 Removal Mechanisms for STI CMP 

It is also known, owing to previous studies having to do with optical lens polishing, that 

SiO2 can also be removed through use of slurries that contain metal oxide based abrasive 
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nanoparticles. Depending on the pH value of the slurry, oxide based slurries can possess a high 

attraction to silicon dioxide aiding in the breaking of its bonds with the bulk film [69]. An example 

of some of these abrasives are cerium dioxide, zirconium dioxide, titanium dioxide and thorium 

dioxide. Slurries that utilize cerium dioxide (ceria) abrasive nanoparticles are gaining more 

widespread acceptance in the CMP community, particularly in STI CMP, as they can yield 

exceptional oxide-to-nitride removal rate selectivities [70-79]. High oxide-to-nitride selectivity 

means that there is a much higher removal rate of SiO2 as compared to silicon nitride (Si3N4). 

There are several popular proposed mechanisms which state how ceria may react with SiO2 for the 

removal of material.  

According to Cook, the mechanism for SiO2 removal by use of ceria based slurries is as 

follows: 

As previously noted, the SiO2 film surface can become mostly terminated with Si-OH 

groups via reaction with water. These end-groups can be further manipulated into negatively 

charged Si-O- groups when slurries with high pH values are used. Cook further proposed that ceria, 

when dispersed in water, develops Ce-OH end-groups which contain positively charges Ce4+ 

species that can react with the Si-O- active sites to form Ce-O-Si bonds and subsequently release 

single molecules of Si(OH)4 into the slurry solution [69]. Additionally, Cook noted that the Ce-O-

Si structure is stronger than the Si-O-Si structure indicating that SiO2 is removed by means of both 

chemical and mechanical actions. Cookôs proposed reaction is described in Equation 3.2. 

                                          ὅὩὕὌ ὛὭὕ  ᵮ ὛὭὕὅὩ ὕὌ                                Equation. 3.2 

Hoshino et al. postulated that SiO2 is removed in lumps rather than single molecules of 

Si(OH)4. Hoshino supported his proposal by supplemental analysis of the spent slurry, which 
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contained the removed material, using Fourier transform infrared spectroscopy and inductively 

coupled plasma atomic emission spectroscopy [80]. In another study, Srinivasan et al. stated that 

Ce3+ is the reactive species (rather than Ce4+) present on the ceria particle surface that causes the 

removal of SiO2 and supported this hypothesis with UV-visible spectroscopy as well as 

thermogravimetric analysis [36].  Illustrations of the three proposed removal mechanisms using 

ceria-based slurries are shown in Figure 3.1. 

 

 

Fig. 3.1: Illustrations of proposed interactions between ceria and silicon dioxide during CMP processing 

by (a) Cook [69] , (b) Hoshino [80] , and (c) Srinivasan [36] . 
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3.2 Tungsten Removal Mechanism  

The general mechanism of metallic material removal in CMP has been reported as a two-

step process. In the first step, a chemical reaction between the slurry and metal film takes place 

which forms a thin passivation layer on the metal film surface. This softened passivated layer is 

then removed from the metal wafer bulk material by means of mechanical actions from three-body 

contact between pad asperities, slurry nanoparticles, and the passivated film layer [81-83]. The 

continuous repetition of the passivation layer formation and subsequent removal are what creates 

the dynamic balance between the chemical and mechanical aspects of this CMP process. 

