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ABSTRACT

The present dissertation includes several studies that describe the effects of novel groove
designs on the tribological, thermal and kinetic characteristics of ILD and copper CMP. A novel
IPL-FMC 200-mm polisher, in which friction force could be obtained in two directions, was
introduced and compared to lab-scale (IPL 100-mm) polisher during ILD CMP. Results showed
that scaling the ILD process from 100 to 200 mm caused a transition from a mechanically-limited
regime, in which it was still possible to detect thermal effects, to a higher degree of mechanical
limitation where it was no longer possible to detect thermal effects.
Other studies in this dissertation were related to the evaluation and modeling of novel
groove designs for copper CMP optimization. Novel groove designs were divided into two
groups: (1) Logarithmic-Spiral and (2) Concentric Slanted. These novel groove designs were
evaluated under several operating conditions, such as wafer load, sliding velocity and slurry flow
rate. This work resulted in the identification of one novel groove design from each group, which
resulted in high Copper RR. The observed RR behavior was attributed to two possible scenarios.
Firstly, it was believed that these novel groove designs produced a more effective control of the
transport of slurry into, and the discharge of spent slurry and debris out of, the pad-wafer
interface. Secondly, the variations in slurry film thickness at the pad-wafer interface generated by
the different groove designs evaluated, appeared to affect the degree of contact between the pad
and the wafer; hence the mechanical (pad asperities-wafer contact) and chemical (rise in
temperature) contributions of the system. A novel 3-Step copper removal model was applied to
copper CMP. The model predicted remarkably well the removal rate behavior during copper
polishing for different pad groove designs. The model allowed us to perform an analysis of the
effect of groove designs on the chemical and mechanical contribution of the system.
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CHAPTER 1 – INTRODUCTION

1.1. CMP Introduction
This dissertation investigates several issues related to the process known as Chemical and
Mechanical Planarization (CMP) used in the semiconductor industry during the manufacture of
integrated circuits (IC). Essentially ICs (also known as chips) consist of a larger number of
individual components (transistors, resistors, capacitors, etc), fabricated side by side and wired
together to perform a particular circuit function. Figure 1.1.1 shows a general representation of a
modern IC. The figure shows a thin cross-section of the chip (left) and the details at the transistor
level (right). The flow of electrons from the source to the drain of the transistor, is continuously
turned on and off by applying a voltage to the gate. The applied voltage closes or opens the
circuit which corresponds to digital 0 or 1 states. As observed in Figure 1.1.1, modern chips are
more complex requiring several layers of conducting plugs and interconnects, where the
conductors at higher layers can connect different transistors at different locations on the wafer
surface. Due to this higher level of integration the semiconductor industry has been able to
develop progressively more complex, higher-performance and economical integrated systems.
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Figure 1.1.1: General IC representation (after Philipossian, 2003).

Figure 1.1.2 shows an actual SEM image of an IC cross-section. In this figure two of the
transistors in the bottom are connected to copper lines in the 6th metal layer and therefore
connected to other transistors in the wafer. With multiple layers stacked above some of these
transistors, the planarity of each layer becomes critical for the correct performance of the chip.
This issue has resulted in the development of a planarization process (CMP), where planar
surfaces can be obtained without compromising the integrity of the surface (i.e. surface defects).
CMP has played an enabling role in attaining near-perfect planarity of interconnection and metal
layers, essential in the IC manufacturing.
The multilevel interconnections observed in Figures 1.1.1-2 result in planar surfaces. This
allows the copper lines at a given layer, to have uniform thickness and insulation around them.
Due to its effects on the planarity of the next layer to be electroplated or deposited on top, the
planarity of each layer becomes critical. Figure 1.1.3 represents the inherent behavior of these
deposition methods, which result in conformal surfaces (i.e. non-planar). This figure represents
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one of the layers in Figures 1.1.1-2 and exemplifies the non-uniformity of the deposition process
of a metal layer. During CMP the copper layer in Figure 1.1.3 will be planarized resulting in a
surface similar to those observed in Figures 1.1.1-2.

Figure 1.1.2: Cross-section of an IC (Source: Intel Corporation).
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Figure 1.1.3: Non-planar surface resulting after copper deposition.

During CMP global (mm scale) and local (µm scale) planarity is achieved through a
combination of mechanical and chemical interactions. A general representation of the CMP
process is shown in Figure 1.1.4, where a rotating wafer is pressed against a rotating polishing
pad. The pad and the wafer rotate in the same direction with or without similar sliding velocities.
Slurry containing abrasive particles (typically silica, alumina or ceria particles 25 to 300 nm in
diameter) is supplied to the pad. Grooves in the pad facilitate a uniform distribution of the slurry.
In the surface of the wafer a passivation layer is created due to chemical effects of the slurry.
Film removal occurs due to the mechanical abrasion of the passive film, as in interlayer dielectric
(ILD) CMP; or by a combination of mechanical abrasion and film dissolution, as in copper CMP.
A conditioning process, consisting usually of a diamond disc roughening the surface of the pad, is
added to the system to regenerate pad asperities.
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Figure 1.1.4: General representation of the CMP process for a rotary polisher.

It is important to understand how IC processing technologies drive the CMP process.
Figure 1.1.5 illustrates the increasing complexity of integrated circuits in the past 50 years. The
technological improvements in the last half century have resulted in the doubling of the number
of transistors on a chip roughly every two years, a prediction that Gordon Moore of Intel
Corporation made in 1970 known as ‘Moore’s Law’. Essentially Moore’s Law states that all of
the components shown in Figure 1.1.1 must continuously get smaller, while the number of
conducting layers increases. This decreasing component size is known as technology node width,
and it is usually defined as the smallest lateral feature size that is printed on the wafer surface
during the fabrication process. Nowadays, the 65 nm and just recently 45 nm technology nodes
ICs are being manufactured. The increasing chip demand has forced the IC manufacturers to
move to 300 mm in diameter wafers in order to produce more chips per wafer and satisfy the
required demand. However, with the increase in wafer size, and the decrease in component size

29
new challenges appear for the different processes and tools used in the IC fabrication. This has
led to the development of alternative methods in order to satisfy current and future technology
node standards.

Figure 1.1.5: Growth of the number of components per IC in the past 50 years
(after Chang, et al., 1996).
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1.2. Modern CMP Challenges
The performance of the polishing process is usually evaluated on parameters such as
removal rate, local and global planarity, dishing, erosion and defects. The major issues regarding
CMP in modern IC manufacturing are presented below.

1.2.1. Local and Global Planarity
Figure 1.1.6 shows a side-view representation and a top-view microscope image of the
possible different pattern densities observed on an IC. During polishing, the areas with lowdensity features will be planarized faster than the areas with high-density features. This results
from the higher local pressure experienced in the low-density features, were the pad contacts
smaller local areas during polishing (pressure is inversely proportional to area). In order to
quantify the local variations in pressure and removal rate the step height parameter is used.
Step height refers to the difference in height of the low and high regions for a given
feature (see Figure 1.1.7). As polish time elapses, the magnitude of the step height, ho ,
approaches zero achieving nearly perfect local planarity. If the pattern density of a given die was
consistent, achieving local planarity with CMP would be enough. However, as it can be seen in
Figure 1.1.6 this is not the case. Low, medium and high patterns density regions coexist on a nonplanar wafer surface. As a result, during CMP the differences in polishing rates of these regions
are evaluated by another parameter known as global planarity. An effective CMP process
achieves local planarization while minimizing global non-planarity without excessive over-polish.
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Figure 1.1.6: Side and top view images of various levels of pattern density
on the surface of the wafer.

Figure 1.1.7: Step height and local planarity (Source: D. Boning).
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1.2.2. Dishing and Erosion
Dishing and erosion are two of the most critical event that could be present during CMP
and lead to the ultimate failure of the IC. These issues can occur as the process approaches the
clearing and over polish stages. Figure 1.1.8 illustrates the difference between dishing and
erosion. Dishing is defined as the loss of material in the conducting line, in this case represented
by a copper line. Erosion is more dependent on the pattern layout and is defined as the recession
of both the supporting material (SiO2) and inlaid conducting material (copper). In reality a layer
of tantalum nitride is often used as a barrier between copper and inter-layer dielectric (ILD) to
prevent copper diffusion. If erosion occurs during polishing the barrier layer will be completely
removed and the ILD material could be lost. The type of chemistry (slurry) used in the
planarization process plays a key role during dishing and erosion. For instance, the tendency for
ILD erosion is a strong function of pH, the dissolution rate of SiO2 increases with higher pH. The
corrosion of the copper lines (dishing) can occur at low pH if the corrosion inhibitor level in the
slurry is insufficient; or at near-neutral to high pH if the complexing agents present in the slurry
are extremely aggressive.
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Figure 1.1.8: Difference between dishing and erosion.

1.2.3. Other Common CMP Defects
Besides dishing and erosion, other common defects can appear during CMP contributing
to a possible malfunction of the IC. Figure 1.1.9 illustrates the most common examples of defects
that can arise in this process. Typically the defects shown are related to mechanical issues, which
can include foreign objects in the system, large abrasive slurry particles, defective pad, etc.
Defect prevention during polishing has called for novel solutions, such as novel groove designs
that can eject or prevent the introduction of defect-causing particles into the pad-wafer interface
(investigated in this dissertation). Another attempt to eliminate some of these defects is the
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reduction in the applied wafer pressures, which can also reduced the removal rates if a good
balance between lubricity and mechanical contact is not achieve, also investigated in this study.

Surface
Particle

Embedded
Particle

Ripout

Residual
Slurry

Microscratch

Dishing

Figure 1.1.9: Typical CMP defects.

1.2.4. Cost of Ownership and EHS Issues
As established by the semiconductor industry, semiconductor manufacturing is based on
the principle of environmental benignancy and cost control. However there are two major
drawbacks that CMP has brought forth, namely high operational cost (COO) and environmental
issues (EHS).
COO is defined as the cost of implementing a given process including costs for
equipment, materials, operation, maintenance, etc. CMP has been shown to have one of the
highest COOs of all the process in a fab (Brown, et al., 2002). Figure 1.1.10 presents the
approximated COO breakdown for a typical CMP module. As it can be seen slurry and pads are
the two major consumables in CMP, accounting for more than 50% of the COO. Previous studies
have shown that the slurry utilization efficiency during CMP falls in the range of 2 to 25% for
various types of pads (Mitchell, 2002). Furthermore, visual investigation has confirmed that most
of the slurry is discharged to the waste stream, by the centrifugal forces of the system, before
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even entering the pad-wafer interface (Rosales-Yeomans d, et al., 2007; Lib, et al., 2006; Cornely,
2003 and Coppetac, 1999). This not only increases COO, but also increases the potential
environmental impact generated by the CMP process. Consequently, increasing the slurry usage
effectiveness and pad life should significantly decrease COO. This dissertation presents studies
addressing these critical issues, particularly the reduction of slurry consumption through ‘smart’
pad groove designs.

Equipment,
16%
Pad, 22%
Labor, 8%

Other, 9%

Slurry, 45%

Figure 1.1.10: Approximated COO breakdown for a typical CMP module.

