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ABSTRACT

This thesis presents a series of studies related to a new way of analyzing data from previous 

polishing tests pertaining to tribological, thermal, kinetic and slurry utilization aspects of chemical 

mechanical planarization (CMP) processes. The purpose of our current studies is to expand upon 

the correlation of real-time shear force (SF) and coefficient of friction (COF) data with that of real-

time  platen motor current (PMC) in order to determine if PMC is a viable alternative to SF and 

COF when studying polishing mechanisms. 

The first contribution to this thesis is the investigation of the correlations between shear 

force and platen motor current, as well as those between COF and PMC for various tungsten and 

interlayer dielectric (ILD) chemical mechanical planarization cases where the processes were 

intentionally made to be highly non-steady-state. The study initially focuses on non-steady-state 

conditions because we believe the relationships among shear force, COF, and platen motor current 

to be clearer as opposed to steady-state conditions. Shear force, normal force and PMC data were 

collected from twelve different previously obtained Stribeck+ curves at an acquisition frequency 

of 1,000 Hz and analyzed in order to determine if there were any emerging trends. For the 12 cases, 

involving 8 pre-polished blanket CVD tungsten and 4 silicon dioxide blanket wafers, it was 

discovered that PMC closely mirrored shear force as evidenced by a high average correlation 

coefficient (0.955) and coefficient of determination (0.916) obtained from all runs. For COF vs. 

PMC, the average correlation coefficient and coefficient of determination for all cases were 0.758 

and 0.608, respectively. These average values were dragged down by 5 cases in which the 

dominant tribological mechanism was found to be “boundary lubrication” where COF changed 

minimally with the pseudo-Sommerfeld number. 
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The second contribution to this thesis has been the investigation of the relationship between 

SF and PMC, in parallel with the relationship between coefficient of friction and PMC for various 

tungsten and interlayer dielectric (ILD) chemical mechanical planarization cases at non-steady-

state conditions. This study is intended to determine whether or not PMC can be used as a reliable 

indicator instead of SF and COF at steady-state conditions. For the 12 cases studied, 72 distinct 

steps are analyzed. It was determined that PMC somewhat mirrored SF and PMC for long time 

(i.e. 10 secs or longer) intervals after data averaging and applying a trend matching algorithm. SF 

and PMC trends matched only about 64% of the time (ranges were between 45 to 85%) for all 72 

steps, while PMC and COF trends matched 62% of the time ranged between 42 and 85%. PMC-

SF and PMC-COF correlations were fairly poor at short time (i.e. 1 sec) intervals as evidenced by 

much lower percent match values. Such poor correlations proved that at short-time intervals, PMC 

was not sensitive enough to capture important information regarding myriad fluid dynamics and 

tribological phenomena and the instantaneous stick-slip occurrences encountered in CMP. 
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Chapter 1 

INTRODUCTION 
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The purpose of this thesis is to better understand the correlation of PMC with SF and COF 

during CMP processes and determine whether PMC can potentially be a viable alternative for these 

two metrics. This thesis mainly focuses on the correlation during non-steady-state and steady-state 

conditions. 

 

1.1. Chemical Mechanical Planarization: An Overview 

 

Chemical Mechanical Planarization (CMP) has been a fundamental step in the fabrication 

of semiconductor devices and other integrated circuit (IC, also referred to as chips) technologies 

for the last 4 decades. This process, and its underlying technology, was developed by International 

Business Machines (IBM) in the mid-1980s. It was originally developed as an enabling technology 

to create high-performance multi-level metal structures by achieving global and local surface 

planarity.29 The scientific understanding of the mechanics of CMP used to be largely based on 

glass polishing and, as a result, even today, the basics of CMP are still deeply rooted with this 

dated process.1 Nowadays, CMP is the technology enabler that has been credited with the 

significant increase in IC complexity and circuit density since it is the only planarization technique 

that allows for both local and global planarity. 

Today’s state-of-the-art ICs have resistors, capacitors, and transistors are fabricated side 

by side on a substrate and connected together in order to perform particular circuit logic 

functions.23 The number of transistors in a single central processing unit (CPU) can reach several 

billion and is expected in increased in the future.25 These elements form circuits through 

conductive metal interconnects. As can be expected, the need for more efficient interconnect 

systems has increased as chips have become smaller and more complex. This increase in 
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complexity and circuit density is predicted by Moore’s Law which states that the number of 

transistors on a chip will double approximately every two years.24 This law has been supported 

and maintained for almost half a century since its development and is expected to continue for 

another 5 to 10 years. This increase in technological capabilities has been achieved over the 

decades through multilevel wiring over devices and the use of low resistivity metal wiring in order 

to reduce crosstalk and improve IC chip performance. A multilevel interconnect image is shown 

in Figure 1.1. 2 

 

Figure 1.1: Cross sectional SEM image of 14nm multi-level interconnect network.22 
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Figure 1.2: Schematic of interconnect and transistor cross-section10 

 

Transistors essentially act as ON/OFF switches and are used as the basic fundamentals of 

ICs. As shown in Figure 1.2, transistors are built on the bottom of the ICs. Once built, tungsten 

(W) plugs are used to connect the transistors with the copper (Cu) interconnects. Then, interlayer 

dielectric and copper interconnects are built layer by layer, as shown in Figure 1.1. These 

transistors, and then all the layers of dielectrics and metals, are all connected (both locally and 

globally) in order to create complex circuits.26 
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Without having locally and globally planar surfaces when constructing multilevel 

interconnects, the accuracy of pattern transfer onto photoresists during photolithography and dry 

etch yields significantly decreases. Therefore, the concept of constructing multilevel interconnect 

networks creates the necessity for having the technology to create planar surfaces, which is 

achieved through CMP. Figure 1.3 demonstrates devices with (right) and without (left) 

planarization. Without planarization, the step heights build up with increasing wire levels, which 

prevents the surface topography of upper layers from being planar. Whereas with planarization, 

every layer of the chip is locally and globally planar and nearly optically flat. 

 

Figure 1.3: Device without planarization (left) and with planarization (right). 
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To achieve surface planarization, other techniques are used such as reactive ion etching 

and etch back (RIE) and spin on deposition (SOD).27, 28 However, these traditional techniques soon 

became inadequate when more than 3 metal layers are employed and the minimum feature sizes 

of ICs is below 0.35 micrometers.27  

During CMP, the surface of a patterned wafer is pressed face down against a polishing pad 

(usually made of polyurethane). Both the pad and the wafer are rotating harmonically (that is in 

the same direction, mostly counter-clockwise). The polishing pad is then continually drenched (at 

a flowrate of about 150 to 300 cc/min depending on the particular application) in some sort of 

slurry containing abrasive nano-particles. The slurry usually contains abrasive particles, an 

oxidant, corrosion inhibitors, and pH modifiers.2 Micro-pores in the polishing pad are used to help 

distribute the slurry on and off of the pad-wafer interface.3 Reactive chemicals react with the wafer 

to form a softer porous layer on the wafer surface. When the abrasives in the slurry, wafer, and 

polishing pad come into a 3-body contact, this interaction provides both the chemical and the 

mechanical action needed to remove the material on the wafer. This chemical and mechanical 

process is repeated until the end point is reached and polishing is complete. This mechanism used 

for material removal is known as the Kaufman theory.30 This results in both local and global 

planarization. During this process, the pad surface may become flattened and smoothed out over 

time. To prevent this, a pad conditioner is used to regenerate the pad asperities. Figure 1.4 shows 

a schematic of a standard polisher system.1  

There are two main fabrication sequences involved in IC manufacturing, front end of the 

line (FEOL) and back end of the line (BEOL). FEOL is the series of steps that includes the 

formation of shallow trench isolation (STI) by polishing materials such as silicon dioxide which 
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are used to fill gaps. BEOL is the series of steps that includes the formation of the metallization 

layer that forms the interconnects.  

Figure 1.4: Schematic of a typical CMP polisher. 

 

The metallic materials polished in this process include aluminum, tungsten, and copper.5  

Middle of the line (MOL) is the series of steps that include the formation of the barrier layers 

between the FEOL and the BEOL.4 Ever since CMP has become an enabling technology in IC 

manufacturing, further advancements have been made. These advancements include: 

1. STI72 

2. Replacement metal gate73,74,75 

3. Polysilicon76,77 

4. ILD CMP (which enables intensive multilayer metal interconnects in memory 

devices)78,79,80 

5. Tungsten and barrier CMP (which is used to create tungsten plugs that provide the 

vertical links between in-line wiring)81,82,83,84 

6. Copper and barrier85,86,87 
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The main benefits of CMP include: 2 

1. Achievement of global planarization. 

2. Reduced topography which allows fabrication with tighter design rules. 

3. Improved within-wafer removal rate uniformity. 

4. Increased IC reliability, speed, and yield. 

5. Reduced surface defects. 

6. Improved metal step coverage. 

1.2. Consumables 
 

In the CMP process, there are a multitude of materials and interchangeable parts that are 

used to assist in the planarization of wafers. The main consumables that are essential include 

polishing pads, slurries, and conditioning discs. 

 

1.2.1. Pads 

 

Polishing pads in CMP are the medium on which the three-body contact in CMP occurs. 

Asperities on the pad help remove the chemically modified layer on the wafer surface through 

mechanical action. There are several variables that affect polishing pad efficiency including 

increasing pad temperatures, which result in improved removal rates due to better slurry transport 

and expanded pad pores. Other pad parameters include the relative pad hardness, soaking time of 

pad, and pH value of slurry.6 

Since the polishing pad is subjected to constant mechanical stress and chemical attacks, the 

pad must be highly resistant to chemicals, have hydrophilic properties to increase slurry 

transportation efficiency, and have mechanical integrity to prevent excessive wear. It is for this 
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reason that polyurethane is used for most commercial polishing pads, as polyurethane is 

chemically resistant and has high mechanical integrity.27 

Pad macrostructures and microstructures affect the physical properties of a polishing pad. 