For tungsten CMP, oxidizing agents within the slurry are used to create the passivation 

layer on the wafer film surface. The many different types of oxidizers such as hydrogen peroxide 

and potassium iodate that are used follow different reaction mechanism with the tungsten surface 

and can form a wide range of complex tungsten oxide species. However, a general and simplistic 

kinetic mechanism has been proposed by Paul and is described in the following reaction steps [84]: 

                                                      ὡ ὕὼ ᵮ ὡὕὼ                                            Equation. 3.3 

                                                           ὡὕὼ O  ὡὕὼ                                          Equation. 3.4  

  This general form of the reaction states that the tungsten film first undergoes a reversible 

reaction with the oxidizing agent within the slurry (Ox) creating a tungsten oxide film (WOx). The 

WOx film can then undergo an irreversible reaction forming a more complex final tungsten film 

species (WOxn). For the initial reversible reaction, there is a possibility for decomposition of the 

WOx whereas the final WOxn is subject to both dissolution and mechanical abrasion. For tungsten 

CMP, the mechanism of mechanical removal is preferential and control of it is done through 

manipulation of the slurry pH value.  
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3.3 Silicon Nitride (Si 3N4) Removal Mechanism  

In STI CMP, silicon nitride (Si3N4) is a material that needs to be continuously dealt with 

in STI processes as previously noted in Section 1.2 of this dissertation. Si3N4 has a higher hardness 

than both silica and ceria abrasive nanoparticles. As such, direct removal of Si3N4 by mechanical 

actions while utilizing these types of slurry abrasives is extremely difficult. Rather, in order for 

material removal to occur, the surface of Si3N4 must first be oxidized to form a softer SiO2 species.  

This can easily be done by exposing the Si3N4 film to either water or air (i.e. O2) as shown 

below in the two general reactions [85]: 

                                               ὛὭὔ σὕ O  σὛὭὕ ςὔ                                  Equation. 3.5 

                                            ὛὭὔ φὌὕ O  σὛὭὕ τὔὌ                               Equation. 3.6  

 Hu et al. added onto to this model by proposing a sequence of hydrolysis reactions that 

converts Si3N4 specifically to Si-O-Si structures as well as ammonia (NH3) [86]. Hu et al. 

continued on by stating that the converted Si3N4 surface layer can be further hydrated into Si(OH)4 

which can then be removed by mechanical actions as noted in the reaction below. 

                                            ὛὭὕὛὭὌὕ O  ὛὭὕὌ                                        Equation. 3.7 

 Typically though, during STI CMP, high oxide-to-nitride removal rates are desired (i.e. 

minimum Si3N4 removal). The addition of inhibiting agents to the slurry, such as proline and other 

types of amino acids, are preferential as they can adsorb directly onto the Si3N4 surface and prevent 

the oxidation reactions from occurring [87]. 
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3.4 Material Removal Models in CMP 

3.4.1 0ÒÅÓÔÏÎȭÓ %ÑÕÁÔÉÏÎ   

Prestonôs equation was first published in 1927 to relate the rate of material removal to 

applied pressure and sliding velocity for glass polishing processes [88]. The equation has since 

then been widely adopted into CMP processing and is shown below:  

                                                         ὙὙ ὑ ὖ ὺ                                           Equation 3.8 

In the equation RR is representative of removal rate, P is the polishing pressure, v is the sliding 

velocity, and Kp is a proportionality constant commonly referred to as Prestonôs constant. 

However, since Prestonôs equation was originally developed to describe the mechanical removal 

in glass polishing, it does not directly account for chemical aspects of CMP processes.  

 

3.4.2 Modified 0ÒÅÓÔÏÎȭÓ %ÑÕÁÔÉÏÎ   

 As the chemically-activated removal mechanisms become more significant, CMP 

processes have resulted in more non-Prestonian like behaviors. Non-Prestonian behavior is the 

general term used to describe the deviation of removal rate from linear dependence (and one that 

it zero when both pressure and sliding velocity values are also zero) on the product of the polishing 

pressure and velocity as well as describe the presence of a non-zero passive etch rate when there 

is no applied pressure or velocity.  