The challenges associated with COO in CMP are closely related to EHS issues. Due to
the complex mixture of contaminants, CMP wastewater represents a serious concern as related to
effluent treatment. The waste contains a mixture of organic and inorganic substances, slurry
abrasive particles, complexing agents, corrosion inhibitors, surfactants, oxidizers, buffers, etc. In
addition to these pollutants, during copper CMP heavy metals are also added to the waste stream.
All of this result in a wastewater stream containing an elevated concentration of solids and
contaminants. Increasing the slurry usage efficiency, which will lead to a reduction of the total
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amount of slurry used during polishing, will not only reduce operational costs, but also address
these environmental issues.
Another important concern in CMP is the high demand of water the process requires. It
has been estimated that the CMP process accounts for as much as 30 to 40% of the entire water
consumption in an IC fab (Hollingsworth, et al., 2005). Recycling, re-use, conservation practices
and ‘green’ design must be implemented in current and future CMP process in order to reduce the
burden of the process on the environment.

1.3. CMP Equipment and Consumables
As previously mentioned, during CMP a rotating wafer is pressed against a polyurethane
pad where slurry is injected to aid in the material removal. Figure 1.1.11 presents a detail
schematic of the CMP process for a conventional rotary tool. The polishing pad provides a rough
surface full of asperities in order to increase mechanical abrasion. The slurry supplies abrasive
particles and an appropriate chemical environmental for a well-controlled removal mechanism.
When the pad asperities capture a slurry abrasive particle, or make direct contact with the surface
of the wafer, material is removed by mechanical means. In order to maintain the pad surface
integrity during the polishing process a diamond disc or conditioner rotates and oscillates against
the pad to regenerate asperities on the pad surface. In this section the consumables shown in
Figure 1.1.11 will be discussed: pads, conditioners, and slurries.
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Figure 1.1.11: Detailed representation of a CMP process for standard rotary tools.

1.3.1. Pads
Polishing pads have a critical effect on achieving controlled material removal and
uniformity. Pad features affecting polishing performance can be divided into micro- and macrotextures. Micro-texture accounts for material of construction, hardness, specific gravity,
compressibility, porosity, tensile stress and surface roughness. Macro-texture refers to machined
or molded grooves on the pad (Cook b, et al., 1996, Li, 2005 and Muldowney c, et al., 2004). The
main functions of a polishing pad are:
•

Provide a rough contact area for the removal of material through mechanical
means form the wafer surface.

•

The transport of chemicals in the slurry to the surface of the wafer.

•

Carry away residual slurry, process by-products and debris from the padwafer interface.

Furthermore, the pad micro-texture should be ‘hard’ enough to achieve local and global
uniformity, as well as fairly inert in order to withstand the chemically active slurry. Also, the
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properties of the micro-texture must be able to resist temperature changes, such that the overall
polishing performance remains constant.
Pads used in semiconductor manufacturing can be divided into three major types (Li, et
al., 2000): Type I, felts and polymer impregnated felts; Type II microporous synthetic; and Type
III, filled polymer sheets. Type I and II pads (such as Rohm and Hass Suba® and Politex® Series)
are softer pads, which have lower specific gravity, higher slurry loading capacity and greater
compressibility due to the characteristics of the porous fiber structure of polyurethane integrated
felts. These pads are typically used for tungsten applications, final buffering processes for ILD
and shallow trench isolation (STI), and as sub-pads for hard pads. Type III pads (such as Rohm
and Hass IC-1000® Series, Freudenberg FX-9® Series and Cabot EPIC® Series) are hard pads,
which are used to polish ILD, tungsten and copper. These pads have lower slurry loading capacity
and compressibility, due to their closed cell microstructure. Figure 1.1.12 shows a scanning
electron microscope (SEM) image of common Type I, II and III pads.

(a)

(b)

(c)

Figure 1.1.12: Scanning electron microscope images of common Type I (a), II (b) and III (c) pads
(courtesy of Rohm and Haas).
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Figure 1.1.13: SEM cross-section of IC1000®/Suba IV stacked pad (courtesy of Rohm and Haas).

In general, harder pads are expected to provide better local planarity since these types of
pads do not easy conform to wafer topography. Softer pads on the other hand, can provide
uniform material removal across the entire wafer, namely better global planarity. Therefore, it is
common to use a combination of these two types of micro-textures to reach a balance between the
two extremes. Figure 1.1.13 shows SEM image of a cross section of a stacked pad, where Type I
and III (soft and hard) layers are combined.
In addition to pad micro-texture, groove design (i.e. macro-texture) is another significant
consideration in selecting polishing pads. Grooves provide channels for efficient and uniform
slurry distribution across the pad surface and pad-wafer interface, as well as providing uniform
pressure distribution during CMP. Uniform slurry distribution becomes critical in achieving
center-to-edge polishing uniformity, especially on 300 mm wafers. Also, grooves aid in the
removal of polish debris, heat and spent slurry from the pad-wafer interface. Finally grooves in
CMP pads affect the lubricity of the system and prevent wafer hydroplaning, which decreases
material removal. Commercially available pads typically have concentric circular or spiral
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grooves, square grids (XY pads), perforation or a combination of these (see Figure 1.1.14). At the
end, the type of groove design selected for a given CMP application will depend on the pad
micro-texture, substrate to be polish, polishing conditions and polisher type to be used.

Flat

Perforated

X-Y
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Grooves

Logarithmic
Spiral

Leminscate

Figure 1.1.14: Top view of various polishing pad groove types used in CMP.

This dissertation presents an extensive analysis of a variety of novel groove designs that
can be implemented in ILD and copper CMP to optimize slurry transport on the pad, reduce
slurry consumption and COO, as well as achieve a more environmentally benign process. In
Chapter 4 and 6 these novel grooves are applied to Type III pads, specifically Rohm and Hass IC1000® Series, and evaluated during ILD and copper polishing under different process conditions.
The characteristic physical properties of Rohm and Hass IC-1000® pads can be located in Table
1.1.1.
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Table 1.1.1: Characteristic physical properties of IC-1000® polyurethane-based polishing pad
(Oliver, 2004).
Property
Density

(g/cm3)

Value
0.748 ± 0.051

Hardness (Shore D)

52.2 ± 2.5

Shear Strength (MPa)

51.2 ± 4.1

Proportional Limit (MPa)

9.1 ± 1.3

Tensile Strength (MPa)

21.6 ± 2.8

Elongation to Break (%)

175.0 ± 20.0

Storage Modulus (MPa)

310.0 ± 40.0

Loss Modulus (MPa)

28.0 ± 4.5

Tan Delta

0.090 ± 0.005

1.3.2. Pad Conditioners
Pad conditioning is critical in creating an asperity-rich surface for optimum polishing.
The mechanical contact between the wafer and the pad during CMP continuously wears the pad
surface and flattens the asperities. Also, the pores in the pad surface may be clogged with pad
material, spent slurry, abrasive particles and polishing by-products. This phenomenon is better
known as pad glazing. In the event of pad flattening or glazing removal rates, as well as local and
global uniformity are severely affected. Figure 1.1.15a shows a typical polyurethane pad surface
before polishing and Figure 1.1.15b shows the same polyurethane pad after polishing several
wafers without pad conditioning. The mechanical action of the diamond conditioner regenerates
asperities and re-opens the pores on the pad surface, improving pad-wafer contact and slurry
transport.
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Figure 1.1.15: SEM images of a polyurethane pad surface before polishing (a) and after polishing
without conditioning (b) (after Charns, 2003).

Pad conditioning can be done in-situ (during polishing) or ex-situ (between polishes)
depending on the pad type and substrate to be polish. The conditioning settings, such as rotational
speeds, disc pressure and sweeping rates may also vary depending on the CMP application.
Although aggressive enough conditioning can result in higher RR, the impact on the extent of pad
wear is significant and can increase COO. For this reason, conditioner aggressiveness and
conditioning settings are selected in order to optimize pad life and polishing performance.
The three major levels of design consideration for pad conditioners are: grit size,
diamond deposition structure and deposition pattern. The grit size typically ranges from coarse
(16 ~ 24 grit), medium (36 ~ 60 grit), fine (80 ~ 120 grit) and superfine (150 ~ 325 grit). The
higher the grit size number, the smaller the average size of the abrasive, resulting in finer abrasive
diamonds. The coarser grits produce an aggressive pad surface regeneration at faster rates, while
the finer grits cause pad surface regeneration at lower rates but with a better surface finish. Figure
1.1.16 shows the variation of pad surface topography when conditioning with various grit sizes.
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Figure 1.1.16: Effect of conditioning with various diamond grit sizes on pad texture
(after Charns, 2003).

44

(a)

(b)

(c)

(d)

Figure 1.1.17: Available diamond deposition structures for pad conditioners: Electroplated (a),
Sintered grid (b), Brazed grid (c) and Random grid (d) (Source: Rohm and Haas Electronics).

Figure 1.1.17 refers to the second level of design consideration where different deposition
structures are shown. Based on the deposition structure (such as electroplated, sintered grid,
brazed grid and random grid) the wear rate of the pad and the regeneration of asperities will vary.
Finally, in Figure 1.1.18 one of the most common patterns used in conditioner disc fabrication is
illustrated. This is a simple mesh pattern, which is a basic blanketing of diamonds along the entire
area of the conditioner disc. Other types of pattern include spiral diamond layouts and
honeycombed layouts. Different patterns can affect the slurry transport, as well as the contact area
at the pad-conditioner interface.
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Figure 1.1.18: Common pattern used in conditioner disc fabrication (Source: ABT).

1.3.3. CMP Slurries
In general CMP slurries are multi-phase and multi-component systems containing two
major constituents; abrasive particles (with specific size and shape) dispersed in a liquid medium
or solution (usually water-based). Typically, the composition of the slurry will depend on the
substrate to be polished. In this dissertation two commercial slurries were used, Fujimi PL-4217
for ILD and Fujimi PL-7102 for copper CMP.
The most common abrasive particle used in CMP slurry formulations are silica, alumina
and ceria. The slurries used in this dissertation contain silica abrasives, which can be either fumed
or colloidal silica. These silica particles are fabricated by two different methods resulting in
particles with different characteristics. Fumed silica is fabricated using a combustion reaction of
silicon chloride in a hydrogen and oxygen rich environment. Colloidal silica on the other hand, is
manufactured by reacting sodium silicate in acidic or alkaline aqueous solutions. Figure 1.1.19
shows the structural differences between fumed and colloidal silica particles. Fumed silica
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particles tend to aggregate and form small chains of particles as seen in Figure 1.1.19a. Colloidal
silica in the other hand, tend to remain dispersed thorough the solution (see Figure 1.1.19b).
Therefore, colloidal silica particles are smaller in terms of their average diameter (10 to 20 nm)
than fumed silica particles (90 to 200 nm). Although removal rates increase with increasing
particle size, larger particle can contribute to critical wafer defects. This issue has forced the
semiconductor industry to search for possible solutions through the design of novel slurries for
future planarization technologies.

(a)

(b)

Figure 1.1.19: TEM images of fumed silica (a) and colloidal silica (b) particles
(Source: Degussa Corporation).