The macrostructures refer to the perforations and surface grooves of polishing pads. The 

perforations and surface grooves are specifically designed to help move fresh slurry to the pad-

wafer interface, to transport polishing debris and used slurry away from the pad surface, to prevent 

the wafer from hydroplaning on the pad, and to aid in uniform distribution of the slurry.10,27 State-

of-the-art pads typically have a flat, perforated, XY, concentric, floral, or logarithmic spiral 

grooves which impact slurry delivery.31,32 Figure 1.5 depicts various polishing pad groove designs. 

 

Figure 1.5: Top view of various polishing pad groove design: (a) flat, (b) perforated, (c) XY-groove, (d) 

concentric groove, (e) floral and (f) Logarithmic Spiral.32 
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In addition to macrostructure, the pad microstructures affect polishing performance. There 

are four main types of polishing pads: 

• Type I: Polymer-impregnated. 

• Type II: Microporous synthetic leathers. 

• Type III: Filled polymer films. 

• Type IV: Unfilled textured polymer sheets. 

Type I pads have continuous channels between fibers and are typically used for W CMP 

and Si stock polish. An example of this type of pad is SubaTM. Type II pads have vertically oriented 

open pores and are typically used for Si final polish, post CMP buff, and W CMP.2 Examples of 

this type of pad are Cabot D100TM series and DOW IC-1000TM. Type I and Type II pads are 

relatively soft. Softer pads are desirable because they provide lower defectivity and better global 

planarity.26 Type III pads are used for ILD, Si stock, and metal and STI CMP whereas Type IV 

pads are non-porous. An example of a Type IV pad is an IC 2000TM.2 Type III and Type IV pads 

are relatively hard. Harder pads are desirable because they provide higher planarization efficiency 

and better local planarity.26 The cross-sectional scanning electron microscopy (SEM) images of 

some of these pad examples are shown in Figure 1.6. 

Based on a topographical image, a surface height probability density function (PDF) or 

surface height histogram can be constructed. A confocal microscope can be used to measure 

surface heights over a selected area to an arbitrary reference plane. Then, the height range is 

separated into equal bins and a histogram is created. This histogram represents how many times 

each surface height falls into its respective bin. It is convenient to normalize the histogram since 

the total count in each bin is determined by the size of the region that was measured. 
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Figure 1.6: SEM images of (a) SubaTM, (b) PolitexTM, and (c) IC1000TM.DOW;JSR. 

 

Normalizing is performed by dividing the histogram by the area under the curve. The 

histogram of this normalization is not dependent on the sampling area and becomes a probability 

density function (PDF). The area under the PDF at any given point is the probability of finding a 

point within that range. It is common to set the reference plane used by the confocal microscope 

to zero. This simplifies the comparison of PDFs from different pad surfaces and separate parts on 

the same pad surface. The summit heights can be calculated by using the surface height mean plane 
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as the baseline. Then by using this baseline, the mean summit height can be calculated. The mean 

summit curvature is the mean of the calculated Gaussian curvatures, which can be calculated by 

multiplying the two principle curvatures of a summit. The two principle curvatures are the values 

in which the curvature is at minimum and maximum. Since the peaks are the points that experience 

the most contact, the peaks that are in the top 25% of the surface are typically used in the analysis 

of the mean summit height and mean summit curvature.104-115 

When considering micro-texture, metrics including asperity heights, densities and radii of 

curvature, of the polishing pad affect slurry retention which then affects removal rate, uniformity 

and wafer-level defect count.101-115 These micro-texture pad features collapse after coming into 

contact with slurry abrasive particles after a certain amount of polishing time. Conditioning discs 

are needed to regenerate the pad micro-texture and prevent the decrease in removal rate.101 

To gain further insight into pad micro-texture, summit height probability density function 

(PDF) plots can be constructed as well as determining the curvature of the summits and 

determining the mean height. Figure 1.7 depicts a surface height PDF corresponding to a surface 

topographic image of an IC1000 pad after being broken in for 0, 5, 15, 30, and 60 minutes.104 

 

Figure 1.7: Surface height probability density function.104 
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 The mean of the PDF is set to zero so as to represent the average height of the interpore 

land areas. The right hand tail in Figure 1.7 shifts to the left as the break-in progresses. This 

represents the diminishing of the areas of the pad that are higher than the mean. This is to be 

expected since the uppermost asperities of the pad are either being removed or becoming 

plastically deformed. By observing the mean summit curvatures as well, it has been shown that 

the mean summit curvatures also decrease with break-in time.104 This would be a result of the 

asperities becoming flatter and is demonstrated in Figure 1.8. 

 

Figure 1.8: Example of mean summit curvature vs. pad break-in time                                                                   

data analyzed from topographic images.104 

 

Several studies have been conducted on pad surface microstructure that mostly focus on 

pad surface roughness and its effects on polishing performance.34,65-67 These studies generally 
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conclude that a rougher pad surface will result in higher material removal rates, but will also result 

in more defects.34 Since the down features do not participate in CMP and pad surface roughness is 

extracted from the up and down features of the pad surface, pad surface roughness does not highly 

correlate with material removal rate and coefficient of friction (COF).68 For this reason, the 

Philipossian Research Group has proposed a new descriptor for pad surface micro-texture. This 

factor is referred to as pad surface abruptness (λ). Several studies have been performed to 

investigate how pad surface abruptness affects polishing performance. 68-71 Pad surface abruptness 

differs from pad surface roughness in that it is extracted from the top asperities of the pad that 

come into contact with the wafer during polishing.71 This indicates that an impact on COF and 

material removal may a direct result of changes to λ. Larger pad surface abruptness was shown to 

render higher COF and tungsten removal rates in Sampurno et al.68 and the effect of pad surface 

contact area and pad surface abruptness on polishing performance in ILD, copper, and STI CMP 

was extensively investigated in Liao et al. 69-71 

 

1.2.2. Slurries 

 

The process of CMP is divided into STI CMP, replacement metal gate (RMG), ILD CMP, 

and metal CMP (including W, Ti, TiN, Co, Cu, Ta, and TaN). Since all of these processes involve 

the polishing of different metals with different characteristics, it is important to understand the role 

and characteristics of each component in each type of slurry. During any CMP process, the main 

functions of the slurry are to provide mechanical action using abrasive particles, to provide a 

medium used for the transportation of polishing by-products, and to provide the chemical reactions 

with the passivated surface for enhanced material removal. To perform these functions, slurries 

are typically composed of abrasive nano-particles, dispersants (surfactants), oxidizers, corrosion 

inhibitors, and other additives such as chelating agents, pH modifiers, etc. 
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Slurries (especially those having a high nano-particle concentration) increase the 

abrasiveness of the pad and aid in material removal from the wafer through the use of abrasive 

particles. The abrasive particles act as the chemical “tooth” in the removal process and the behavior 

of these abrasive particles depends on particle size, size-distribution, concentration, and shape.35 

Typically, particle sizes vary between 10 to 100 nm and the concentrations vary between 10 to 

30% by weight. The selection of abrasive material type has typically come from experimental 

CMP results, which determined which materials create more or less defects. The most common 

materials being alumina, ceria, and silica.31 

One of the most commonly used abrasive nano-particles is silica. The silica particles are 

either fumed silica or colloidal silica in nature. Fumed silica is created (in powder form and then 

dispersed on liquid media) through a combustion process of silicon tetrachloride in an oxygen 

flame alongside hydrogen gas.38 Since fumed silica particles are comprised of an aggregate of 

nano-sized silica particle chains, fumed silica particles are typically larger in diameter 

(approximately 90 to 200 nm) than colloidal silica particles (10 to 50 nm).39 Fumed silica causes 

more surface defects than colloidal silica because fumed silica typically has a larger mean 

diameter. Colloidal silica, on the other hand, is formed when potassium silicate reacts with a 

specific acid. Colloidal silica particles are synthesized through the nucleation of sodium silicate in 

silicic acid. They are formed in solution and these particles have a spherical shape and a uniform 

size distribution.27,39 Figure 1.9 depicts TEM images of fumed silica and colloidal silica. 
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Figure 1.9: TEM images of (a) fumed silica and (b) colloidal silica (Source: Cabot 

Microelectronics Corporation; Dow). 

 

Since the aggregation of particles can increase mean particle size and significantly increase 

the extent and occurrence of surface defects, surfactants are used to help disperse the particles. 

This dispersion of particles helps control slurry stability, enhance the settling of particles, and even 

provide strong electrostatic repulsions that help stabilize the particles.36 It is also important to note 

that surfactants reduce surface tension, which therefore enhances the wetting characteristic and 

helps distribute the slurry more evenly.37 

Another critical ingredient in the slurries is the oxidizer. As mentioned previously, 

oxidizers chemically react with the metal film to create a softer passivation layer and allow for 

easier material removal. By raising the oxidation state of the metal, the metal either forms a softer 
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porous layer or undergoes dissolution. Both of these actions result in easier material removal by 

mechanical action.30 The most widely used oxidizer in today’s CMP slurries is hydrogen 

peroxide.40 

ILD CMP involves the polishing of silicon dioxide that is deposited between metal 

interconnects. For this reason, slurries used for ILD contain abrasives, dispersants, and other 

additives. Since ILD CMP is less sensitive to the scratch defects caused by larger particle sizes 

and since larger particle size results in greater removal rates, fumed silica slurries are more 

desirable. The step height of silicon dioxide (formed by gap-filling processes) is uniformly 

polished in STI CMP and the process stops at the poly-silicon film. Since there are strict 

requirements on the high polish rate selectivity between the stopping materials and silicon dioxide 

to prevent their erosion, STI CMP slurries contain passivation agents. Contrary to ILD and STI 

CMP, the metal films in metal CMP are difficult to remove using abrasives due to their inertness. 

For this reason, suitable oxidizers are needed to form an oxidation layer than can be removed by 

abrasives.5 

 

1.2.3. Conditioning Discs 

 
During CMP, as debris and polishing by-products are removed from the wafer, pad 

shavings particles and slurry can accumulate on the polishing pad’s surface. This contributes to 

fouling the pad surface which clogs the pores and flattens pad asperities. If the pad isn’t 

regenerated when this happens, then degradation of the pad surface will occur. This degradation is 

known as pad glazing.1 Since pad glazing results in an increased real contact area between the 

wafer and the pad, the local contact pressure is decreased and this results in decreased material 

removal rates.2 It also contributes to higher wafer-level defects.88,89 To prevent this, a conditioning 
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disc is used to regenerate the pad surface by breaking up the slick areas. Typically, the conditioner 

is a diamond disc that regenerates new pad asperities to maintain beneficial process conditions. 