Multiple modifications to Prestonôs equation, all of which are based on experimental data, 

have been proposed to account for possible nonlinear deviations of removal rate as a function of 

the pressure and velocity. A material removal rate model that accounts for plastic deformation and 
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electrostatic adhesion of particles during CMP was proposed by Zhang et al. [89]. The model, 

noted in Equation 3.9, states that the externally applied frictional forces as well as the van der 

Waals interaction forces between the wafer surface and particles within the slurry are most 

responsible for material removal. However, this model was only experimentally verified for copper 

CMP in conjunction with alumina-based slurry. Another model, postulated by Shi et al. and shown 

in Equation 3.10, presumes that there is a pressure dependence on the number of particles in contact 

with the wafer surface during polishing [90]. This model was based on published experimental 

data when polishing silicon dioxide wafers based on tetraethyl orthosilicate (TEOS) and fluorine-

doped SiO2 deposition processes and was only applicable to soft polishing pads.  

                                                           ὙὙ ὑ ὴ ὺ                                             Equation 3.9 

                                                             ὙὙ ὑ ὴ ὺ                                            Equation 3.10 

 Equation 3.9 and 3.10 are modifications to Prestonôs equation that still rely highly on the 

mechanical aspects of the process (i.e. interaction between wafer surface and particles or the type 

of pad used during processing). For these reasons, Luo et al. proposed the following modification 

to Prestonôs equation to account for strong chemical effects within the process [91].  

                                                    ὙὙ ὑ ὴ ὺ ὄ ὺ Ὑ                                    Equation 3.11 

In this version of Prestonôs equation, both B and Rc are fitting constants. The second term in the 

equation, B × V, is utilized to account for a stronger process dependence on sliding velocity rather 

than pressure. The fitting constant Rc is used to consider the chemical dissolution during CMP and 

is dependent on the slurry composition.  
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 The above models are examples of a few of the proposed mechanisms responsible for oxide 

and metal polishing. There are many other mechanisms that have been proposed that include 

particle indentation into the wafer, surface plasticity and dislocation, the formation of a surface 

film, and the passivation of the surface during metal CMP [81, 92-96].  

 

3.4.3 Modified Langmuir -Hinshelwood Model    

 It has been found within our research group that a modified two-step subset of the 

Langmuir-Hinshelwood Model can be used to describe CMP removal mechanisms at a much more 

fundamental level. This model considers both the chemical and mechanical effects of a polishing 

process and also accounts for flash heating that occurs within the pad-wafer interface [45, 97]. In 

this simplified model, it is assumed that n moles of slurry reactant R interact with the wafer surface 

S at a reaction rate of k1, defined in units of mol/(m2 s), forming a softened surface layer L. 

                 Ὓ ὲὙ
  
ựựựὒ                             Equation 3.12 

The softened layer is then removed via mechanical abrasion at a rate of k1 which is also 

defined in units of mol/(m2 s). The abraded material L is assumed to be transported away by the 

slurry without redepositing onto the wafer surface.  

                      ὒ 
  
ựựự ὒ                             Equation 3.13 

If it is also assumed that the rate of formation of the softened surface layer is equal to that 

of the rate of depletion, the removal rate RR in this sequential mechanism is a function of both its 

chemical and mechanical effects as shown below in Equation 3.14. 
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                                                             ὙὙ
 

  
 

                                         Equation 3.14 

Here, CR is representative of the molar concentration of slurry reactant R, while Mw and ɟ 

are representative of the molecular weight and density of the film being polished, respectively. To 

simplify the reaction rate equation, another assumption is made stating that there is no depletion 

of the slurry reactant R and thus its molecular concentration CR will remain constant. With this 

assumption in place, CR can be set to unity and adsorbed into the chemical reaction rate constant 

k1 without loss of generality as shown below. 

                                                             ὙὙ
 

  
                                         Equation 3.14 

In Equation 3.14, the chemical reaction rate constant k1 is define by the Arrhenius equation 

as:  

                                                           Ὧ ὃÅØÐ
 

                                      Equation 3.15 

where A is a pre-exponential factor expressed in units of mol/(m2 s), Ea is the chemical activation 

energy of the slurry in units of eV, k is Boltzmannôs constant (8.617Ĭ10-5 eV/°K), and Tw is the 

reaction temperature at the wafer surface, in units of °K.  The reaction temperature cannot be 

measured directly, but rather can be calculated with certain assumptions as shown in Equation 

3.17). The activation energy, Ea, can be found by plotting the natural log of the experimentally 

found removal rate against the inverse absolute mean pad temperature and extracting the slope.  