To better understand the role that slurry plays in removing material during ILD and
copper CMP, Figure 1.1.20 depicts a general removal mechanism the macro- and micro-scale
components at the pad-wafer interface. Figure 1.1.20a shows the relative scale of the groove and
land areas of the pad. One can see that the pad asperities on the pad land areas near the substrate
are the ones responsible for the material removal. This figure also points out the importance of
pad asperity regeneration by the conditioning process. In addition, Figure 1.1.20a shows the

47
importance of grooves, for providing channels for the introduction of fresh slurry into the padwafer interface and the discharge of large defect-causing particles and polish debris away from
the wafer surface. Figure 1.1.20b represents the dashed oval in Figure 1.1.20a and depicts the
interactions between pad asperities, slurry abrasive particles and wafer during polishing.
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Figure 1.1.20: (a) Macro-scale and (b) micro-scale representation of the pad-wafer interface
(after Philipossian, 2003).
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Even though there is a different chemical mechanism present during ILD and copper
CMP, a passivation layer is formed during both processes. This film is relatively thin and is easier
to abrade mechanically. The formation of this passivation layer is a complicated process and has
been the origin of many studies trying to better understand how this process occurs for different
substrates. In Figure 1.1.20b some asperities are touching the passivation layer while others are
not. This will generate a slurry film thickness between the passivated film and the pad. Two
possible mechanical removal mechanisms can be observed in Figure 1.1.20b. The first method
consists of material removal due to the direct contact of the pad asperities and the surface of the
wafer. Furthermore, abrasive particles can be captured by the pad asperities and mechanically
abrade the passivated film. Larger particles have a higher probability to be captured by the pad
asperities which will increase removal, but also the probability of surface defects. This is why the
average particle size of silica abrasives falls within the range of 10 to 200 nm. It is believed that
these smaller particles are captured by the pad asperities at some point; rub against a portion of
the passivated film and subsequently release into the bulk solution.
Even though the general removal mechanism previously presented applies to both ILD
and copper CMP, the chemical mechanisms involved in the formation of the passivation layer for
each substrate are significantly different. A schematic of the proposed removal mechanism for
SiO2 during CMP is presented in Figure 1.1.21 (Chang, et al., 1996). When the polishing is
performed in an aqueous environment, the oxide surface will have a termination arrangement as
seen in Figure 1.1.21a. The water molecules will continuously diffuse into the oxide, weakening
its structure in a hydrolyzing process. It has been shown that the water diffusion depth in SiO2 is
on the order of 170 Å, resulting in a relatively thick passivation layer (Cook a, 1990). As this
process continues it is suspected that the silica particles in the slurry will eventually form
hydrogen bonds with the surface of the wafer, as seen in Figure 1.1.21b. The release of a water
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molecule will change each hydrogen bond into a Si-O-Si bond between the slurry particle and the
wafer surface (see Figure 1.1.21c). Finally, mechanical removal of Si atoms at the pad-wafer
interface occurs when the slurry particles are abraded away as seen in Figure 1.1.21d.

Figure 1.1.21: Schematic of a purposed removal mechanism for silicon dioxide during CMP
(after Chang, et al., 1996).
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The slurries used during copper CMP present a different removal mechanism than in the
case of ILD. For instance, slurry particles do not contribute chemically to the removal during
copper polishing. The main role of the abrasives in copper CMP is to facilitate mechanical
removal. In addition, the passivation layer formed during copper polishing is thinner (~ 100 Å)
than the one formed during ILD CMP. In order to convert copper metal (Cu0) into an oxidized
from of copper (Cu1+ or Cu2+), the copper CMP process is dependent on the addition of an
oxidizer to the slurry. Hydrogen peroxide is commonly used as the oxidizer in commercial
formulations. Other additives in copper CMP slurries include complexing agents, buffers,
surfactants and corrosion inhibitors. Complexing agents are used to enhance removal and to
reduce defectivity by dissolving copper oxide that has been mechanically abraded. Surfactants are
used to prevent aggregation of the slurry particles. Corrosion inhibitors are used to prevent copper
dissolution in the low- laying areas of pattern wafers, especially when dealing with copper CMP
slurries that function at low pH values as Figure 1.1.22 illustrates. A detailed description of the
removal mechanisms present during copper polishing can be found in Section 3.2.2.2., where a
novel 3-Step copper RR model is presented.
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Figure 1.1.22: Copper CMP process at low pH without the addition of corrosion inhibitors.

1.4. Motivations and Goals
The most important motivation of this investigation is the search for possible solutions to
the challenges presented in Section 1.2. These possible solutions arose after the development of
an industrial-scale experimental polisher (IPL-FMC 200-mm system). This novel CMP tool was
used to evaluate novel pad groove designs that can positively impact COO and EHS issues of ILD
and copper CMP. In addition, theoretical evaluation of these novel groove designs provide further
knowledge of the mechanisms involved in CMP, which can be used for potential process
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optimization. Finally novel analytical techniques, such as friction force spectral analysis and Dual
Emission UV Enhanced Flourecesne (DEUVEF) are implemented to the study of the CMP
process. This investigation is composed of several studies, which appear as chapters or sections.
The motivation and brief description of each study are presented below.

• Effect of Novel Pad Groove Designs on the Frictional and Removal Rate
Characteristics of ILD CMP (Section 4.1): Minimizing environmental impacts and COO
without affecting material removal, surface uniformity and defect generation is critical to
ensuring a stable and high-performance CMP process. This can be achieved through the
design and evaluation of novel pads, where logarithmic and spiral grooves can effectively
optimize the interactions at the pad-slurry-wafer region during ILD polishing. A parallel
motivation in this study is to determine whether the previously obtained linear correlation
between average coefficient of friction (COF) and ILD removal rate continue to be valid
for the new groove designs adopted in this study.

• Spectral Fingerprinting of ILD Chemical Mechanical Planarization Processes (Section
4.2): In this study a new analytical method (spectral analysis) to study real-time friction
data is presented. The main advantage of this novel method is the potential elimination of
having to perform a multitude of experiments in order to construct and interpret Stribeck
curves, which determine the lubrication mechanism for a given process.
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• Implications of Wafer-size Scale-up on the Frictional, Thermal and Kinetic Attributes
of ILD CMP (Section 5.1): Even though lab-scale experimental tools have been helpful
in understanding the CMP process in previous studies, experimental tools that are
designed closer to an industrial scale polisher can provide knowledge that is more
directly relevant to current CMP practice. In addition, performing experiments on a
scaled-up system can help validate theories previously developed on smaller-scale tools
to describe the mechanisms involved in CMP. In this study we are able to compare the
information that can be extracted from a smaller polishing tool with that from a larger
polishing tool, providing an insight into factors affecting the CMP process during tool
scale-up.

• Evaluation and Modeling of Novel Pad Groove Designs during Copper (Sections 6.1
and 6.2): Future technology nodes will demand an optimized CMP process that achieves
global planarization across the wafer, works on multi-material surfaces, and makes
possible a high definition damascene process and copper metallization; while reducing
consumables (pad, slurry, disc conditioner) consumption. In these studies novel pad
groove designs are tested during copper CMP in order to evaluate the potential positive
impacts on COO and EHS. A parallel motivation in these studies is the application of a
previously developed 3-Step model to analyze the experimental results. This model
allows us to analyze the effect of groove designs on the chemical and mechanical
contribution of the system.
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• Evaluation of Novel Groove Designs under Reduced Slurry Flow Rate Conditions
during Copper CMP (Section 6.3): One of the principal motivations of this investigation
is to verify if ‘smart’ groove designs can yield acceptable RR, while reducing slurry
consumption. As previously mentioned a significant reduction in the consumption of
slurry can not only cut down operational costs, but also transform CMP into a more
environmentally benign process. Based on the results shown in Sections 6.1 and 6.2 the
two ‘best’ novel groove designs, in terms of copper removal, were selected to be
evaluated and compared to a popular industrial groove design under reduced slurry flow
rate conditions during copper polishing.

• Effect of Concentric Slanted Groove Patterns on Slurry Flow during Copper CMP
(Chapter 7): The motivation in this study is to understand the effects of groove design
and process parameters (applied wafer pressure, sliding velocity and flow rate) on the
flow of slurry at the pad land area-wafer interface. This chapter also introduces
alternative methodologies and metrologies that can be implemented to identify optimum
pad groove designs which could reduce wafer defects, as well as pad and slurry
consumption without compromising removal rates.
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CHAPTER 2 – EXPERIMENTAL APPARATUS

Several methods and tools were employed during the studies presented in this
dissertation. These can be divided into two categories: CMP tools and analytical instrumentation.
The two CMP systems used are described in Section 2.1. These systems are: the Innovative
Planarization Laboratory (IPL) 100-mm Scaled CMP tool and the IPL-Fujikoshi Machinery
Corporation (FMC) 200-mm CMP tool.
Section 2.1.1 presents an overview of the IPL 100-mm polisher, including scaling
parameters and methods of use. Since a significant portion of the results presented in this
dissertation concern the IPL-FMC 200-mm system, Section 2.1.2 presents a detailed description
of this apparatus, including schematics, scaling parameters and methods of use.
Section 2.1.3 presents the procedures used in both systems (100 and 200-mm) for
calibrating the applied wafer pressures, friction table, conditioner disc rotations and oscillations,
pad-wafer sliding velocities and slurry delivery system.
The analytical instrumentation utilized in the subsequent chapters was the Sentech Film
Thickness Probe (FTP), the Ohaus Precision Balance, the Agema® Thermovision 550 IR Camera
and the Dual Emission UV Enhanced Fluorescence System. The general theoretical principles
and techniques associated with these tools are explored in Section 2.2.
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2.1. CMP Tools

2.1.1. IPL 100-mm Scaled Polisher

2.1.1.1. Polisher Overview
The IPL 100-mm polishing tool used in this research is a 1:2 scaled version of a
SpeedFam-IPEC 472 rotary tool. This tool was originally designed at Tufts University
(Sorooshian c, 2005). Later, this design was modified and improved by researchers at the
University of Arizona. The experiments conducted in this work were performed on the modified
design shown in Figure 2.1.1. The scaled polishing tool uses a Struers Rotopol-35 tabletop
polishing platform with a 12-inch diameter platen.
In the IPL 100-mm tool, a drill press is used as the wafer carrier controlling system
providing wafer rotation and down force during polishing. A sliding traverse designed with a
weighted carriage is positioned on top of the drill press allowing the application of variable
pressures on the wafer. Adjusting the carriage weight and the location of the carriage on the
traverse provides variable down forces passed onto the gimbaled wafer carrier (the carrier did not
have capabilities for independent control of wafer and ring pressures). It should be noted that the
traverse is positioned such that the pivot point is located directly above the drill press supporting
column. This allows the transfer of force without creating a moment about the drill press.
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Figure 2.1.1: The scaled IPL 100-mm CMP system.