This diamond disc rotates and sweeps back and forth radially across the pad during CMP polishing 

or between polishing. This two-body abrasive mechanism, caused by the friction between the 

diamond disc and the polishing pad, is the governing principle of pad conditioning.6 Studies have 

been performed that show better planarity and higher removal rates result from in-situ conditioning 

of the pad. This indicates that pad surface micro-texture is greatly impacted by pad conditioning 

and this greatly affects polishing performance aspects such as dishing, erosion, and material 

removal rate.10 Figure 1.8 depicts an SEM image of a well-conditioned pad, a plastically deformed 

pad, and a glazed pad. 

 

Figure 1.10: SEM image of a (a) well-conditioned pad, (b) plastic deformed pad, and (c) glazed pad.33 
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In CMP, pad conditioning can be performed in in-situ (during polishing) or ex-situ 

(between polishing), depending on conditioning settings and the consumables that are used for 

optimum processing. In addition to pad conditioning in-situ and ex-situ, pad break-in is necessary 

when polishing with a new pad for the first time. The purpose of pad break-in is to erase the 

topography of the new pad so that the pad can reach a new equilibrium and also to wet the pad to 

allow for improved slurry transportation. Even though pad conditioning regenerates pad asperities, 

it should also be noted that conditioning wears down the pad and that aggressive conditioning is 

likely to significantly impact the lifetime of the pad. Since this may prove costly, conditioning 

recipes are utilized to optimized polishing performance and pad life. 

Pad conditioners are typically diamond discs that contain tens of thousands of diamonds 

embedded on a steel or nickel-plated disc. Figure 1.11 shows an SEM image of a typical diamond 

disc.30 Whereas Figure 1.12 depicts the interaction between the conditioner and the pad. In disc 

design, diamond size and diamond shape are very important parameters. Diamond size is important 

because the grit size (representative system for diamond sizes), determines how aggressive the 

conditioner will be. The standard categorization of diamond discs is coarse (16 to 24 grit), medium 

(30 to 60 grit), fine (80 to 120 grit) or superfine (150 to 325 grit).30 Table 1.1 describes the grit 

sizes in microns in a range of diamonds that are typically used in CMP. 

Typically, the larger grit sizes are less aggressive than the lower grit sizes. Diamonds can 

be either sharp or blocky. Sharp diamonds have high pad cutting rates because they are more 

aggressive, whereas blocky diamonds lead to lower pad cutting rates. However, blocky diamonds 

tend to wear slower and don’t fracture as easily as sharp diamonds (as such they are preferred).31 
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Table 0.1: Grit Size in Microns.90 

GRIT MICRONS   

SIZE AVERAGE MAXIMUM MINIMUM 

60 254 406 165 

70 203 330 127 

80 165 292 102 

90 145 241 89 

100 122 203 63 

120 102 165 50 

150 89 140 38 

180 76 114 25 

220 63 102 20 

 

 

Figure 1.11: SEM image of a top view of a diamond disk.30 
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Figure 1.12: Diamond disc conditioner and the interaction between the pad and conditioner. 

 

1.3. Applications of Chemical Mechanical Planarization in the Industry 

 
As described in the previous section, CMP is a critical and enabling step in the IC 

manufacturing process. CMP has been implemented in the industry significantly for planarizing 

and polishing interlayer dielectric (ILD) and tungsten damascene (W), amongst other areas (copper 

and shallow trench isolation (STI)) that aren’t included in this study.27 
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1.3.1. Interlayer Dielectric CMP 

 

One of the major applications of CMP in IC manufacturing is to smooth the surface 

topography of interlayer dielectrics (ILD). This process is used to increase the number of metal 

layers in the BEOL through planarization. The ILD (usually silicon dioxide) CMP, is applied in  

metallization, which involves depositing metal onto oxide ILD layers, patterning, and etching in 

order to form interconnects. Then another layer of oxide is deposited in order to insulate the metal 

interconnects.5 This process insulates the FEOL transistor region from BEOL metallization.8 Since 

the dielectric is deposited on top of the underlying metal layer, the ILD usually conforms to the 

topography of this layer, which produces an uneven surface. CMP is then used on the top layers 

of each ILD surface in order to achieve surface planarity and provide a flat field to allow patterning 

by lithography.5 Figure 1.13 shows the ILD formation process (left) and the STI formation process 

(right). 

 

1.3.2. STI CMP 

 

Shallow trench isolation (STI) structures are used to separate active devices in the front 

end of line (FEOL). STI replaced local oxidation of silicon (LOCOS) as feature sizes have scaled 

down to the deep sub-micron region. STI is the preferred technology since it can deposit dielectrics 

at a lower temperature and prevent issues caused by oxide growth.23 On the right side of Figure 

1.13 is a schematic of the ideal STI formation process. In this process, a thermal oxide layer and a 

nitrogen layer are formed respectively on the silicon substrate. This is followed by the formation 

of a shallow trench through the processes of photolithography and etching. Then the trench is filled 

with oxide and CMP is used to remove the excess oxide with the stopping layer being the nitride 

layer. Finally, the nitride layer is stripped from the surface. 



 
37

 

Figure 1.13: Schematic of ideal ILD CMP process (right) and STI process (left). 10 

 
1.3.3. Tungsten CMP  

 

Another one of the major applications of CMP in IC manufacturing is Tungsten (W) CMP. 

After ILD CMP, a metal contact hole is created through the etching of the planarized ILD oxide. 

Then the contact hole is filled by the metal liner and tungsten (the contact metal) and then 

planarized by tungsten CMP.8 Since Cu diffuses into silicon structures and compromises the IC, it 

is a poor choice to use as an interface with devices in the substrate layer. Therefore, tungsten is 

used to connect the devices to the interconnect layers. The tungsten plug formation has a two stage 

CMP process that includes the removal of the bulk metal and is then followed by the removal of 

the barrier layer.9 Figure 1.14 shows the tungsten formation process. 
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Figure 1.14: Schematic of an ideal tungsten plug formation process.10 
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1.3.4. Copper CMP 

 
Aluminum used to be the interconnect metal of choice until 1997, when it was replaced by 

copper due to its improved electrical conductance and scalability. To this day, it is still the industry 

standard.94,95 A dual-damascene process is used to create the copper interconnects. In this process, 

a trench is created via etching into the ILD layer. Then a barrier layer of Ta/TaN is deposited in 

the trench using physical vapor deposition (PVD). The purpose of this barrier layer is to act as a 

surface for the copper to adhere to as well as to prevent the diffusion of copper and oxygen. This 

barrier layer increases the electrical reliability of interconnect and the mechanical strength.94,95 The 

copper is then electroplated onto the barrier layer, filling the vertical vias and trenches. The excess 

copper that is left post-electroplating is then removed via copper CMP. The purpose of copper 

CMP is to create a planar surface where the copper filled regions are next to the ILD regions 

without cross-contamination. Copper CMP involves removing the bulk of the excess copper while 

polishing the barrier layer and remove the excess barrier layer without causing copper dishing or 

dielectric erosion. Figure 1.15 depicts the copper CMP process. 

 

 
Figure 1.15: Schematic of copper dual damascene CMP process.96 
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1.3.5. RMG CMP 

 

High-k metal gate (HKMG) integration using a replacement metal gate (RMG) technique was 

initially developed by Intel in 2007 to assist in the implementation of the 45 nm technology node.97 

In this process, a temporary polysilicon gate is created, followed by the growth of the real metal 

gate. Silicon nitride and contact etch stop layers are then deposited. CMP is then used to remove 

the dielectric that was deposited on the top of the silicon nitride film until the top of the temporary 

polysilicon gate is exposed. The temporary polysilicon gate is then etched out and a blanket gate 

trench is formed. In the last step, an aluminum or tungsten electrode metal gate is 

deposited.4,98,99,100 RMG technology can be broken down into two steps: polysilicon opening CMP 

(POC), and metal gate CMP post metal deposition (Figure 1.16 depicts these two steps).97 

Figure 1.16: RMG CMP process.97 
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1.4. Cost of Ownership and Environmental Impact 

 
There are several different consumables that help make CMP one of the most expensive 

processes in IC manufacturing. The Cost of Ownership (COO) as it relates to consumables includes 

slurries, pads, conditioners, as well as other factors such as labor, operational costs, and equipment. 

Figure 1.17 is a graphical representation of the total consumable costs of CMP. 

 

Figure 1.17: Breakdown of total consumable cost.11 

It is clear from the figure above that slurries make up almost half of the entire cost of 

consumables in CMP. The components that make up CMP slurries include ultra-fine abrasive 

nano-particles and other additives such as coagulating agents, corrosion inhibitors, buffers, 

fungicides, oxidizing agents, surfactants, and organic and inorganic acids and bases. Since slurries 

have all of these components, the ultra-fine particles and other additives in slurries contribute to 

Environmental Health and Safety (EHS) hazards, which also increases costs. Spent slurries can 
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also contain heavy metals such as arsenic and copper, which if not treated properly, can damage 

the environment, pollute waterways, and harm living beings. 