The mechanical rate constant k2 in Equation 3.14 can be modeled in several ways. For 

simplicity though, we take it to be proportional to the frictional power density (as suggested by 

Prestonôs equation) and experimental observations which note a linear relationship between 
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removal rate and coefficient of friction (or COF) during mechanically limited removal [88]. The 

equation is expressed as follows:  

                                                                 Ὧ ὧ ‘ ὴ ὺ                                       Equation 3.16 

where cp is a proportionality constant (units of mol/J), µk is COF, p is the polishing pressure (units 

of Pa), and v is the sliding velocity (units of m/s).  

The chemical reaction step in this, or any other model that includes chemistry, is dependent 

on reaction temperature Tw, which occurs, in our case, at the pad-wafer interface.  A manipulated 

version of the compact temperature formula (Equation 3.17) was found to be part of the 

explanation as to why varying removal rates are observed at fixed power densities (P × v) but for 

differing combinations of P and v. In this manipulated formula, it is noted that material removal 

on a fixed point of the wafer surface occurs during a series of brief interactions (on the order of 

microseconds) with pad asperities which are randomly separated in time [98]. On a given point of 

the wafer surface and during these brief interactions with particle-laden asperities, the wafer 

surface temperature will momentarily rise, or flash. If the rise in flash temperature is sufficient, it 

can cause a surface reaction to occur. It can be seen in Equation 3.17 that the second term, which 

accounts for flash heating, has an additional dependence on velocity in the denominator that helps 

explain varying observed removal rates at fixed power densities. This manipulated version of the 

compact temperature formula is better known as the flash heating model. 

                                                       Ὕ  Ὕ  Ȣ   ‘ ὴ ὺ                               Equation 3.17  

In the flash heating model, the parameter Tp is the mean pad surface temperature. The 

parameter ɓ is a constant that accounts for a grouping of tool-related parameters such as wafer 



85 

 

size, pad surface properties, as well as other bulk pad properties and it represented in units of 

°K/[Pa(m/s)0.5-e]. The parameter e is an exponential factor for the sliding velocity which accounts 

for the pad heat partition [97].  

As already noted, the units of both k1 and k2 are the same as both reactions are assumed to 

be pseudo-first order. The dimensionless ratio of the mechanical reaction rate constant to chemical 

reaction rate constant (k1/k2) is, at times, more important than the respective values of k1 and k2, 

separately as the ratio can indicate the rate-limiting removal mechanism. For example, if the value 

of k1/k2 was found to be less than 1 than the reaction would be chemically-limited. Conversely, if 

the ratio was found to be greater than 1 the reaction would be mechanically-limited.  

 

3.5 Tribolo gy in CMP 

In general, tribology refers to the study of contacting surfaces that are in relative motion to 

one another and is more particularly concerned with friction, wear, and lubrication of said surfaces 

[99]. Specific to CMP, a tribological system is formed between the polishing pad, wafer surface, 

and slurry abrasive particles. Within this tribological system, two or more moving bodies are in 

contact with each other and induce wear. For these reasons, detailed tribological studies are 

essential to better understand CMP processing fundamentally as well as end-of-life estimates for 

consumables such as the pads and conditioner discs. 
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3.5.1 Frictional Force and COF   

 The three-body interaction within the pad-slurry-wafer interface during CMP polishing 

produces two frictional forces known as shear force (Fshear) and downforce (Fdown). The down 

pressure applied to the wafer is what causes the downforce (i.e. traditional normal force). The shear 

force is caused by the tangential forces from the process which apply shear stresses on the wafer 

surface. With these two frictional forces known, the ratio of them can be used to acquire the 

instantaneous coefficient of friction (COFi) as described in Equation 3.18 [100]. 