The friction force generated between the pad and the wafer during polishing is measured
by a sliding table positioned beneath the polisher as Figure 2.1.2 demonstrates. The bottom plate
of the sliding table is bolted to a 180 kg isolation table to prevent any movement of this plate. The
top plate is constrained to move only in a single axis (x-direction) of direction relative to the
bottom plate via two rods positioned between the plates. As the wafer and pad engage during
polishing, the top plate will have the tendency to slide with respect to the bottom plate due to the
friction generated between the pad and wafer. However, this tendency to slide is prevented by a
load cell which is coupled to these two plates. The load cell sends a voltage output to a data
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acquisition board which correlates the voltage reading to a friction force value. This is done
through a calibration relating voltage output to friction force.

Figure 2.1.2: Schematics of the scaled IPL 100-mm CMP system
mounted on a sliding friction table.

For a given run, average coefficient of friction ( COF ), shown in Eq. 2.1.1, is defined as
the ratio of the shear force (as determined experimentally from the calibrated voltage output of
the strain gauge) and the normal force applied to the wafer.

COF =

Fshear
Fnormal

(2.1.1)

The normal force is the product of the applied wafer pressure and the wafer surface area.
All the equipment and systems are connected to a computer and fully automated using National
Instruments LabVIEW® integration software.
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2.1.1.2. Polisher Scaling
In order to mimic industrial polishing conditions to compare the research results obtained
in the IPL 100-mm tool with those from an industrial polisher, scaling factors such as wafer
pressure, platen and wafer speed, the ratio of platen diameter to wafer diameter, and slurry flow
rate must be taken into consideration. Table 2.1.1 shows the IPL 100-mm polisher scaling
parameters and the respective scaling factors used for each.

Table 2.1.1: IPL 100-mm polisher scaling parameters.

Parameter

Scaling Factor

Speedfam-IPEC®

IPL 100-mm
Polisher

Down Pressure

1

27.6 kPa

27.6 kPa

Platen Speed

Reynolds
Number

Sliding pad-wafer velocity
0.5 m/s
(30 RPM)

Sliding padwafer velocity
0.5 m/s
(55 RPM)

Wafer diameter / Platen
diameter

Dwafer / Dplaten

0.20 m / 0.61 m
(0.327)

0.10 m / 0.30 m
(0.333)

Slurry flow rate

Platen surface
area

0.292 m2
(220 cc/min)

0.0706 m2
(80 cc/min)

In CMP tools the applied wafer pressure settings already account for different wafer
contact areas (i.e. differences in wafer diameter), so the scaling factor used for the applied wafer
pressure is unity. This means that an applied wafer pressure setting on an industrial scale tool is
equal to that of the IPL 100-mm polisher.
The scaling factor used to appropriately scale the platen and wafer rotation rates between
the two systems is Reynolds number,
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Re =

L ⋅ V ⋅ρ
µ

(2.1.2)

where L is the characteristic length, V is the sliding velocity and

ρ
is the slurry kinematic
µ

viscosity. The slurry kinematic viscosity and the fluid film thickness between the pad and the
wafer are assumed to be similar in the two systems. When the pad and wafer rotate in the same
direction and at the same rate, the sliding velocity can be described using Eq. 2.1.3:

V=

(Rotation Rate) ⋅ 2 ⋅ π rad ⋅ R
rev

sec
60
min

(2.1.3)

In the above equation, the sliding velocity, V , is represented in meters per second. The
radius, R , represents the axis-to-axis distance between the wafer and platen centers. The rotation
rate for the wafer and platen is determined in rotations per minute (RPM).
The ratio of platen to wafer diameter is taken from the industrial tool and used to
determine the wafer diameter for the IPL 100-mm polisher. Finally, the slurry flow rate is
normalized by the ratio of the flow rate to the platen surface area.
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2.1.1.3. Table Top Polisher
The tabletop polisher is a Struers Rotopol® 35 rotary polisher with variable rotation
speeds in the range of 40 to 600 RPM. This is accomplished by controlling the motor via a
frequency converter. The tabletop polisher allows for platen speed control by using an external
computer, due to a voltage input option in the frequency converter. The controlled speed can be
set within ± 1 RPM of the desired value. The rotation speed of the polisher is calibrated via a
tachometer.

2.1.1.4. Wafer Carrier and Polishing Head Mechanism
As seen in Figure 2.1.1, a modified industrial drill press is used to rotate and apply down
pressure on the wafer. A weighted carrier mounted on the traverse allows for control of the
pressure applied to the gimbaled wafer carrier. The jaws of the drill chuck hold the post of the
wafer carrier tightly in such way that the carrier is placed at a given height upon pad contact. This
ensures that the traverse is parallel to the platen and that a precise wafer pressure is applied based
on traverse calibrations.
The wafer carrier shown in Figure 2.1.3 is constructed by connecting the brass post with
a flat aluminum plate using a one pivot point gimbal system. The diameter of the flat plate is 114
mm with a porous backing film template attached onto the plate. The carrier template contains a
retaining ring that excludes 6.35 mm of the total aluminum plate diameter, thus allowing 100 mm
diameter wafers to fit within the template. The carrier film and retaining ring assembly, made by
PR Hoffman®, is a buffed porous mounting material backed by a non-absorbent, noncompressible fabric. This material, when wet, produces the necessary adhesion to securely hold
the wafer in place. The depth of the pocket is less than the thickness of the wafer so that only the
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protruding surface of the wafer interacts with the pad, while the retaining ring makes little or no
contact with the pad.

Figure 2.1.3: Wafer carrier with retaining ring used in the IPL 100-mm CMP system.

A DC controller integrated into the drill press controls the chuck rotation speed, hence,
the wafer sliding velocity. Variable wafer rotation speeds of approximately 0 to 150 RPM can be
attained. The dial setting of the controller can be calibrated via a tachometer.

2.1.1.5. Pad Conditioning System
Pad diamond conditioning is performed via a removable assembly mounted on the 100mm polisher that allows in-situ and ex-situ conditioning (see Figure 2.1.4). The conditioning
system uses a 100-grit, 50 mm in diameter diamond disc made by TBW®. In order to minimize
the conditioner edge effects on the pad, the diamond disc is fitted into a gimbaled PPS
(polyphenylene sulfide) carrier. This assembly is then loaded onto the conditioner system, where
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various down pressures can be obtained by merely changing the spring with different length or
different spring constant. Determination of the disc down force is achieved by a Tekscan®
pressure mapping sensor positioned beneath the conditioner under the static condition. Two
stepper motors allow the conditioning disc to rotate and sweep independently across the pad to
prevent glazing.

Figure 2.1.4: Schematic of the pad conditioning system used in the IPL 100-mm
and FMC-IPL 200-mm CMP tools.
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2.1.1.6. Slurry Delivery System
A Masterflex peristaltic pump is used to deliver the slurry from a beaker onto the center
of the pad surface through a Tygon® corrosion resistant tubing. This type of pump is chosen to
prevent the pump from clogging and corrosion by the slurry. Before polishing, the pre-set flow
rate control of the pump needs be verified based on the tubing size. Then the relationship between
the rotation rate of the pump drive shaft and flow rate is acquired and input into the LabVIEW®
program. The pump is controlled by the computer and is connected directly to it through an RS232 cable which enables communication to the computer without amplification.

2.1.2. IPL-Fujikoshi Machinery Corporation 200-mm Polisher System

2.1.2.1. Polisher Overview
The IPL-FMC 200-mm novel apparatus (see Figure 2.1.5) is designed with the main
purpose of performing process R&D on a platform that is closer to the industrial scale. The main
body of the apparatus consists of a Fujikoshi Machinery Corporation (FMC) polisher with
variable platen speed (0 to 200 RPM). The wafer carrier (manufactured by EBARA®
Technologies) is adapted to a DC motor to provide variable head rotation (0 to 180 RPM) and
also adapted to a pneumatic system to provide down force control during polishing (6.9 to 41.4
kPa). The equipment includes a slurry injection system consisting of a peristaltic pump and a locline modular hose to hold the plastic tubing. The loc-line modular hose allows the accurate
placement of the slurry delivery location. A conditioning system, consisting of a diamond disc, is
mounted on the apparatus for in-situ or ex-situ use.
In order to measure the shear force between the pad and the wafer during polishing, a
sliding table consisting of three parallel plates is placed beneath the polisher (see Figure 2.1.6).
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The parallel plates allow the IPL-FMC 200-mm polisher to measure the components of the
friction force in x and y-directions, which are defined by the mechanical constraints of the pairs
of plates (see Figure 2.1.7). During measurement of the friction force, as the wafer and pad are
engaged, the top plate of each pair will tend to slide with respect to the bottom plate in one
direction only. By coupling the two plates to a force transducer with an accuracy of 0.03 percent,
the tendency for sliding can be quantified. The force transducer resists the sliding movement of
the top plate, generating a voltage reading that is sent to a strain gauge amplifier and then to a
data acquisition board. The apparatus is calibrated to report the friction force associated with a
particular voltage reading.
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Figure 2.1.5: The IPL-FMC 200-mm CMP system.
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y-direction

x-direction

Figure 2.1.6: The IPL-FMC 200-mm CMP system mounted on the two dimensional sliding
friction table.
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Figure 2.1.7: Illustration of the location of the wafer center relative to the pad center and the shear
forces (Fx and Fy) measured on the IPL-FMC 200-mm CMP system.
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Equation 2.1.1, previously presented, is used again to calculate COF and subsequently
to explain the lubrication mechanism during polishing. However, for this system the friction force
measured is the resultant shear force calculated from the separately measured x and ycomponents. Equation 2.1.4 shows the calculation of the shear force for the IPL-FMC 200-mm
system.

Fshear = Fx2 + Fy2

(2.1.4)

In the above equation, Fshear represents the resultant shear force, Fx represents the shear
force measured during polishing in the x-direction, and Fy the one measured in the y-direction.
In the IPL-FMC 200-mm polisher the conditioner and slurry delivery systems are
automated by a computer using National Instruments LabVIEW® integration software. This
computer is also used to collect the shear force measurement and to calibrate the friction table,
pneumatic system, conditioner rotations and oscillations, and slurry delivery system. The rest of
the equipment and systems (pad and wafer rotation and applied pressure) are manually setup
before each polish.

2.1.2.2. Polisher Scaling
After construction and evaluation of the first IPL 100-mm scaled polisher at the
University of Arizona, studies were performed in order to establish a theoretical approach to
better understand ILD and copper CMP. Several theories regarding the chemical and mechanical
mechanism during polishing were established by the IPL research group (Charns 2003, Li a 2005,
Mitchell 2002, Olsen 2002, Rosales-Yeomans a et. al., 2005, Sorooshian c 2005). In addition, the
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IPL 100-mm CMP tool was very successful in providing a platform for the first IPL-FMC 200mm experimental polishing tool. The scale-up system allowed for different CMP consumables
(pad, slurry, conditioner disc) to be characterized in terms of their tribological thermal and kinetic
attributes, providing knowledge more relevant to current CMP practice. Furthermore, this system
could help validate theories previously developed on smaller-scale tools to describe the
mechanisms involved in CMP.
The scaling factors used for the IPL-FMC 200-mm polisher were exactly the same as
those used for the IPL 100-mm tool described in Section 2.1.1.2. Table 2.1.2 shows the scaling
parameters and scaling factors used for the IPL-FMC 200-mm tool. The table shows the values
for the IPL 100-mm system for comparison.