 COO can be decreased by increasing slurry efficiency, decreasing EHS issues, and 

decreasing the number of consumables used. Several studies have been conducted on CMP 

operation and consumable usage in order to save consumables and decrease costs. In an attempt to 

increase the utilization efficiency in standard slurry injection systems (SIS), Wu investigated 

different slurry injection schemes and how they compared, in terms of material removal rate, on a 

concentrically grooved pad as well as an XY-grooved pad. This study emphasized the importance 

of optimum slurry injection schemes for different pad groove designs and how much money is 

saved with respect to consumable costs.91 Bahr investigated the use of a novel slurry injection 

system to potentially allow IC manufacturers reduce process times and reduce slurry use which 

would reduce the amount of slurry waste and costs.92 Bahr also investigated the extent of slurry 

mixing with slurry injection schemes in order to achieve a more cost-effective and environmentally 

benign CMP process. By using a combination of slurry injection via SIS and standard pad center 

slurry application, the polishing process was shown to experience higher slurry availability and a 

higher fraction of fresh slurry than standard SIS and slurry application.93 Rosales-Yeomans 

investigated several studies regarding novel groove pad designs on ILD and Cu CMP. Results from 

these studies indicated that combined groove patterns (spiral and logarithmic grooves) impacted 

ILD polishing with respect to lubrication mechanisms, material removal rates, and slurry 

retention.79 By optimizing groove design, slurry can be used more efficiently and decrease 

financial and environmental concerns. 
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CHAPTER 2 

EXPERIMENTAL APPARATI AND PROCEDURES
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2.1. The Araca, Inc. APD-800® Polisher and Tribometer 
 

The Araca APD-800® is a single-platen polisher and tribometer used for research and 

development as well as for low-volume manufacturing. The equipment is designed for CMP and 

it is compatible with 200- and 300-mm wafers. Co-developed and co-manufactured by Fujikoshi 

Machinery Corporation and Araca, Inc., the polisher is equipped with direction-dependent load 

cells and Araca Inc.’s FSX-800® signal analysis software which enables the polisher to accurately 

measure real-time shear force and down force (normal force) during CMP at frequencies of up to 

2,300 Hz. This tool also has a single-point infrared (IR) temperature sensor that allows for the real-

time measurements of pad surface temperature. This acquired data can be used to elucidate the 

tribological characteristics of various CMP processes. A description of the hardware components 

is shown in Figure 2.1 and their functions are listed in Table 2.1. 

 

2.1.1. APD-800® Controls 

 

The functions of the components of the APD-800® panel are found in Table 2.2. Figure 2.2 

shows the front panel of the APD-800®. 

 

2.1.2. Platen and Associated Load Cells 

 The polishing platen of the APD-800® is depicted in Figure 2.3, along with the platen motor 

and the downforce load cells. In order to minimize corrosion by slurries during wafer polishing, 

the 800 mm platen is made out of ceramic (Al2O3) and an adhesive layer is used to get the polishing 

pads to adhere to the surface of the platen. The platen has a rotation rate range of 20 to 180 RPM. 

To measure downforce, four load cells are located under the platen assembly as shown in Figure 

2.3. Each of the load cells output a voltage signal that correlates with the pressure exerted on the 
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cell. Then this signal is transferred through force amplifiers to a computer with the Araca 

Incorporated’s proprietary LabVIEW® program. This program resolves the four individual force 

measurements by summation into a single downforce measurement.12 

 

Figure 2.1:The APD-800® polisher and tribometer. 
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Table 0.1: The APD-800® hardware components. 

 
Figure 2.2: The APD-800® front panel. 

 
Part 
 

 
Part Name 

 
Function 

 
A 

 
Wafer Carrier Motor 

 
Operate rotation and pressure of carrier 

B Shear Force Load Cell Measures shear force in real-time 
C Carrier Conditioner Motor Operate oscillation and rotation of carrier 

conditioner 
D 
E 

Control Panel 
Manual Switches 

Control hardware operation 
Attach/release wafer and raise/lower carrier 
head 

F Signal Amplifiers Reset and amplify force signals from load cells 
G Platen, Wafer, Conditioner Carrier See details in Section 2.1.2 
H 
I 

Down Force Load Cells 
Tank and Slurry Delivery System 

Measure downforce in real-time 
Deliver slurry to the system 
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Table 0.2: Main components and functions of the APD-800® front panel. 

 
 
Part 
 

 
Component 

 
Function 

 
A 

 
Control panel 

 
Control hardware operation 

B ON switch Turn APD-800® on 
C OFF switch Turn APD-800® off 
D Emergency stop switch Stop polisher immediately in case of 

emergency 
E Auto run STOP switch Stop polishing sequence for automatic run 

set-up 
F Auto run START switch Start polishing sequence for automatic run 

set-up 
G Manual/auto run switch Switch run mode between manual and auto 
H Shear force conditioner and amplifier Reset and amplify shear force signal from 

load cell 
I Downforce conditioner and amplifier Reset and amplify down force from load cell 

 
 

Figure 2.3: The polishing platen and the load cells of the APD-800®. 
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2.1.3. Wafer Carrier System and Associated Load Cell 

The wafer carrier system includes the carrier rotation motor, the carrier up and down motor, 

the vacuum pressure line, and the carrier head. Figure 2.4 shows the APD-800® wafer carrier 

system.  

 

Figure 2.4: APD-800® Wafer carrier system. 

The rotation range of the carrier rotation motor is 15 to 200 RMP and rotates at a speed 

that compliments the platen in order to produce a relatively linear sliding velocity. There are two 

independent vacuum-pressure lines that used in the wafer carrier system. One vacuum-pressure 

line is used to hold the polycarbonate wafer template to the carrier head, and the other line is used 
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to apply pressure to the carrier head. This pressure is what creates the downforce to the wafer 

during polishing and allows for an exact amount of pressure to be exerted on the backside of the 

wafer against the pad. The wafer template has a retaining ring and backing film assembly that 

holds the wafer in place during polishing. When the backing film is slightly wet, capillary forces 

are created that hold the wafer to the template and prevent the wafer from slipping. The retaining 

ring is also used to prevent the slipping of the wafer during polishing by creating a small pocket 

in which the wafer sits. 

The Fy load cell is used to collect the shear force between the wafer and the pad in real time 

during CMP. In order to measure only forces in the y-direction, a friction table with three parallel 

steel plates is used. The bottom plate is held directly to the frame of the APD-800® while the upper 

plate is free to move. During polishing, the top plate moves relative to the fixed middle plate which 

provides a y-axis force that gets exerted onto the load cell. This frictional force is then converted 

into a voltage signal that gets transmitted to the proprietary data acquisition system and is used to 

create the shear force measurements. Figure 2.5 shows an example of shear force and down force 

measurements collected from the polisher. 

 

Figure 2.5: Example of downforce (green) and shear force (reds) measurement.13 
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2.1.4. Pad Conditioning System 

Pad conditioning in CMP is used to regenerate pad asperities, maintain a consistent 

polishing performance, and also aid in the removal of spent slurry and debris. Figure 2.6 depicts 

the APD-800® pad conditioning system. Similar to the carrier system, the conditioner system has 

a rotary motor with a rotation range of 12 to 120 RMP, a hydraulic piston, and a vacuum line. The 

rotary motor controls the rotation of the conditioner while the piston controls the vertical position 

of the head. The rail allows for the pad conditioner to sweep across the radius of the pad. The 

vacuum line, similar to the vacuum line in the carrier, allows for the controlled application of 

downforce of the conditioner onto the pad surface. 

 

Figure 2.6: Pad conditioning system of the APD-800®. 
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2.1.5. Temperature Measurement System 

 

The real-time temperature data is collected by using a single-point (IR) temperature sensor 

during polishing. By attaching the sensor tube to an arc rail located near the edge of the carrier 

head, the single point temperature data can be captured everywhere within the wafer track. We 

have the IR pointed at the center of the wafer track, on the leading edge of the wafer carrier. This 

can be seen in Figure 2.7. The red line coming out of the IR gun represents where the device is 

probing. 

 

Figure 2.7: Schematic of IR gun measuring temperature on wafer surface. 

 

 The LabVIEW® program is used to collect and display the temperature data. Figure 2.8 

shows an example of the temperature output collected from the surface of the pad. 
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Figure 2.8: Example of real-time temperature measurements from IR sensor during polishing. 

 
2.1.6. Data Acquisition Program 

The data acquisition program for the APD-800® is written in LabVIEW® 8.0. This program 

allows for the collection, display, and manipulation of data shown on a computer connected via 

USB. Data collected during polishing includes temperature (C), shear force (lbf), down force (lbf), 

slurry flow rate, pad, wafer, and condition velocity (RPM), conditioner position (mm), conditioner 

oscillation (count/min), and motor currents of conditioner, platen, and carrier (A). 

2.1.7. APD-800®  Specifications 

 

The major component specifications of the APD-800® are listed in Table 2.3 (next page). 
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Table 0.3: APD-800® Component specifications.12 

 
 
Manufacturers 

 
Fujikoshi Machinery Corporation and Araca Incorporated 
 

Wafer Size 200 and 300 mm 
Wafer Carrier Pressure range = 0.6 to 8 PSI (for 300 mm wafers) 

Independent pressure control 
Rotation rate = 15 to 200 RPM 

Platen Φ = 800 mm 
Material = Stainless steel (SUS410) 
Rotation rate = 20 to 180 RPM 
Integrated heating and cooling capability 

Conditioner Φ = 100 mm 
Rotation rate = 12 to 120 RPM 
Sweep velocity = 0 to 500 mm/sec through 10 independently 
controlled zones 
Downforce = 1.5 to 6 kg-force 
Scheme = In-situ and ex-situ 

Chemical Delivery Systems Three computer controlled, 20 liter, chemical resistant, 
removable tanks with an impeller mixer, roller pump and level 
sensor. 

Pad Rinse Dedicated high flow rate (up to 3,000 cc/min) 
Force Sensors Shear force transducer (above carrier head) 

Downforce transducer (below platen) 
Temperature Sensor Adjustable single-point pad surface IR detector 
Wafer Slip Sensor Adjustable single-point slip sensor 
Data Capture vs. Time Data capture up to 2,300 Hz 

Platen rotational velocity 
Carrier rotational velocity 
Conditioner rotational velocity 
Platen oscillation speed 
Conditioner oscillation speed and position 
Chemical tank flow rates 
Shear force and down force 
Pad surface temperature 

Width x Length x Height 100 x 180 x 203 cm (polisher) 
50 x 150 x 81 cm (3 chemical delivery system) 

CDA Minimum pressure = 73 PSI 
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2.2. Analytical Tools 

 
2.2.1. MATLAB 

 

MATLAB is a high-performance computer-based program used for technical computing. 