                                                                   ὅὕὊ                                         Equation 3.18  

It is known in the CMP community that COF can significantly impact processing 

performance and removal rate [52, 60, 65, 100-104]. Additionally, the COF can provide 

information pertaining to both heat generation and the lubrication mechanism of the process as 

will be discussed in later sections [54 101, 105-107]. As such, accurate measurement of frictional 

force is a prerequisite to calculate COF and therefore gain understanding of the tribological 

phenomena during a CMP process. It has already been noted how both the shear force and 

downforce (described in Chapter 2 as Fy and Fz, respectively) can be acquired at high frequencies 

through use of our APD-800® system. In all works within this dissertation, frictional force data is 

collected at a frequency of 1,000 Hz even though our polishing system can take force 

measurements at frequencies up to 2,300 Hz.  

The reason for this is that the higher frequency acquisition would necessitate much higher 

amounts of computational power for data analyses. The sample rate of 1,000 Hz was chosen 

because, as the Nyquist limit specifies, sampling rates must be at least twice that of the highest 

observed frequency. Based on previous works by our research group over the past two decades, 



87 

 

the highest observed frequency has never surpassed 500 Hz thus concluding that a sampling rate 

of 1,000 Hz is sufficient [35].  As such, the mean value of all instantaneous measurements of COF 

can also be used to acquire the average COF ( COF ).  

                                                               ὅὕὊ
ρ

ὲ
 В  ὅὕὊὭ
ὲ
Ὥ  ρ                                            Equation 3.19  

 

3.5.2 Directivity    

 In the APD-800® sampling rate acquisition system, raw frictional force data as a function 

of time is separated into two components [108]. One component is the mean of the frictional force 

(i.e. shear or normal forces) and the other is the fluctuating component of the mean frictional force 

(i.e. from which the variance of shear or normal forces can be calculated). The fluctuating 

components correspond to the intrinsic vibration of the polisher as well as stick-slip phenomena 

between the wafer and pad [108-110]. 

 A recent study by Philipossian et al. has reported on the utility of a new parameter, called 

directivity, ȹ, to better understand certain process fundamentals and to rapidly assess polishing 

performance in various CMP processes [111]. Directivity is a parameter borrowed from the art of 

making and science of testing violins and, for CMP applications, has been defined as the ratio of 

the variance of shear force, ů2
shear, to that of downforce, ů2

down [111-114]. Given the fact that our 

polisher is capable of successfully measuring force in both directions at high frequencies, we can 

thus calculate the instantaneous directivity, ȹi, and mean directivity, ῳӶ, as shown in Equations 3.20 

and 3.21, respectively. 
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                                                                       ῳ                                         Equation 3.20  

                                                                     ῳӶ
ρ

ὲ
 В  ῳὲ
Ὥ  ρ                                                Equation 3.21  

 

3.5.3 Sommerfld and Psuedo-Sommerfeld Numbers   

 Early studies in tribology were focused on lubricated journal bearings to study 2-body 

contact systems (mostly for heavy machinery and the transportation industry). In these studies, 

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

was then divided by the applied downforce from a suspended load to obtain the COF. The COF 

was then plotted against what is called the Hersey number (reported in units of length) which is a 

value composed from the product of the shaft linear velocity and lubricant viscosity divided by the 

applied pressure [115, 116]. The plot of COF versus the Hersey number would be then be used to 

determine distinct lubrication mechanisms. Later on, an extension of the Hersey number, which 

was more relevant for CMP applications, was introduced as the Sommerfeld number (So) [117]. 

The Sommerfeld number is defined in Equation 3.22 as: 

                                                                      Ὓέ  
 

 
                                                     Equation 3.22  

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

pressure, and ŭ is the slurry film thickness within the pad-wafer interface.  