Table 2.1.2: Scaling parameters and factors used in the construction of the IPL 100-mm
and IPL-FMC 200-mm CMP systems.

Parameter

Scaling Factor

200-mm
Tribometer

100-mm
Tribometer

Down Pressure

1

27.6 kPa

27.6 kPa

Platen Speed

Reynolds
Number

Sliding padwafer velocity
0.93 m/s
(75 RPM)

Sliding pad-wafer
velocity
0.93 m/s
(120 RPM)

Wafer diameter /
Platen diameter

Dwafer / Dplaten

0.20 m / 0.50 m
(0.40)

0.10 m / 0.30 m
(0.33)

Conditioner disc
diameter /
Platen diameter

Dcond. disc / Dplaten

0.10 m / 0.50 m
(0.20)

0.05 m / 0.30 m
(0.16)

Slurry flow rate

Platen surface
area

0.1963 m2
(220 cc/min)

0.0706 m2
(80 cc/min)
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2.1.2.3. Table Top Polisher
The main body of the system consists of a table top (see Figure 2.1.5) manufactured by
Fujikoshi Machinery Corporation in Japan and sent to IPL at the University of Arizona to be
incorporated into the 200-mm polishing system. The machine is 800 (width) x 800 (high) x 800
(deep) mm and weights approximately 800 kg. The table top has variable platen speed in the
range of 0 to 200 RPM. This is accomplished by a 2.2 kW reduction helical gear motor
manufactured by Tsubaki Co. The platen is 500 mm in diameter and made of ductile cast iron
(FCD-450) with a flatness precision of 5 µm. The platen temperature can be controlled by a
cooling system incorporated to the table top; in this dissertation variable platen temperatures are
not investigated. Figures 2.1.8-10 present side, top and front views of the FMC table top polisher.
The term ‘table’ is used interchangeably with the term platen in Figures 2.1.8 -10.
The table top polisher is not controlled by a computer interface, as was the case of the
scaled IPL 100-mm polisher. Instead, the platen rotation is controlled through a control panel
shown in Figure 2.1.10. The set panel allows for a digital display of the platen rotating speed.
Since the controller ensures proper rotation speed, no platen rotation speed calibration is
necessary. However, the rotation speed was verified via tachometer daily. The table top was
incorporated into the 200-mm system as received from FMC and no further changes were needed.
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Figure 2.1.8: Side view of the FMC table top polisher.

Figure 2.1.9: Top view of the FMC table top polisher.
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Figure 2.1.10: Front view of the FMC table top polisher.

2.1.2.4. Wafer Carrier and Polishing Head Mechanism
Similar to the IPL 100-mm polisher, in this system a modified drill press was used to
rotate the wafer during polishing. However, in the IPL-FMC 200-mm polishing system
pneumatics is used to apply the pressure on the wafer. Detailed description and calibration
procedures of the pneumatics system will be provided in Section 2.1.3. The drill press chuck used
in the IPL 100-mm system was replaced by a polishing head assembly manufactured by EBARA®
Technologies. A steel frame was built around the FMC table top in order to attach all the
necessary mechanisms (drill press, pneumatics for wafer pressure, conditioning system etc.) of
the polishing system.
The EBARA® head assembly consists of three parts: the shaft with a gimbal system, the
ceramic head (wafer carrier) and the retaining ring. The entire piece containing the shaft and
gimbal system is made of stainless steal (see Figure 2.1.11). The gimbal system on the EBARA®
head assembly is made up of three pivot points mounted on axes at right angles. The pivot points
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consist of three stainless steel screws and three springs of equal length and spring constant (see
Figure 2.1.11). The screws also secure the ceramic head to the shaft. This design allows the wafer
mounted on it to remain in a horizontal plane regardless of the motion of its support, decreasing
the WIWNU. The diameter of the ceramic head is 230 mm with a porous backing film template
attached onto the head. The backing material used in this system is also made by PR Hoffman®
with the same properties as the one described for the IPL 100-mm system. A plastic retaining
ring, excluding 15 mm of the total ceramic head diameter, allows 200 mm diameter wafers to fit
within the template. The retaining ring is also used to create a wafer pocket between the backing
film and the retaining ring. The depth of the pocket is less than the thickness of the wafer
allowing only the surface of the wafer to interact with the pad.
Once again a DC controller integrated into the drill press is used to control the head
assembly rotation speed, hence the wafer sliding velocity. The DC controller is also attached to
the steel frame around the FMC table top. The possible wafer rotation speeds fall within the range
of 0 to 150 RPM. The dial setting of the controller is periodically calibrated via a tachometer.

®

EBARA ceramic head
with plastic retaining ring
and wafer backing
template
Shaft with
gimbal system
Bearing

Screws used to attach
the head to the shaft
and gimbal system

Figure 2.1.11: The EBARA® head assembly used in the IPL-FMC 200-mm CMP tool.
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After construction and testing at different experimental conditions (wafer pressures
sliding velocities), severe vibrations were observed during polishing in the IPL-FMC 200-mm
system. It was concluded that the origin of this problem was the movement of the modified drill
during polishing. Even though the modified drill press was secured to the steel frame in the yaxis, the x-axis was loose. In order to eliminate the vibrations during polishing, an aluminum arm
was used to completely secure the modified drill press in the x-axis as well. Figure 2.1.12 shows a
schematic diagram of the system after the addition of the aluminum security arm.

Steel frame around the polisher

Aluminum security arm
Drill press
shaft

Motor

Steel frame around the polisher

Figure 2.1.12: Top view diagram of the attachment of the modified drill press to the steel frame
around the IPL-FMC 200-mm CMP tool.

2.1.2.5. Pad Conditioning System
In this system pad diamond conditioning is also performed via a removable assembly
mounted on the 200-mm polisher that allows in-situ and ex-situ conditioning (see Figure 2.1.4).
The conditioning system uses a 100-grit, 100 mm in diameter diamond disc made by TBW®. In
this case in order to minimize edge effects on the pad, the diamond disc is fitted into an aluminum
carrier that allows the disc, but not the carrier, to contact the pad. Down pressure is applied by
stacking weights on the carrier as shown in Figure 2.1.13. The figure shows that multiple weights
can be stacked on the carrier to provide the desired pressure. In addition to the weights, the
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weight of the carrier must be considered in order to set up a specific down pressure during pad
conditioning. Two stepper motors allowed the conditioning disc to rotate and sweep
independently across the pad to prevent glazing.

Weights
Weight
Carrier

Conditioner
Disc

Figure 2.1.13: Weight carrier for the pad conditioning system used
in the IPL-FMC 200-mm CMP tool.

2.1.2.6. Slurry Delivery System
The slurry delivery system consists of a peristaltic pump and a loc-line modular hose to
hold the plastic tubing. The loc-line modular hose allows the accurate placement of the slurry
delivery location. A Masterflex peristaltic pump is used to deliver the slurry from a container onto
the center of the pad surface through a Tygon® corrosion resistant tubing. This type of pump was
chosen since an open pump would be susceptible to clogging and corrosion from the slurry.
Similar to the slurry delivery system in the IPL 100-mm tool, before polishing the pre-set flow
rate control of the pump was verified based on tubing size. Then the relationship between the

77
rotation rate of the pump drive shaft and flow rate was acquired and input into the LabVIEW®
program. The pump was controlled by the computer via an RS-232 cable which enabled
communication to the computer without amplification.

2.1.2.7. IPL-FMC 200-mm Polisher System Operating Procedure
This section details IPL-FMC 200-mm tool operation for performing CMP on 200-mm
copper wafers or discs, although it can be applied to other substrates. These procedures refer to
information presented in figures and tables from the previous sections.
1. Prior to experimentation, an overall inspection of the tool should be performed. If
wear or malfunction of any part of the system is apparent, the parts should be
replaced.
2. The pad to be used should be cut to the appropriate diameter for the IPL-FMC 200mm tool platen and placed on the platen.
3. The pad conditioning system must be mounted on the table-top polisher and secured
with four screws (one in each corner). The carrier must contain the conditioner disc
to be used during polishing.
4. Required weights must be added to the conditioner carrier to establish a desired
conditioner disc pressure.
5. The two stepper motors in the conditioning system must be connected to computer
control box. Two connections are needed, one for the rotation and one for the
oscillation of the conditioner disc.
6. At this point the computer control box can be turned on. The operator must also log
on into the computer in order to be able to operate the LabVIEW® software.
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7. The FMC table top polisher platen must be turn on by first releasing the security
‘STOP’ (red knob) and pressing the ‘ON’ button. This will not make the platen
rotate. To rotate the platen one must press the ‘RUN’ button on the front panel and
adjust the white knob to the desired RPM. The digital display will show the rotation
speed in RPM. Once the desired RPM is established the ‘STOP’ button can be
pressed. The velocity established will remain the same until the next time ‘RUN’
button is pressed.
8. Before experimentation, a new pad should be broke-in by conditioning with UPW for
30 minutes. In the case of this dissertation, only one dead-weight was added to the
carrier resulting in a conditioner pressure of 0.5 PSI (3.4 kPa).
9. The line connecting the compressor to the pneumatics system of the IPL-FMC 200mm polisher must be pressurized by opening the respective valve in front of the
compressor.
10. The DC volts meter box (gray box) to control the pressure in the line must be turned
on. The pressure in the line can be adjusted by the black knob in the DC volts meter.
Increasing the volts in the DC volts meter will increase the pressure in the line
(indicated in the pressure gauge on top of the DC volts meter).
11. The stop mechanism for the head assembly located at the back of the drill press must
then be released. The security nut must be rolled all the way to the top of the rod and
taken out. This will release the wafer carrier and allow pressure to be applied onto the
pad. The head can be moved up and down by the black handle (to move the head up
move the handle down and to move the head down move the handle up).
12. The desired applied pressure can be set by adjusting the pressure in the line via the
DC volts meter. This must be done before substrate polishing.
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13. The wafer carrier template must be wetted with UPW and the wafer or disc (side to
be polish facing down) must be adhered to the template. It is important to visually
inspect that the wafer or disc is located within the retaining ring to prevent the wafer
or disc from slipping out of the carrier during polishing.
14. The laser digital tachometer is then used to establish the desired rotational velocity
(RPM) of the EBARA® head. The DC speed control box is turn on to control the
velocity of the head. The rotational velocity can be adjusted by the black knob. The
maximum reachable velocity is 180 RPM.
15. To polish a wafer, the ‘RUN’ button on the FMC table top front panel is pressed and
the speed controller of the wafer carrier is turned on.
16. Using the LabVIEW® software in the computer, the desired slurry flow rate, as well
as the conditioner disc rotations and oscillations are set.
17. The wafer carrier is brought down smoothly. As soon as the pad and the wafer are in
contact the black handle is pressed all the way to the top the desired pressure in the
pressure gauge is observed. Once the pad and the wafer are in contact, the handle is
pressed all the way to the top in order to quickly reach the desired pressure. At this
time the stopwatch can be started to record the polishing time.
18. The platen and wafer carrier rotation control switches are turned off after the desired
polishing time, (i.e. 60, 80, 120 seconds), even though the wafer or disc continued to
rotate a few seconds after the polishing time was completed.
19. The slurry delivery and pad conditioning systems were stopped.
20. The wafer or disc from the carrier was taken out and washed with UPW. Using a
squirt plastic bottle the template on the EBARA® head was washed with UPW before
the next wafer or disc could be mounted.
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21. For additional polishes Steps 13 to 19 were repeated.
22. At the end of all experiments several parts of the system were cleaned. The template
in the wafer carrier was cleaned with UPW. The conditioner stepper motors cables
were disconnected and the conditioner was dismounted off the table top. The
conditioner diamond disk was washed with UPW and gently cleaned with a
toothbrush. The pad was dismounted from the template and rinsed with UPW (if
necessary, the pad was left to dry for post CMP pad analysis). All slurry that splashed
on the FMC table top was cleaned. The head was secured with the nut on the back of
the drill press. The main air valve next to the compressor was closed and the
suction/blowing valve was opened to purge the air from the line. All valves were
closed and the control box was turned off.