It is used for integrating computations, visualization, and programming of problems expressed in 

mathematical notation. This program can be used to input, manipulate, and plot millions of data 

points and measurements (as has been in our case here). Other uses typically include modeling, 

simulating, scientific and engineering graphics, and data analysis/exploration/visualization. 

MATLAB R 2018b® is the version of MATLAB that was used to perform all calculations and 

plot the data. 

 

2.2.2. Inductive Closed-Loop Sensor (PMC)  

 

In our polisher, an electromotor is used to turn the platen and the carrier motor. Embedded 

in this motor is a sensor that records the current being applied to the motor at 1,000 Hz. This sensor 

is an inductive closed-loop device which is used to collect PMC data in real-time. These sensors 

measure AC and DC currents and provide electrical isolation while providing fast response, low 

temperature drift, and high signal linearity over a wide range of voltages. A benefit of using closed-

loop sensors is that they are relatively immune to electrical noise, making them the desired type of 

sensor when high accuracy is needed. 
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CHAPTER 3 

GENERAL THEORY
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3.1. Tribology in CMP 

 
Tribology is the study of interacting surfaces that are in relative motion, mostly focusing 

on friction, lubrication, and wear. In CMP, the tribological system involves the surfaces of the 

wafer, the pad, and the nano-particles residing in the slurry in between them, which inevitably 

results in all 3 bodies wearing down. By governing the frictional forces and lubrication 

mechanisms, one can control the rate of material removal. 

 

3.2. Frictional Force and COF 

 
The resistance between bodies that are in contact with one another that are in relative 

motion is known as friction and can be generated from deformation, ploughing and adhesion.43 

Friction is governed by three laws: 

 

1) The frictional force is proportional to the normal load. 

2) The frictional force is independent of the apparent area of contact. 

3) The frictional force is independent of the sliding velocity. 

 

As a result of the three-body contact involving a wafer, pad, and the abrasive nano-

particles, shear force (frictional force) and downforce are created. Down force is the result of the 

down pressure being applied to the wafer. Shear force is the tangential force that applies stress on 

the surface of the wafer. As previously discussed, the Araca APD-800® polisher and tribometer is 

equipped with a force measurement system that is capable of synchronizing the force from the load 

cell so that real-time shear force and down force data can be collected. The ratio of shear force to 

the downforce is known as the coefficient of friction (COF) and this metric is often used to analyze 
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material removal rates and tribological attributes.15,16,17 COF is mathematically expressed as: 

 

 
��� �
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(3.1) 

Figure 3.1 shows transient shear force (red) and down force (green) as a function of polish 

time and Figure 3.2 shows the transient COF which was calculated using the COF equation. Down 

force is often times referred to as normal force, and the two terms are interchangeable. The curve 

in Figure 3.2 was created by dividing the shear force (red) by the normal force (green). The 

decrease in COF in the beginning of the run can also be seen by the decrease in shear force and 

normal force in Figure 3.1. 

 

Figure 3.1: Transient shear force and down force as a function of polishing time.47 

 

Figure 3.2: Transient COF based on Figure 3.1.47 



 
58

COF is a critical parameter in CMP process characterization.18 It can be used to ensure that 

stable values are achieved prior to monitor, and then product wafer, polishing. If plotted properly, 

it also helps determine the lubrication mechanism in CMP (this is described in section 3.7). COF 

is also used to estimate material removal rates during mechanically-limited processes.18,41,42 It has 

been found that oxide removal rate increases linearly with COF and that oxide removal rate can 

therefore be estimated from COF for different pad conditioning methods. This correlation is shown 

in Figure 3.3.41,42  

 

Figure 3.3: Correlation between oxide removal rate and COF under different pad conditioning 

methods.41,42 
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3.3. Material Removal Mechanism Models in CMP 

 

 
3.3.1. Preston’s Equation 

 
 One of the most famous removal rate models is the Preston’s equation, which describes 

glass polishing.  Preston’s equation was developed in 1927.48 Despite the initial purpose of 

Preston’s equation, the equation has been widely used in the CMP process to help investigate 

material removal rates.  Preston’s equation, shown in Eq. 3.2, states that CMP removal rate is 

proportional to the polishing pressure (p) and relative pad-wafer sliding velocity (U) between the 

wafer and the pad. RR is the material removal rate, k is a proportionality constant, p is the polishing 

pressure, and U is the pad-wafer sliding velocity.14 

 

 �� ∝ � � 	�		 � 	� (3.2) 

 

 However, in CMP for IC manufacturing, not all slurries obey Preston’s Law (especially 

slurries that are thermally- or chemically-activated). Figure 15 depicts the Preston region where 

the law is obeyed and the non-Preston region where the law is not followed.  

 

Figure 3.4: Preston region and non-Preston region.14 
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One major shortcoming of this model is that since it was originally developed to describe 

mechanical removal rates, it does not directly incorporate chemical and temperature effects. 

Preston’s equation accurately describes CMP processes where the removal mechanism is 

dominantly mechanical in nature. However, the complex interactions that occur during chemical 

and mechanical removal cannot be fully separated and described when lumped into a simple 

proportionality constant. For this reason, when chemical removal mechanisms become more 

dominant, the accuracy of Preston’s equation starts deviating from experimental data. 

 

3.3.2. Modifications to Preston’s Equation 

 

To increase the accuracy of the model, several modifications of Preston’s equation have 

been created based on experimental data. These models also include some sorts of proportionality 

constants that group the removal rate dependence on all other CMP process variables including 

chemical contributions. Zhao and Shi based their model on the pressure dependence on the number 

of particles that come into contact with the wafer during polishing.53 This model, shown in 

Equation 3.3, compares published experimental data of polishing fluorine-doped silicon dioxide 

as well as undoped TEOS with soft pads. 
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Another material removal rate model, suggested by Busnaina and Zhang, accounts for 

plastic deformation of the pad and particle adhesion during CMP.52 This model, shown in Equation 

3.4, is supported by their experimental data from copper CMP with alumina-based slurry. 
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 �� � � � (� � �)�/� (3.4) 

 

Tseng and Wang further proposed a mechanical model that is based on the shear and 

normal stresses occurring during CMP. This modified Preston equation is shown in Equation 3.5: 

 

 �� � � � ��/� � ��/� (3.5) 

   

In this model, velocity and pressure are not equally weighted in determining the amount of 

material that is being remove. This is shown by the removal rate being almost twice as dependent 

upon pressure as it is on relative pad-wafer velocity. This model was developed by indenting 

abrasive particles into the polished wafer to cause plastic deformation and then using the slurry 

flow to carry away the residues from the indentation. 

One of the most complete fundamental treatments of the CMP process mechanism is 

described in the model proposed by Sundararajan.54 This model incorporates the effects of 

chemistry as well as the hydrodynamics of the slurry. They use a lubrication model to indicate how 

the parameters interact with one another to determine the velocity, pressure, and the slurry film 

thickness. They further use a generalized mass transport model to predict the average polishing 

rate for copper CMP. 

Other mechanisms have also been proposed, such as the one by Hernandez55, that take into 

account the passivation of a metallic surface undergoing CMP. Surface plasticity and dislocations 

have also been taken into account by Rajan56, along with surface film formation by Kaufman30. 
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3.3.3. The Modified Langmuir-Hinshelwood Removal Rate Model 

 

A more fundamental explanation of the removal mechanism has been described in the 

modified two-step Langmuir-Hinshelwood model. Gill, Borst, and Gutmann proposed this general 

two-step mechanism and then Borucki and Philipossian modified it.124,125 This modification has 

been reported on extensively by the Philipossian Research Group. In this model, the removal 

mechanism includes both mechanical and chemical effects of polishing as well as the flash heating 

that occurs at the pad-wafer interface.56,57 The first step in this mechanism is shown in Equation 

3.6, where the chemical alteration of the surface (S) by n moles of reactant (R) to form a soft layer 

(L’). 

 

� + ��	
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	!′ 

 

(3.6) 

In metal CMP, the reactant may be hydrogen peroxide, while in silicon dioxide, the reactant 

can simply be water. This reaction usually takes place over a unit area at a rate of k1 in mol/(m2s). 

Then the reacted soft layer is removed by mechanical abrasion with a rate of k2. 
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The abraded material (L) is then assumed to be carried away by the slurry and not get 

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

depletion, then the removal rate can be shown as: 

 



 
63

�� �
#$
%

���&
'

1 +
���&

'

��

 
(3.8) 

  

Where CR is the molar concentration of reactant R. By assuming that the reactant in the 

slurry is in excess (which is quite a valid assumption as there are >1000 times more reactant 

available than is actually at work), there is no depletion, and the reaction rate equation simplifies 

by setting CR to 1. This allows CR to be absorbed into the chemical rate constant k1. 
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(3.9) 

 

Where Mw is the molar mass of the wafer material and % is the density. The dimensionless 

ratio of the chemical rate constant to the mechanical rate constant (k1/k2) can help determine the 

limiting reaction in polishing. If the ratio is greater than one, then the reaction is mechanically 

limited, whereas if the ratio is less than one, the reaction is chemically limited. The chemical rate 

constant k1 is of the Arrhenius form, 
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(3.10) 

 

Where E is the activation energy of the rate-limiting step (eV), kB is the Boltzmann’s 

constant (8.62 x 10-5 eV/K), A is the pre-exponential factor (mol/m2s), and T is the actual 

temperature of the wafer surface (K). The activation energy is collected by taking the slope of the 

plot of the natural log of the removal rate versus the inverse of the mean pad temperature. The 

mechanical rate constant, k2 defined by: 
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�� � �1 � 23 � p � U (3.11) 

 

Where cp is a proportionality constant (mol/J), 23 is the COF, p is the polishing pressure 

(Pa), and u is the sliding velocity (m/s). The actual wafer surface temperature cannot be measured. 