For each given polishing process, the respective parameters used to define the Sommerfeld 

number must be known so that it can be determined. The relative sliding velocity at the pad-wafer 

interface can be calculated from use of geometric relations, and the polishing pressure is a process 
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inputted parameter so, thus, already known. However, there is no adequate way to determine the 

viscosity of the slurry or pad-surface roughness during the polishing process. Slurries are typically 

non-Newtonian fluids and, during processing, temperature can significantly rise pending the 

inputted mechanical power (i.e. processing pressure and velocity). Moreover, use of any standard 

rheological equipment such as a viscometer would not accurately represent the fluid viscosity 

during polishing. The reason for this is because the channel distance between the pad and wafer 

can be up to 4 orders of magnitude smaller than the distances in advanced viscometer equipment. 

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

compressibility, velocity, pressure, slurry viscosity and wafer curvature [93, 118-120]. However, 

Lu et al. showed that slurry film thickness within the pad-wafer interface ranged between 20 to 80 

µm [122]. Such a range of fluid thickness is very similar to determined values of pad roughness 

(Ra) which can be measured via profilometry or confocal microscopy [57, 122]. However, the 

detailed data analysis involved with acquiring the surface roughness renders the method 

unidealistic leaving the determination of the Sommerfeld number complicated. For these reasons, 

it is therefore desirable to assume that both the surface roughness (or film thickness) and slurry 

viscosity remain constant during polishing so that Sommerfeld number can be simplified to the 

grouping of parameters that are more easily determined (i.e. pressure and sliding velocity). This 

simplified version of the Sommerfeld number is call the Pseudo-Sommerfeld number as shown in 

Equation 3.23.  

                                                                     Ὓέ   
 

 
                                                      Equation 3.23  
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3.5.3 Lubrication Mechanisms in CMP   

Stribeck curves has long been used to describe tribological systems such as CMP processes. 

A popular form of the Stribeck curve relevant to CMP is the log-log scale plot of the average COF 

as a function of the Pseudo-Sommerfeld number. The Stribeck curve has proven to be highly 

beneficial in CMP because it yields direct evidence as to the extent of 3-body contact within the 

pad-slurry-wafer interface. Additionally, the Stribeck curve can be used to determine three distinct 

lubrication mechanisms defined as: boundary lubrication, partial (or mixed) lubrication, and 

hydrodynamic lubrication [117]. A diagram depicting a generic Stribeck curve with the three 

lubrication regimes is shown in Figure 3.2. 

 

Fig. 3.2: Generic Stribeck curve. 
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In the boundary lubrication regime, there is intimate contact between the wafer surface, 

pad asperities, and abrasive particles from the slurry which causes the Stribeck curve to flatten. 

This intimate contact results in relatively high values of COF and typically occurs at low values 

Sommerfeld numbers (i.e. low velocities and high pressures). Within the partial lubrication regime, 

the wafer and pad are not in intimate contact with each other as the slurry film thickness is on the 

same order as the mean pad asperity height. Partial lubrication occurs at intermediate values of 

Sommerfeld number and, within this regime, COF rapidly decreases as the Sommerfeld number 

increases. In the hydrodynamic regime, which occurs at high Sommerfeld numbers (i.e. high 

velocities and low pressures), the wafer can be described as hydroplaning on the pad surface as 

thicker slurry films develop causing further separation between the wafer and the pad. This results 

in low values of COF and a possible inflection in the Stribeck curve that could result in either a 

positive or negative slope based on slurry characteristics and chemistry.  

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

general shape. This is because, as previously noted, the Pseudo-Sommerfeld number is directly 

proportional to the Sommerfeld number. As such, the x-axis values of the Stribeck curve will only 

change in range, thus compressing or stretching the curve but not change the overall shape.  
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Chapter 4: Insights into Tungsten Chemical Mechanical Planarization:      

Part I. Surface Micro-Texture Evolution during Pad Break-In 

 

 

 

 

 

 

 

 

 

 



93 

 



94 

 



95 

 



96 

 



97 

 








































































































