2.1.3. Calibration Procedures

2.1.3.1. Friction Table
In order to measure the shear force on the wafer during polishing, a load cell is secured
between the sliding plates of the friction tables for both systems (IPL 100-mm and IPL-FMC 200mm) as shown in Figures 2.1.2 and 2.1.6. During polishing, the shear force generated between the
pad and the wafer will be sensed by the load cell and a signal in the form of voltage output will be
transferred to the LabVIEW® interface software. The sensitivity and the limit of the load cell are
important factors to ensure measurement accuracy. According to the recommendation of the
manufacturer, the applied shear force should not exceed 150 percent of the rated capacity of the
load cell.
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A pulley system is required during the calibration of the friction table. In the IPL 100-mm
system the pulley is attached to the end of the rigid table during calibration. In the case of the
IPL-FMC 200-mm polisher the pulley system is already incorporated into the steel frame
surrounding the polisher. The pulley system has to be along the direction of the shear force
caused by the pad-wafer contact. In the IPL-FMC 200-mm polisher, two pulley systems are
installed in order to calibrate the x and y directions (see Figure 2.1.14). A screw at the end of the
top plate of the friction table holds a sturdy wire that runs through the pulley and hangs over the
edge of the table. This configuration allows for the weights to apply a compression force onto the
measure tip of the load cell. Figure 2.1.15 shows the schematic of the calibration apparatus for
both the 100 and 200-mm systems.

Figure 2.1.14: Top-view schematic of the two-dimensional friction table calibration (x-direction
(left) and y-direction (right)) in the IPL-FMC 200-mm CMP tool.
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Load Cell
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Figure 2.1.15: Schematic of the friction table calibration apparatus used in the IPL 100-mm and
IPL-FMC 200-mm CMP systems.

In both polishing systems, during calibration an initial measurement is taken without any
weight on the pulley system in order to set the voltage output to zero. The zero point
measurement should yield a zero volt reading. Different weights are then added to the pulley
system and the corresponding voltage outputs are recorded. Calibration curves are constructed to
establish a correlation between applied weight and voltage output as seen in Figures 2.1.16-17.
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Figure 2.1.16: Friction table calibration curve for the IPL 100-mm CMP system.
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The values of the slope and y-intercept are input into the control interface created in the
LabVIEW® program. Therefore, based on this relationship, the magnitude of the friction caused
by the contact of the pad and the wafer will be acquired by the load cell in terms of voltage. This
voltage is converted into the real-time shear force in pound units, from which real-time COF is
computed.
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Figure 2.1.17: Friction table calibration curves for the IPL-FMC 200-mm CMP systems in the xdirection (left) and y-direction (right).

It should be noted that other factors can affect the accuracy and repeatability of the
measurement of the load cell. A major issue during calibration is the static state of the polishing
system (i.e. where no movements and rotations are involved). However during polishing, the padwafer contact, the rotation and sweep of the conditioner disc, the slurry delivery and the variation
of rotation rates, will inevitably affect the voltage output of the load cell. It was convened that the
solution to this issue was to take a baseline measurement, in which case every component (platen,
conditioning arm and slurry) are in motion without pad-wafer contact. Later on, the baseline
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reading was subtracted from the shear force measurements of the wafer polished, so that the shear
force only induced by the pad-wafer contact was used for calculating COF . This approach was
followed for all experiments performed in this dissertation.

2.1.3.2. Force Transducer
Prior to calibrating the wafer pressure systems in the 100 and 200-mm polishers, the
force transducer must be first calibrated to construct a relationship between voltage output and
down force. A schematic of the calibration apparatus can be seen in Figure 2.1.18. The whole
apparatus is secured onto the rigid table. The force transducer is placed into a small round recess
on the bottom plate of the calibration apparatus. The rod is placed through the slot of the
supporter of the calibration apparatus pointing against the transducer. A metal support plate is
then secured on the top of the rod. Different weights are then placed on the plate applying down
force through the rod onto the transducer.

Weights
Support Plate
Securing Bolts

Brass Rod
Supporter

Force Transducer

Figure 2.1.18: Schematic of the force transducer calibration apparatus used in the IPL 100-mm
and IPL-FMC 200-mm CMP systems.
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By changing the weights on the plate, namely the force applied directly to the transducer,
the corresponding voltage outputs could be recorded. Calibration curves were then generated,
establishing a relationship between voltage output and applied pressure for each system as shown
in Figure 2.1.19. It should be noted that during calibration, the voltage output can be re-zeroed at
any time in order to keep the mean voltage around zero when no weight is applied to the
transducer. Therefore, theoretically speaking any voltage signal must be only due to the applied
force.
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Figure 2.1.19: Force transducer calibration curves for the IPL 100-mm (left) and
IPL-FMC 200-mm (right) CMP systems.
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2.1.3.3. Wafer Pressure Systems

2.1.3.3.1. IPL 100-mm Polisher Traverse
Referring to Figure 2.1.1, Figure 2.1.20 shows a schematic of the traverse calibration
apparatus. A stepper motor is mounted at the end of the traverse in order to move the weighted
carriage (forward or backward) along the rails, adjusting the applied wafer pressure. For each
applied pressure value a corresponding stepper number is established. The stepper motor is
controlled through the LabVIEW® user interface, which transfers a voltage signal to the stepper
motor.

Weights Carrier
Stepper Motor

Traverse
Traverse
Drill
Press
Drill Chuck
Brass Rod

Supporting
Column

Transducer
Platen / Pad
Sliding Table
Rigid Table

Figure 2.1.20: Schematic of the traverse calibration apparatus used in the IPL 100-mm CMP tool.
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During calibration, one end of a brass rod is inserted and secured into the drill chuck,
while the other end rests against a force transducer which is placed on the surface of the platen.
At this time, the traverse should be level to the ground otherwise the inserted length of the rod
needs to be adjusted. Visual inspection to determine the horizontal position of the traverse is
sufficient to continue with the calibration. This must be done in order to obtain accurate down
force measurements corresponding to various locations of the weighted carrier on the traverse,
without under or over estimation.
The starting point on the traverse is known as the zero position. At this position, the
carriage is closest to the pivot point of the drill press without causing it to tip backwards. For the
65 lbs carrier, the pressure at the zero point for a 4 inch wafer is about 1.5 PSI, which is the
lowest wafer pressure that can be applied to the pad in this polishing system (Li a, 2005).
Different stepper numbers starting from the ‘zero point’ indicate different down
pressures. The numbers of steps is plotted against the voltage outputs of the transducer as seen in
Figure 2.1.21. Based on a calibration curve previously obtained for the force transducer, the
voltage outputs of the load can be converted into weight (down force) or pressure if the wafer
area is known.
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Figure 2.1.21: Traverse calibration curve.
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2.1.3.3.2. IPL-FMC 200-mm Polisher Pneumatics System
In the 200-mm CMP tool, the EBARA® head assembly is attached to an air cylinder
manufactured by Motion Controls. The air cylinder not only allows the wafer carrier to move up
and down, but also, provides applied wafer pressure during polishing. Figure 2.1.22 shows the
schematics of the air cylinder used in the IPL-FMC 200-mm polisher to control the applied wafer
pressure.

Figure 2.1.22: Schematic of the air cylinder used to control the applied wafer pressure in the IPLFMC 200-mm CMP tool.
During calibration, the wafer carrier is removed from the EBARA® head assembly. The
stainless steel shaft with the gimbal system remains in position. The bearing connecting the wafer
carrier to the gimbal system is used as the contact point to apply down force on the force
transducer. The transducer is placed on the platen, where certain voltage reading is recorded for
each pressure gauge reading. Figure 2.1.23 shows a schematic of the calibration set-up. The
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pressure in the air cylinder (applied down force) is increased from 0 to 80 PSI in 10 PSI
increments. Calibration curves are obtained correlating the pressure in the line with certain
voltage reading as shown in Figure 2.1.24. Based on a calibration curve previously obtained for
the force transducer, the voltage outputs of the load are correlated to applied wafer pressure
(based on a known wafer area).

Air Cylinder

Motor
Drill Press

Shaft with Gimbal System
Bearing

Transduce
Platen / Pad
Sliding Table
Rigid Table

Figure 2.1.23: Schematic of the air cylinder calibration set-up.
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Figure 2.1.24: Air cylinder calibration curve.

Finally, by using Figures 2.1.19 and 2.1.24 a correlation between pressure in the line and
applied wafer pressure is established. For example, a desired applied wafer pressure (or load if
the wafer area is known) is converted into voltage output based on Figure 2.1.19. This voltage
output is converted into pressure in the air cylinder based on Figure 2.1.24. Table 2.1.3 shows the
relation between applied wafer pressures and air cylinder pressures used during all experiments
presented in this dissertation.

Table 2.1.3: Correlation between applied wafer and air cylinder pressures used during all the
experiments presented in this dissertation. All values are calculated based on the area of a 200
mm wafer.

Applied Wafer Pressure (PSI)

Air Cylinder Pressure (PSI)

1.0

9.99

1.5

15.86

2.0

21.74

2.5

27.61

3.0

33.49
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2.1.3.4. Conditioner Disc Rotations and Oscillations
The rates of rotation and oscillation of the conditioner disc can be automatically
controlled by two stepper motors through the LabVIEW® interface. During calibration, the
relationship between a series of selected voltage values and corresponding rates are constructed.
At that time, the slope and y-intercept from the linear fits to the calibration curve are input into
the program’s control interface. Therefore, values of rotation rate and sweep frequency can be
directly set in the control panel of the LabVIEW® interface. These setting values are converted
into voltages based on the calibration results, the signals are sent to the stepper motors which
drive the conditioner disc. The calibration curves of the rotation and sweep for the conditioning
systems in both tools are shown in Figures 2.1.25-26.
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Figure 2.1.25: Conditioner rotation (left) and sweep frequency (right) calibration curves for the
IPL 100-mm CMP tool.
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Figure 2.1.26: Conditioner rotation (left) and sweep frequency (right) calibration curves for the
IPL-FMC 200-mm CMP tool.