As such it calculated using a newly-developed flash heating model [by Borucki et al …],117 

 

0 � 01 +
5

��/� + �
23 � p � U 

(3.12) 

 

Where	01 is the mean temperature of the pad (which we can measure readily), e is an 

exponential factor that accounts for pad heat partitioning, and 5 is a grouping of parameters that 

depend on tooling (K/[Pa(m/s)0.5-e]).56 
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3.4 The Hersey Number 

Early tribological studies were performed to study friction in journal bearings for railway 

wagon applications in the first half of the 20th century. In these studies, a journal (shaft) was rotated 

under a load within a lubricated bearing. This system is depicted in Figure 3.5.  

 

Figure 3.5: Schematic of shaft-journal bearing system. 

 

The shear force that was generated from the contact of the bearing and the shaft was 

recorded. Then the coefficient of friction (COF) was attained by dividing the shear force by the 

down force (or normal force) applied by the suspended load. Hersey number, as defined in Eq. 

3.13, combines lubricant viscosity (μ), linear velocity (v), and applied pressure (P)  into a quantity 

that is used to determine lubrication mechanisms.63,64 
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It should be noted that the Hersey number is not dimensionless (it is actually in the units 

of length). When the Hersey number is plotted against the COF in a log-log plot, a Stribeck curve 

is generated for a two-body contact system. This Stribeck curve is shown in Figure 3.6.62 

 

Figure 3.6: Stribeck curve of a shaft-journal bearing system.62 

 

There are three distinct lubrication regimes that can be seen as a result of the relationship 

between Hersey number and COF. The first region (I) is the boundary lubrication regime and is 

where the two bodies (shaft and journal bearing) are in intimate contact with one another. The 

COF remains relatively constant in this regime. When the Hersey number increases, the COF takes 

a large drop over a small range of Hersey numbers. This regime is known as the partial lubrication 

regime (II). This region is characterized by the partial separation between the shaft and the journal 

bearing which occurs as a result of the increased velocity and decreased pressure. The third regime 
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(III) is known as the hydrodynamic lubrication regime and can be characterized by the complete 

separation of the shaft and the journal bearing by the lubricant. 19 

 
3.5. The Sommerfeld Number 

Sommerfeld Number, as defined in Eq 3.3, redefines the Hersey number by using slurry 

viscosity (μ), relative pad-wafer sliding velocity (v), applied wafer pressure (P), and the effective 

slurry film thickness (δ). Sommerfeld modifies the Hersey number and applies it to three-body 

systems. This number is still used to determine lubrication mechanisms by plotting COF as a 

function of Sommerfeld number (So), which results in a more meaningful Stribeck curve. 
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(3.14) 

The individual polishing parameters must be known for each given polishing system in 

order to calculate the Sommerfeld number. The working slurry viscosity can be difficult to 

calculate since slurry temperature can change significantly depending on the process parameters 

such as velocity and pressure and also because the slurry is non-Newtonian. Also, in CMP, shear 

rates between the wafer and the pad can be in the order of several million as the distance between 

the two bodies is quite small (in the order of 10 or so micrometers).  Because of this, distances that 

apply to standard rheological equipment (such as advanced viscometers) measure distances with 

magnitudes that are 3 to 4 orders of magnitude greater than the channel distances across which 

slurries perform their functions (i.e. the typical distance between the pad and wafer as noted 

above). For these reasons, the determination of slurry viscosity would be in question by the process 

engineers and the slurry manufacturers. The pad surface roughness can be determined using 
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confocal microscopy or some other technique such as white-light interferometry. For polishers 

with known pad-center to wafer-center dimensions (which is easily attainable), the pad-wafer 

sliding velocities can be calculated using geometric relations. Finally, the polishing pressure is set 

by the operator (however, in our polisher, we measure it exactly as it tends to fluctuate).59,60 Due 

to the detail analysis required to determine the pad surface roughness and the impracticality of 

measuring slurry viscosity, the Sommerfeld number can be complicated to determine. Therefore, 

it is desirable to simplify the grouping of parameters to those that are known. This is achieved by 

using the pseudo-Sommerfeld number. The Pseudo-Sommerfeld number can be depicted by 

Equation 3.15: 

 ��1A �	
>

?
 (3.15) 

This simplification is achieved by assuming that the slurry viscosity is constant over all 

polishing conditions. Furthermore, since the polishing in one experiment takes place on one type 

of pad with a certain micro-texture, the pad surface roughness can also be assumed to remain 

constant. 

 

3.6. Stribeck and Stribeck+ Curves 
 

A Stribeck curve is a log-log plot of the COF vs. the Sommerfeld number. In this curve, 

for each polish event the COF is averaged over the entire polish time. Knowing the shape of this 

curve over a wide range of Sommerfeld numbers is relevant because it gives evidence regarding 

the extent of the three-body contact between the pad, wafer, along with what may be taking place 

with the slurry nano-abrasive particles. The Stribeck curve can give further insight to lubrication 
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mechanism. However, since Stribeck curves rely on calculating COF using the average shear force 

by downforce, these curves provide zero insight on the relative standard deviation of COF which 

gives us information over the variance and possible vibrations that may be occurring during the 

process. Further, since the Sommerfeld lumps polishing pressure and sliding velocity together, it 

is difficult to determine which parameter is contributing the most significantly to the tribological 

behavior. Figure 3.3 depicts a Stribeck curve and the three boundary lubrication mechanisms. 

These issues and information gaps lead to the creation of the Stribeck+ curve. Stribeck+ 

curves proposed by Han et al. are created by not assuming the downforce to be constant throughout 

the polishing process. This is done by running a polishing process (with a single wafer) at  

 

Figure 3.7: Stribeck curve based on Sommerfeld Number.18 

 

multitudes of different polishing pressures and sliding velocities during a given polishing 

run. This instantaneous measurement of downforce and shear force results in the COF value being 
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calculated instantaneously and allows for a Stribeck curve to be plotted without having to use COF 

values calculated using averaged values. Figure 3.4 is a graphical representation of a Stribeck+ 

curve.18 

 

 

 
Figure 3.8: A typical Stribeck+ curve.18 

 
3.7. Lubrication Mechanisms in CMP 

 

Based on a generic Stribeck curve (as shown in Figure 3.3) and Ludema’s definition19, 

there are 3 major types of contact. The first major type of contact is known as “boundary 

lubrication”. It is inside this region where it is assumed that there is three-body contact between 

the pad, wafer, and slurry abrasive nano-particles. Due to the high contact levels, the COF is 

relatively higher in this regime and due to the relatively low Sommerfeld values, the Stribeck curve 
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takes on a relatively flat shape. This region is a result of relatively high sliding velocities and high 

down force. 

The second major type of contact is known as “partial lubrication” and is where the wafer 

and the pad are no longer in intimate contact with each other. This is a result of the slurry film 

layer developing and partially separating the wafer from the pad. This is represented in the Stribeck 

curve by the slope of the curve becoming largely negative and the COF dropping. It is important 

to note that since the Stribeck curve is a log-log plot, the negative slope represents a significant 

drop in COF. It is for this reason that COF is unstable in this regime and that partial lubrication is 

not preferable from a process control point-of-view. The partial lubrication mechanism ends when 

the COF reaches a minimum, which is when the pad and the wafer completely separate from one 

another by the slurry film.10  

The final major type of contact is known as “elasto-hydrodynamic lubrication” and is 

where the pad and the wafer become further separated as the slurry film is relatively thick and 

continuously grows. Due to the significantly larger slurry film thickness in this regime, very little 

contact occurs between the wafer and pad, which results in a smaller COF. It is in this region of 

the Stribeck curve where the system is at higher Sommerfeld values and a smaller removal rate is 

observed. The slope of this region can be slightly positive or negative, but is usually approximately 

zero. The sign of the slope depends on the size and concentration of the abrasive particles, the 

nature of the chemical reactions occurring on the wafer surface, and other complications due to 

film turbulence.18 
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Figure 3.9: Schematic of (a) Hydro-dynamical contact and (b) solid-solid contact in CMP.21 

 

3.8 Force Cluster Plots in CMP 
 
 Force cluster plots are scatter plots of instantaneous normal force and shear force.20 Figure 

3.5 is an example of a force cluster plot (it must be noted that such types of plots cannot be obtained 

with typical polishers used in high-volume manufacturing, but our polisher is designed specifically 

to obtain and report such data which we believe to be fundamental to CMP). When higher values 
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of normal force are applied, it can be expected for the shear force to increase accordingly. 

However, Figure 3.5 shows that there are higher shear forces at lower normal forces. This indicates 

that the wafer is experiencing wafer suction, which would increase the pressure the wafer is 

experiencing and increase the frictional forces that drive the shear force. These plots show how 

the shear force and normal force vary with respect to one another and can help predict whether 

there is wafer suction or wafer lift, where the slurry is going, if the system is starved of slurry and 

even how the wafer is wobbling. It should be noted that the information that can be drawn from 

these force cluster plots come from all the variances and nuances in the data (not averaged data 

points).  

 

Figure 3.10: Example of a force cluster plot.20 
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 At the lowest pressures, the variations in shear force occur at a significantly smaller 

magnitude since the polishing conditions fall in the mixed lubrication regime. Whereas, at the 

highest pressures, the clusters appear to have core regions where the concentration of individual 

points is the greatest. These distinct regions are surround by halo regions where the concentration 

of individual points becomes increasingly sparse as the data pairs move away from the cores. 

Borucki et al. analyzed similar force clusters in a study using polishing blanket copper wafers and 

discovered the existence of specific structures in these halo regions.117 On one side of the clusters 

that he reviewed, a low normal force was paired with a high shear force and on the opposite side, 

a high normal force was paired with a low shear force. These structures were attributed to the 

development of fluid dynamic forces in the slurry-pad-wafer interface which resulted in changes 

in pitch, altitude, and bank of a wafer being polished. These changes were represented by repetitive 

high-frequency changes in the attitude. Borucki et al. was also able to deduce that one of the factors 

that was dictating the force cluster shapes in his work was the slurry availability in the pad-wafer 

interface.117 This realization was made since shear forces were governed by solid contact pressure, 

whereas normal force was governed by contact and fluid pressures. In the boundary lubrication 

regime, the variations in shear force are affected more significantly by fluid pressure and suction 

events since the slurry-wafer-pad interface is experience more intimate contact. However, as the 

polishing regime transitions to the mixed lubrication regime, the fluid pressure and suction events 

have less of an effect on the variations in shear force since the contact in the slurry-wafer-pad 

interface is lessened by hydrostatic and buoyant forces. This analysis can be conducted by 

qualitatively examining force cluster plots. 

 Since qualitative observations are not thorough enough, a quantitative analysis of force 

cluster plots is required. During CMP, the 3-body contact between abrasive nanoparticles, wafer 



 
75

surface, and pad asperities can result in the rolling of the nano-particles, or the sticking and slipping 

of the nano-particles on the surface of the wafer.118 This sticking and slipping can generate 

mechanical forces that can be quantitatively measured through Directivity (Δ). Directivity is the 

ratio of the variance of normal force to that of shear force in a single polishing run. Several works 

have been performed to investigate this quantitative analysis.119-123 In the tribology of CMP, stick-

slip is the cyclic fluctuation of the magnitude of the frictional force and relative velocity between 

the pad and the wafer. However, in true stick-slip, the kinetic COF must be lower than the static 

COF. Kinetic COF being the COF parameter being measured and static COF being the maximum 

friction force required to initiate macroscopic motion between the pad and the wafer. Essentially, 

this occurs when a stage of actual stick is followed by a stage of slip (i.e. an overshoot).28 Since 

static COF cannot be measured, the average of all the ratios of shear and normal force data pairs 

(mean dynamic COF) are used to investigate tribological attribute of CMP processes. It should be 

noted that by using averaged values, the differences in tribological attributes are not completely 

captured and that the instantaneous changes in wafer altitude, bank, and pitch are not reflected. It 

is for this reason that measuring the ratio of the variances of the average forces (Δ) generated 

during stick-slip processes enable the quantification of the stick-slip events. This is represented by 

higher values of Δ correspond with higher frequencies of stick-slip events.116 
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CHAPTER 4 

ANALYTICAL PROCEDURES
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This study is based on twelve different data sets for constructing Stribeck+ curves that were 

experimentally obtained over the past few years by former graduate students of the Philipossian 

Research Group. The twelve different data sets have been referred to as Cases 1 through 12. The 

focus of this thesis has been the investigation of possible correlations between PMC and shear 

force (SF) as well as PMC and coefficient of friction (COF) in an effort to determine whether or 

not PMC may be a viable alternative for these two metrics. The first phase of this work focuses on 

this correlation at highly transient, non-steady-state conditions. The results of this study are 

compiled and presented in an already-published article appearing in Chapter 5. The second and 

final phase of this work addresses correlations at steady-state conditions and determines whether 

PMC can predict several instantaneous and process-critical tribological phenomena. The final 

results of this study can be found in the manuscript appearing in Chapter 6. 

Non-steady-state conditions were created for each of the twelve cases by systemically 

varying the polishing pressure and the sliding velocities of each process through a predetermined 

polish time. The polish pressure and sliding velocities can be found in tables appearing in Chapter 

5. The wafer sizes, wafer types, polishing processes, conditioning discs , slurry types, and process 

recipes can also be found in Chapter 5. For Cases 1 through 8, 300 and 200-mm tungsten wafers 

were used, while Cases 9 through 12 used 300-mm blanket wafers with interlayer dielectric (ILD) 

films on the surface. 

Our polisher (an APD-800® system co-developed and co-manufactured by Fujikoshi 

Machinery and Araca, Inc). is equipped with highly-sensitive data acquisition, amplification, and 

recording hardware for the carrier, platen, and conditioner motor currents, and is capable of 

capturing data at 2,300 Hz. All data was measured at 1,000 Hz, however, since the sampling rate 
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needed to be at least twice that of the highest frequency observed to ensure that all non-sinusoidal 

waveforms that were related to stick-slip phenomena were recorded. This follows the stipulations 

of the Nyquist limit. For all of the cases that were collected over the past few years, shear force, 

normal force, and platen motor current were collected at 1,000 Hz, but this data was never analyzed 

nor reported on for this metric by any of the former graduate students. It should be noted that our 

studies only focused on the platen motor current (PMC) since it had a higher signal-to-noise ratio 

as compared to the carrier and condition motor currents (CMC). By using MATLAB R 2018b®, 

several million or so SF and PMC data pairs (or COF and PMC data pairs) were analyzed for each 

of the 12 cases and the 72 steady-state run segments. The use of MATLAB enabled the accurate 

examination of the emerging trends and allowed for the manipulation and plotting of the raw data. 

The inherent offset caused by the 250 ms time delay between data acquisition clocks was 

accounted for during signal analysis for both phases of this investigation. It should also be noted 

that the first and last five seconds of the entire process for all 12 cases were excluded due to the 

overwhelming presence of noise. 

In the first phase of this work, the objective was to correlate PMC with both SF and COF. 

The latter metric is very important because it holds a greater mechanistic significance since it is a 

parameter that appears in most material removal rate models, or is lumped into mechanical 

proportionality constants in various models. On the other hand, we also reported SF because 

correlating SF to COF would allow for the analysis of the data based on the horizontal torque that 

that is applied to the platen as a function of SF.  The first step of this analysis was to plot all the 

data and qualitatively evaluate the relationship. To plot the data accurately, all the raw SF data had 

to be shifted by 250 ms to correct for the known time delay that is inherent to the internal SF data 

acquisition clock, as stated earlier. Then correlation plots were then made to quantitatively evaluate 
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the relationship between SF and COF with PMC. This was performed for the entire run for all 12 

cases in the non-steady-state analysis. Figures 4.1 and 4.2 show examples of the results that were 

obtained through conducting the analysis on each of the twelve data sets. After shifting all of the 

shear force and normal force data points over by 250 ms to correct the inherent offset mentioned 

earlier, the data points were plotted in a force vs. time plot as shown in the upper left plot of Figure 

4.1. The raw PMC data were plotted vs. time in the lower left plot of Figure 4.1. In both plots on 

the left, the dotted vertical lines represent the first and last five seconds of the entire process for 

all 12 cases and only the data inside these dotted lines were analyzed to make the correlation plots 

on the right of Figure 4.1. In the top right, PMC was plotted against shear force and in the bottom 

right of Figure 4.1, PMC was plotted against COF. MATLAB was then used to determine the 

linear correlation between the metrics and the results are shown in the upper left corner of both 

correlation plots. R is the correlation coefficient, which represents the linear dependence of these 

two variables, whereas R2 is the coefficient of determination, which is the proportion of the 

variance in the dependent variable that is predictable from the independent variable.
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Figure 4.1: Case 2 - Shear Force and Normal Force vs. Time (top left), Shifted PMC vs. Time (bottom 

left), Correlation Plot of Shifted PMC Data vs. Shear Force Data (top right), Correlation Plot of Shifted 

PMC Data vs. COF Data (bottom right). 
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Figure 4.2: The Stribeck+ curves for Case 2. 

 
 Figures for all twelve data sets (similar to those shown above) indicated that for processes 

at highly non-steady-state conditions, there was a strong correlation between SF and PMC. 

However, the correlation between COF and PMC was quite mediocre. The underlying results will 

be discussed further in Chapters 5 and 6. 

 The second phase of this study focused on investigating the correlation between PMC with 

SF and COF at steady-state conditions. In order to analyze the data at steady-state conditions, the 

transition regions between steady-state-steps were removed from the analysis. Figure 4.3 shows 
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an example of the initial results that were obtained through conducting the analyses on each of the 

twelve data sets. 

 

 

Figure 4.3: Case 2 – SF ad NF vs. Time (top left), Shifted PMC vs. Time (bottom left); Correlation Plot of 

Shifted PMC Data vs. SF Data (top right); Correlation Plot of Shifted PMC Data vs. COF Data (bottom 

right); Data from CMP Step 3 of Table I. 

 
  

 After shifting all of the shear force and normal force data points over by 250 ms to correct 

for the inherent offset mentioned earlier, the data points for all 72 steady-state-steps were plotted 

in a force vs. time plots as shown in the upper left plot of Figure 4.3. The raw PMC data for all 72 

steady-state-steps were plotted vs. time in the lower left plot of Figure 4.3. In both plots on the 
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left, the dotted lines represent the first and last five seconds of the entire process for all 12 cases 

and only the data inside these dotted lines were analyzed to make the correlation plots on the right 

of Figure 4.3. On the top right, PMC was plotted against shear force for each of the 72 steady-

state-steps and in the bottom right of Figure 4.3, PMC was plotted against COF for each of the 72 

steady-state-steps. MATLAB was then used to determine the linear correlation between the metrics 

and the results (R and R2) are shown in the upper left corner of both correlation plots. 

 To remove the transient regions, approximately 2 seconds of the beginning and the end of 

each step were excluded from the data analyses. In total, 72 unique steady-state steps were 

analyzed (i.e. 5 different steady-state polishing conditions for Cases 1 through 8, and 9 different 

conditions for Cases 9 through 12). The polishing parameters were presented in the tables found 

in Chapter 6. The wafer sizes, wafer types, polishing processes, conditioning discs, slurry types, 

and process recipes can also be found in Chapter 6. For Cases 1 through 8, 200 and 300-mm 

tungsten wafers were used, while Cases 9 through 12 used 300-mm blanket wafers with interlayer 

dielectric (ILD) films on their surface.  Each of the twelve cases are represented as Cases 1 through 

12, and the specific steady-state step is labeled as the number in the order in which it occurred (i.e. 

1 through 12).  

 To further investigate the correlation of the data at steady-state conditions and the 

sensitivity of PMC on smaller timescales (1 sec), a wavelet analysis was conducted. This analysis 

was conducted at 1 second intervals for 3 separate cases (Cases 2, 6, and 12) as they were 

representative of all the other cases. Figure 4.4 shows the shifted SF (top), COF (middle), and 

PMC (bottom) data vs. time from the third steady-state step in Case 2. Figure 4.4 shows an example 

of the results of the data at one second intervals. 
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. 