2.1.3.5. Slurry Delivery System
In both polishing systems, the as-received pumps were calibrated through simple flow
rate tests. If a specific flow rate setting on the pump resulted in more or less than what was
expected, then positive and negative adjustments to the pumps rotation rate were made to correct
the issue. These adjustments would then be re-verified to ensure accurate pump rates.
The relationship between the rotation rate of the pump drive shaft and flow rate is
acquired and input into the LabVIEW® program. The pumps are controlled by the computer in
both polishing systems, and are connected directly to the computer through an RS-232 cable
which enables communication to the computer without amplification. Figure 2.1.27 shows the
calibration plots for the pumps used in each polishing system.
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Figure 2.1.27: Slurry delivery system calibration curves for the IPL 100-mm (left) and IPL-FMC
200-mm (right) CMP tools.

2.1.4. Polisher Control System Computer Automation
Based on the calibration results, the relationships between voltage outputs and the
settings of the operating parameters were constructed. These relationships were then programmed
into the LabVIEW® interface. In the IPL 100-mm system, except for the wafer rotation rate, all
operating parameters, including slurry flow rate, applied pressure, conditioner rotation rate and
sweep frequency, and the platen rotation rate were integrated and controlled by a personal
computer running the National Instruments LabVIEW®. In the case of the IPL-FMC 200-mm tool
only the pad conditioning and slurry delivery systems were controlled by the computer. However,
the friction table and applied wafer pressure were calibrated using the National Instruments
LabVIEW® interface.
The settings for operating parameters were directly input into the control panel of the
LabVIEW® program (see Figure 2.1.28), and then converted into voltage outputs. The transfer of
these voltage signals was accomplished by a shielded National Instruments connecter block,
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which connected the LabVIEW® control interface with the operating components of the CMP
system. LabVIEW® served not only as data acquisition software, but also as a data analysis
package. For example, acquired real-time load cell voltage outputs could be converted into realtime COF values at once.

Figure 2.1.28: LabVIEW® program control panel used in both CMP systems.
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2.2. Analytical Instrumentation

2.2.1. Film Thickness Measurement
In order to determine removal rates, film thickness measurements were performed on
ILD wafers pre- and post-polish. A Film Thickness Probe (FTP) advance reflectometer
manufactured by SENTECH® was used for all measurements. This highly accurate instrument is
capable of measuring the spectral reflectance of substrates, single films and layer stacks in the
UV-VIS-NIR spectral range with an error of less than 1 percent. The basic principle of the
reflectometer is as follows: The substrate to be measured (SiO2 on Si in this case) is exposed to a
light beam having a certain wavelength. When light is reflected from the thin film, the spectrum
of the light is dispersed depending on the optical properties (absorption coefficient and refractive
index) and thickness of the thin film. By capturing the reflected spectrum and comparing it with
theoretical models (obtained from a previously measured reference) based on the optical
properties of the thin-film material, the thickness of the film can be calculated (Flaherty et. al.,
2003). Figure 2.1.29 shows the SENTECH® FTP advance reflectometer used in this dissertation.
In the case of copper polishes, removal rates were determined through pre- and post
CMP-weight measurements. An OHAUS Analytical Plus® scale was used to determine the
amount of material removal with a readability of 0.001 grams. This method was used for all
copper removal rate measurements reported in this dissertation.
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Figure 2.1.29: SENTECH® film thickness probe advance reflectometer.

2.2.2. Infra-Red (IR) Temperature Measurement System
®

Pad thermal analysis during polishing was conducted using an Agema Thermovision
550 infrared camera. The camera is mounted on an adjustable arm and positioned to image the
CMP process at the leading edge of the wafer with a temperature resolution of 0.1°C (see Figure
®

2.1.30). A computer equipped with ThermaCAM Researcher 2001 software is used to control the
camera and capture the temperature data. Figure 2.1.31 shows a schematic of the interface
connection of the PC card. This software allows the selection of individual spots or areas in the
captured images. These data points are then either averaged or examined as a function of time. It
should be noted that pad thermal data and friction data cannot be recorded simultaneously using
one computer; therefore two computers were used during polishing (one controlling the IR
camera and one measuring friction data).
During polishing, the camera recorded the thermal images at frequency of 5 Hz at ten
points around the leading and/or trailing edges of the wafer. Since direct thermal readings could
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not be acquired in the pad-wafer interface, the above ten points along the periphery of the wafer
allowed for a suitable estimation of the mean process temperature experienced during polishing.

IR Camera

Leading Edge

Trailing Edge

Pad Conditioner

Figure 2.1.30: Schematic of the pad thermal analysis during polishing.
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Figure 2.1.31: Schematic of the IR camera interface connection.
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2.2.3. Dual Emission UV Enhanced Fluorescence (DEUVEF) System
Due to the micro scale at which the CMP process occurs, it becomes extremely difficult
to measure the fluid film thickness between the pad and the wafer without the aid of optical
techniques. Dual emission UV light enhanced fluorescence (DEUVEF) originally developed for
the CMP process at Tufts University, is a non-intrusive optical measurement technique which is
used to measure the fluid thickness at the pad-slurry-wafer interface. This technology uses
fluorescent dyes to relate the intensity of the light to the fluid film thickness.
This technique work as follows: first the slurry is combined with two selected dyes which
are incited under the UV light. The emitted light is captured by two cameras and correlated to
film thickness based on calibration curves. Both UV light sources and the two cameras are
positioned such that they can focus on the selected area on the surface of the pad. Camera 1 is
filtered to record only in the bandwidth from 455 to 500 nm. Camera 2 is filtered to record only in
the bandwidth range of 550 to 600 nm. The optics configuration allows each camera to record
exactly the same spatial image, but in a different color. Enlarged by a 135 mm lens and filtered by
a 650 nm short filter lens to reduce low frequency noise, the image is split by a 50 mm 50/50
cubic beam splitter. The image is filtered and finally captured by two 12-bit high resolution CCD
(charged coupled device) cameras. Figure 2.1.32 shows the camera system.
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Figure 2.1.32: Dual camera system: Nikon enlarging lens with an optic package mounted to two
Photometric Sensys cameras. (Courtesy of Professor Chris Rogers at Tufts University).

The two cameras are aligned orthogonally and rotationally to assure that each of them can
see the same projection. This is necessary since the measurement technique requires the division
of the digital pixel values of one camera’s image by that of the other’s in order to obtain a ratio. A
rotation stage is used to adjust one camera relative to the other rotationally. Orthogonal alignment
is accomplished through imaging software. The camera system is accurate to within 1 pixel,
which is roughly 38 microns.
Photometrics Sensys cameras with a 768 x 512 pixels CCD array were used in this
dissertation. The cameras have a linear response to light intensity of less than 0.1 percent of the
12-bit dynamic range. The shutters have a response time of 5 ms to open and 10 ms to close.
Exposure time is typically 3000 ms and is controlled by shuttering the cameras. Data is
temporally averaged over the entire exposure time. Prior to data acquisition, the enlarger lens
needs to be focused. Then alignment is done through the imaging software. To accomplish this, a
sheet of printed paper is placed beneath the glass wafer and images are then taken. A region of
interest is selected and the images from each camera (see Figures 2.1.33a-33b) are cropped.
These cropped images are moved relative to each other in the horizontal and vertical directions
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until they are perfectly aligned. The ratio of the images (see Figure 2.1.33c) shows the proper
alignment of the text. Details of the fluid film thickness measurement technique will be discussed
in Chapter 8.1. Finally, Figure 2.1.34 shows the control panel of DEUVEF in the LabVIEW®
interface software.

a)

b)

c)

Figure 2.1.33: Cameras alignment. Image taken by camera 1 (a); image taken by camera 2 (b);
ratio of these two images (c).
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Figure 2.1.34: LabVIEW® program control panel used for the DEUVEF system.
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CHAPTER 3 – GENERAL CMP THEORY

In this study ILD and copper CMP processes are investigated in terms of their kinetic,
tribological and thermal attributes. Removal rate behavior is also analyzed via different models
that have been developed by the IPL research team at the University of Arizona.
Section 3.1 presents the general theory related to tribology in CMP, lubrication
mechanisms of the process and a vector analysis of the sliding velocity and friction force. Section
3.2 presents an overview of the different models that have been used in the past and present to
describe the CMP process. This section also introduces three models developed at IPL: the TwoStep Langmuir-Hinshelwood (L-H) Removal Rate Model for ILD CMP, the 3-Step Removal Rate
Model for Copper CMP and the Flash Heating (F-H) Thermal Model. These models are used in
subsequent chapters to describe the chemical and mechanical mechanisms in CMP.
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3.1. Tribology and CMP

3.1.1. Tribology
Tribology is defined as the science and technology of interacting surfaces in relative
motion and the practices related thereto (ASM Handbook, 1992). In 1886, Reynolds began his
study of tribology by developing equations for a flooded bearing with no lubricant flowing out of
either end of the bearing. The action of the lubricant surrounding the rotating shaft generates a
fluid pressure buildup, through the pulling action of the fluid in the bearing contact region.
Assuming an incompressible fluid (i.e. the fluid density ρ is constant) the fluid flow is defined by
the Reynolds equation (Eq. 3.1.1) as follows:
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where µ is the bulk fluid viscosity, h is the fluid film thickness,

∂p
∂p
and
are the pressure
∂x
∂y

gradients ua and va are the lower surface velocity components, and ub and vb represent the upper
surface velocity components. It should be noted that Eq. 3.1.1 is derived by simplifying the
Navier-Stokes equations. In Eq. 3.1.1 the first two terms, used to define the net flow rates caused
by pressure gradients in the lubricated area, are named the Poiseuille terms. The right hand side
terms of Eq. 3.1.1 are called the Couette terms, which describe the net flow rates caused by
surface velocities (Szeri, 1999).
In order to reach the aforementioned form of the Reynolds equation, several assumptions
must be made:.
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•

Incompressible and Newtonian fluid

•

Using dimensional scaling, the length scale of the fluid film thickness is
negligible

•

Gravitational and inertial forces are neglected

•

No-slip boundary condition at the liquid-solid or gas-solid interfaces

After this derivation, a dimensionless term called the Reynolds number is obtained. This
term describes the ratio between inertial and viscous forces in the fluid (Bird, et al., 2002). The
Reynolds number is typically used to characterize fluid flow as either laminar (Re ≤ 2200) or
turbulent (Re ≥ 2200) based on its absolute value. Equation 3.1.2 is the simplified expression for
the Reynolds number.

ρ ⋅ V ⋅L  h 
Re =
⋅ 
µ
L 

2

(3.1.2)

where ρ is the fluid density, V is the fluid velocity, L is the characteristic length, µ is the fluid
viscosity, and h is the fluid film thickness.
In Chapter 2 the Reynolds number is used as the tool scaling parameter for the platen and
wafer rotation rates. This comes from the relationship established between the bearing analysis
performed by Reynolds and CMP. Thinking about the simplest possible scenario, one can make
an analogy between the rotating bearing, entrained fluid and bearing casing in Reynolds model to
the wafer, slurry and pad used in CMP respectively. The use of Re as a scaling factor in CMP
tool design requires h and V in Eq. 3.1.2 to be defined as the fluid film thickness between the pad
and the wafer and sliding velocity, respectively (Sundararajan, et al., 1999). Typical film
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thicknesses observed during CMP fall within the range of 10 to 100 µm. This results in values of

Re on the order of 10-2 to 10-3 allowing the usual assumptions in lubrication theory to apply
(Takurta, et al., 2000).