Figure 4.4: Case 2 – SF vs. Time (top); COF vs. Time (middle); and shifted PMC vs. Time (bottom) 

 

 
 One second polishing intervals from 3 arbitrary cases were selected out of 12 to be 

qualitatively compared and contrasted to the experimental outputs in order to determine whether 

raw PMC waveforms generated during such short time periods were sensitive enough to capture 

stick-slip phenomena. It should be noted that since the velocity and pressure are held constant in 

these steady-state regions, any fluctuations in SF, PMC, and COF are a result of certain tribological 

phenomena.  
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Figure 4.5: Percent match trend analysis procedures. 

 
 Furthermore, to determine the extent of the SF and COF directional matching with PMC, 

a percent matching analysis was conducted. The procedures for this analysis are shown in Figure 

4.5 First, the raw SF and PMC data was plotted and then SF data was shifted by 250 ms to account 

for the inherent time delay. Then, all the SF and PMC data-pairs were normalized as a function of 

polish time by dividing every point by the maximum value in each respective data set in order to 

plot the data on the same plot/axis. This was also done for all the COF and PMC data-pairs. Then 

300-point moving average waveforms were constructed for SF, COF, and PMC and the derivative 

at each point in time was taken with respect to the subsequent point occurring 0.001 seconds later. 

A second 300 point moving average was applied once again in order to construct a continuous 

curve on the plot. This generated curves that were compared to one another by using an in-house 

“trend-matching” algorithm. This algorithm determined if, for any given time, SF and PMC were 

both positive, both negative, or both zero. If the signs were the same, the program would register 

a 100% match, whereas if the signs differed, it would register no match for that 0.001 sec time 

increment. By applying this algorithm to everyone one of approximately 750,000 SF and PMC 

data pairs (and also to the COF and PMC data pairs), the directional “percent match” statistics for 



 
86

the trends were observed in all 76 cases. Figure 4.6 depicts an example of the results of this “trend-

matching” analysis. The top plot is the derivative of shear force and PMC plotted with respect to 

time and the bottom plot is the derivative of COF and PMC plotted with respect to time. The 

percent match values are given below each steady-state-step. 

 

Figure 4.6: Case 2 – Derivative of SF (Blue) and PMC (Red) vs. Time and the “percent match” (top); 

Derivative of COF (Blue) and PMC (Red) vs. Time and the “percent match” (bottom). 

 

 After running both phases and obtaining all of the qualitative and quantitative results, it 

was possible to determine whether or not PMC was a viable alternative and reliable indicator for 
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SF and COF in IC manufacturing. The summary of all percent matches for all 72 steady-state steps, 

the results, and more in-depth discussions are given in Chapters 5 and 6, and the conclusions are 

further discussed in Chapter 7. 
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CHAPTER 5 

CORRELATING COEFFICIENT OF FRICTION AND SHEAR 

FORCE TO PLATEN MOTOR CURRENT IN TUNGSTEN AND 

INTERLAYER DIELECTRIC CHEMICAL MECHANICAL 

PLANARIZATION AT HIGHLY NON-STEADY-STATE 

CONDITIONS 
 

(Reproduced by permission of ECS – The Electrochemical Society) 
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CHAPTER 6 

CORRELATING COEFFICIENT OF FRICTION AND SHEAR 

FORCE TO PLATEN MOTOR CURRENT IN TUNGSTEN AND 

INTERLAYER DIELECTRIC CHEMICAL MECHANICAL 

PLANARIZATION AT STEADY-STATE CONDITIONS 

 
(Reproduced by permission of ECS – The Electrochemical Society) 
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CHAPTER 7 

CONCLUSIONS AND FUTURE PLANS
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In summary, correlations between shear force and PMC, as well as between COF and PMC 

were investigated at highly non-steady state as well as steady-state conditions for tungsten and 

ILD CMP processes. Adopting PMC data as an alternative for shear force and COF has widespread 

implications for IC manufacturers, most notably the ability to monitor the pad-slurry-wafer 

interface without needing to install expensive friction plates (which can be large and not always 

be suitable for certain polishers), force sensors, multiplexers, and single amplifiers.  

In our non-steady state tests, such conditions were achieved by rapidly changing the sliding 

velocities and pressures within a given polishing run for each case. For the 12 cases studied, it was 

found that PMC closely mimicked shear force as evidenced by high correlation coefficients. It was 

also shown that COF didn’t mimic PMC as closely as that of shear force. This was believed to be 

due to the process being in the boundary lubrication mode. This would result in the COF values 

not changing at the same magnitude as the shear force values, which would result in the COF not 

changing at the same magnitude with respect to the PMC.  This indicated that PMC could be a 

viable alternative for shear force under non-steady state conditions.  

Furthermore, the correlation between shear force and PMC, as well as the correlation 

between COF and PMC was investigated at steady-state conditions for tungsten and ILD CMP 

processes. The steady-state processes were recorded at various velocities and pressures with 

varying pad types and pad designs, slurries, and conditioning discs to increase the reliability of our 

results.  The relationships being studied were intuitive in that increasing the load (down force) 

would increase the shear force, which in turn would require the motor current to increase 

respectively in order to maintain a constant rotational platen velocity. For the 12 cases studied, it 

was found that the real-time PMC data did not closely correlate to the instantaneous shear force 

on small timescales (approximately 1 second), as supported by low average values of correlation 
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coefficient for all 76 steps for both SF vs. PMC as well as COF vs. PMC. However, through data 

averaging and the use of an in-house directional data matching analysis tool (written by me), it 

was shown that there was a loose trend between SF and PMC, as well as between COF and PMC.   

Even with a loose trend, it became important to note that the significance of the structures 

evident in SF and COF wavelets in the SF and COF figures was lost in the PMC signal at both 

small and large time-scales. The results indicated that the correlation between SF and COF with 

PMC was not strong enough to support PMC as a viable alternative for monitoring the pad-slurry-

wafer interface for either metric, due to the lack of any meaningful tribological information.  It 

was believed that the fundamental information regarding stick-slip phenomena would be lost if 

one were to adopt PMC alone over SF and COF. This would surely hinder IC manufacturers and 

process engineers from understanding the theories behind tribological effects in CMP, and acting 

upon them. 

Moving forward, two possible alternatives for SF and COF are currently being investigated 

by me as well as other members of the Philipossian Research Group. The alternative methods 

include high-speed videography and thermal analysis. The high-speed videography method 

includes aiming a powerful high-speed (250 to500 Hz) camera at an industrial polisher that is well-

illuminated using anti-flickering LED light sources, and comparing the horizontal vibrational 

frequency of the carrier head to that of the shear force as captured by the force sensor. Here, data 

from the high-speed camera system is coupled with an algorithm to record and magnify the motion 

in order to analyze the vibrations of a given polisher’s various parts. In our specific tests, the high-

speed camera would record high-resolution images at 400 frames per second.50,51,60 The two major 

applications needed to make this method work include: 
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• A Eulerian Video Magnification (EVM) software for magnifying the motion of the 

carrier head (developed by MIT).49 

• A Vibration Frequency Analyzer (VFA) software for converting the vibrational 

information from the video recording into frequency domain in order to quantify the 

vibrational characteristics of the system (developed at Tufts University.50 

The significant of this method (if we can prove that it is viable indeed) is that it will enable 

other researchers to: 

• Investigate the modes and locations of key descriptive vibrations (i.e. wafer carrier 

head, pad, and platen). 

• Compare spectral analysis generated from the high-speed imaging system to those 

obtained from the more traditional transducer-based systems. 

• Perform comprehensive screening tests that can shift the vibrational frequencies for 

purposes of verification. 

• Detect slurry or pad abnormalities via a non-intrusive diagnostic system. 

By generating the SF spectrum collected in real-time while the videographic data is being 

generated, and by comparing the two, early results have shown that there may be merit in using 

high-speed videography in the place of SF and COF analysis.60 Although much more research is 

needed in this area before we can reach any substantial conclusions. 

The thermal analysis alternative method involves aiming a single-point pad surface IR-

based temperature detector at the pad and measuring changes in temperature with time, as the shear 

force and COF values change. Figure 7.1 depicts the results of our initial thermal analysis. The 
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plot on the top left shows shear force and normal force vs. time. The plot in the bottom left shows 

temperature vs. time. And the plot on the right shows the correlation of the temperature data vs. 

shear force data. As polishing progresses, the forces change and the temperature of the pad changes 

respectively. However, my initial analyses has shown that the correlation between SF and 

temperature is very poor, and that temperature is a slow and lagging indicator, where a real-time 

indicator is needed. This is shown by the poor correlation coefficient value given in the correlation 

plot between temperature and shear force on the right side of Figure 7.1. Further studies regarding 

the use of a smaller and much thinner platen could result in a stronger correlation due to the 

significant decreases in thermal mass. 

Due to the poor correlation shown temperature and shear force, we have continued to 

investigate the relationship between the change in platen temperature and shear force by studying 

the change in temperature with respect to time which, due to the derivative nature, ought to be a 

much more sensitive indicator. Results from this are shown in Figure 7.2. The plot on the top of 

this figure shows the shear force and normal force vs. time, whereas the plot on the bottom shows 

the derivative of temperature with respect to time. To create this curve, the temperature data was 

first normalized. The derivative operation was performed on the normalized temperature data. 

Finally, a moving average of 1,000 points was applied to the derivative of temperature in order to 

reduce the abundance of noise in the data. This figure shows that, at non-steady state conditions, 

dT/dt changes significantly as a result of changes in polishing conditions. This can be seen by the 

apparent spikes in the curve that occur close to the same time as the system transitions to the next 

steady-state-step. On the other hand, at steady-state, hardly any discernable changes can be seen 

with respect to dT/dt. Clearly, further studies need to be conducted to advance our understanding 

of using temperature derivatives as a real-time indicator for shear force or COF. 
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Figure 7.1: Case 12 - Shear Force and Normal Force vs. Time (top left), Temperature vs. Time (bottom 

left), Correlation Plot of Temperature Data vs. Shear Force Data (right). 
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Figure 7.2: Case 12 - Shear Force and Normal Force vs. Time (top), Derivative of Temperature 

vs. Time (bottom). 
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