3.1.2. Lubrication Mechanism of Two-body Contact
The use of tribology to analyze the lubrication mechanisms presented during CMP
requires knowledge of the Stribeck model. Stribeck performed experiments consisting on
frictional measurements of a rotating shaft inside a journal bearing. An applied load was added to
one end of the shaft while the shaft spun in a single direction relative to the stationary journal
bearing (see Figure 3.1.1). The shear force generated between the shaft and the journal bearing
was recorded and used to calculate the coefficient of friction (COF). Once again, COF is
defined as the ratio between the shear force and the applied normal force of the system.
By definition the Stribeck curve is created by plotting the COF vs. the Hersey number
defined in Eq. (3.1.3)

Hersey number =

V ⋅µ
p

(3.1.3)

where V is the relative linear velocity of the shaft to the journal bearing, µ is the lubricant
viscosity and p is the applied pressure on the shaft. It should be noted that the Hersey number
results in units of length.
Figure 3.1.2 shows a typical Stribeck curve, where three distinctive regions of lubrication
can be observed. Moving from left to right on the curve, the first segment appears nearly
horizontal indicating no effect of Hersey number on COF. The lubrication mechanism in this
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region is called boundary lubrication and it describes direct body contact between the shaft and
the journal bearing. The second segment, which occurrs at the onset of the curve and decreases in
a steep manner, represents the partial lubrication regime. Partial lubrication occurs as the velocity
increases and the pressure decreases, causing a partial levitation of the shaft from the journal
bearing. Finally, the third segment of the curve (furthest to the right) is known as the
hydrodynamic lubrication regime. In this regime there is a complete separation between the shaft
and the journal bearing by a film of lubricant (Ludema, 1996).

Figure 3.1.1: Journal bearing-shaft system used for the Stribeck model.
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Figure 3.1.2: Stribeck curve for the journal bearing-shaft system.

3.1.3. Sommerfeld Number
During CMP, a three-body contact (pad, wafer and slurry abrasive particles) is present,
instead of the two-body contact system described in the Stribeck model. However, the same
tribological principles can be applied as long as the Hersey number is re-defined to adequately
construct Stribeck curves representing the CMP process. The main issue with the Hersey number
is that it results in units of length. Since the CMP systems presented in Chapter 2 (i.e. the IPL
100-mm and IPL-FMC 200-mm tools) involved scaling the system, it becomes more practical to
work with dimensionless units. A characteristic length is incorporated to the denominator of the
Hersey number, resulting in a new dimensionless parameter named the Sommerfeld number,
which is defined as:

108

So =

µ⋅V
p⋅δ

(3.1.4)

In the above equation µ is the slurry viscosity, V is the sliding velocity, p is the applied
wafer pressure, and is the effective slurry thickness in δ the pad-wafer region. Determination
of µ and V are fairly straightforward as the latter can be measured experimentally for a given
slurry, while the former depends on the tool geometry and angular velocities of the wafer and
platen.
The effective fluid film thickness between the pad and the wafer is a complicated
function of pad porosity, pad compressibility, velocity, pressure, slurry velocity and wafer
curvature (Thakurta, et al., 2000; Runnels, et al., 1994; Mullany et al., 2003; Lu b, et al., 2001;
Levert b, et al., 1997). Since the capabilities of measuring some of these parameters fall short of
what is needed, as a first approximation the fluid film thickness was defined as:

δ = Ra

(3.1.5)

where Ra represents the surface roughness of the pad. In addition, DEUVEF experimental
results have shown slurry film thicknesses at the pad-wafer interface in the range of 20 to 80 µm.
Pad roughness measurements previously collected from a stylus surface profilometer fall within
the same range (Li a, 2005 and Olsen, 2002).

3.1.4. Lubrication Mechanisms of the CMP Process
The plot of COF vs. the Sommerfeld number is known as the Stribeck-Gumbel curve
and gives direct evidence of the extent of wafer-slurry-pad contact. When plotting COF as a
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function of the Sommerfeld number, three major modes of contact can be envisaged (see Figure
3.1.3). The first mode of contact is boundary lubrication, where all solid bodies are believed to be
in intimate contact with one another and the COF does not depend on the Sommerfeld number.
The second mode is partial lubrication, where the wafer and the pad are in partial contact with
each other. As the Stribeck curve transitions from boundary lubrication to partial lubrication, the
slope of the line measuring COF becomes negative. Finally, the hydrodynamic lubrication mode
of contact occurs at larger values of the Sommerfeld number where the fluid film layer totally
separates the pad and the wafer, and the COF once again becomes independent of the
Sommerfeld number, though at a much lower value.
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Boundary Lubrication

Average COF

Partial Lubrication

1.0E-01

1.0E-02

Hydrodynamic Lubrication

1.0E-03
1.0E-03

1.0E-02

1.0E-01

1.0E+00

Sommerfeld Number

Figure 3.1.3: Stribeck-Gumbel curve as it relates to the CMP system.
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3.1.5. Friction Force and Sliding Velocity
The CMP tools used for all experiments in this dissertation are dual-axis rotary polishers,
where the pad and wafer rotate in a counter-clockwise direction. Due to this set-up two important
features emerge. Firstly, near the pad center the wafer edge moves backwards, that is, counter to
the platen rotation. Secondly, the platen and wafer angular velocities must be chosen in order for
the backwards angular velocity of the wafer to exceed the forward angular velocity of the platen
at the same point, thereby, generating a net slurry backflow (see Figure 3.1.4).

Backflow region
Streamlines show up the backflow region under the
wafer, which co-rotates with the pad in this example.

Much of the fluid in the bow wave
is advected under the wafer.

Figure 3.1.4: Modeled fluid flow behavior between pad and wafer during polishing to identify
backflow region. (Courtesy of Dr. Borucki).

Figure 3.1.5 shows a diagram used to explain the dependence of the sliding velocity (V)
on the angular velocities of the wafer and pad, as well as the distance between the two rotary
axes. Point A is a random chosen point on the wafer surface. Ow and Op are the center of the
wafer and pad respectively. rw is the distance between the center of the wafer (Ow) and point A.
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rp is the distance between the center of the pad (Op) and point A. The distance between the center
of the pad and wafer is defined as ro, which is parallel to the y-axis. In this case the pad and wafer
rotate in a counter-clockwise direction at angular velocities W pad and W wafer respectively. Vector
analysis is used to calculate the corresponding sliding velocity at point A as follows:

r
r
r
Vrel = Vpad − Vwafer

(3.1.6)

r
r
r r
r
Vrel = Wpad × rp − Wwafer × rw

(3.1.7)

r
r
r
r r
r
Vrel = Wpad × (ro + rw ) − W wafer × rw

(

r
r
r
r
r r
Vrel = Wpad × ro + rw × Wpad − W wafer

r
r r
Vrel = W × ro

(if

(3.1.8)

)

r
r
r
W = Wpad = W wafer

(3.1.9)

)

(3.1.10)

When the pad and wafer rotate with the same angular velocities and directions, the

r
resultant vector Vrel (the sliding linear velocity) at every point of the wafer has the same value as
Eq. 3.1.10 shows. As a result, the friction force at all points on the wafer during polishing is also

r
identical. In addition, the vector analysis shows that the direction of Vrel is perpendicular to ro
and points to the negative x-axis (see Figure 3.1.5). In contrast, the direction of the shear force
points to the positive x-axis, opposite to the direction of the sliding velocity (see Figure 3.1.5).
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Figure 3.1.5: Diagram used for the sliding velocity vector analysis.

The previous analysis shows that if the center of the pad and wafer are perfectly vertically
aligned, the resultant shear force will be only in the x-direction during polishing. As mentioned in
Chapter 2, this is the case in the IPL 100-mm CMP system, where the unidirectional friction table
(x-direction only) and the load cell are set-up to measure this force. However, in the case of the
IPL-FMC 200-mm CMP tool the centers of the pad and wafer are offset by an angle θ, which is
approximately 10 degrees (see Figure 2.1.7). The resultant shear force is calculated from the
separately measured x and y-components. A detailed study is presented in Chapter 5, where a
two-directional friction table is used to analyze the friction force in the x and y directions on a
200-mm CMP tool.
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3.2. CMP Modeling

3.2.1. Overview of Removal Models in CMP
The ability to accurately predict polishing rates, via removal rate (RR) modeling, allows
for the improvement of polishing performance during CMP. Specifically, RR modeling could be
used to understand and resolve issues arising during the process (i.e. low RR and high surface
defects). Models that describe the CMP process based on its physical and chemical characteristics
allow better understanding of the pad-slurry-wafer interactions, resulting in process optimization.
The traditional approach and benchmark for describing the polishing of materials in CMP
has been Preston’s model. In 1927 Preston developed, an empirical mechanically-based removal
rate equation based on glass polishing theory. Eq. 3.2.1 shows Preston’s model, where the
removal rate has a first order dependence on the applied pressure and sliding velocity. The
constant k, known as Preston’s constant, accounts for the slurry and pad effects.

RR = k ⋅ p ⋅ V

(3.2.1)

Even though Prestonian behavior is found in many cases during polishing, different
theories and modifications to the Preston’s model have been developed to explain any observed
non-Prestonian behavior. Zhang and Busnaina developed a removal rate model considering
electrostatic particle adhesion and plastic deformation (Zhang, et al., 1998). The innovation of
this model was to identify the overall force responsible for material removal as a combination of
the externally applied force on the wafer and the Van der Waals force exerted between slurry
particles and the wafer surface. Zhang and Busnaina removal rate model is:
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RR = k ⋅ (p ⋅ V )2

1

(3.2.2)

Tseng and Wang proposed a mechanical model based on the normal and sheer stresses
occurring during CMP (Tseng, et al., 1997). This model proposes the following equation to
predict removal rates:

5
6

RR = k ⋅ p ⋅ V

1
2

(3.2.3)

Their model is based on the following description of material removal: “The abrasive
particles are first being indented into the polished wafer(s) to cause plastic deformation. The
residues from the indentation are then carried away by the flowing slurry to complete a removal
cycle” (Tseng, et al., 1997). It is important to notice that the effect of pressure and velocity on the
material removal is not equally weighed. The removal rate is nearly twice as dependent on
pressure as it is on velocity.
Zhao and Shi proposed a mechanical model considering the rolling and embedding of
slurry particles at the pad-wafer interface (Shi, et al., 1998; Zhao, et al., 1999). They proposed
2
3

that the removal rate had a p dependence rather than just p . An abrasive particle sliding against
the wafer surface will contribute to removal only if the particle was held firmly by the pad.
More complex CMP models, based on fluid and contact mechanics, have been developed
in an effort to capture the fundamental aspects of the CMP process. Runnels and Eyman proposed
a model based on the existence of a layer of fluid film under the wafer surface (Runnels, et al.,
1994). This model used the Navier-Stokes equations to solve the 3-dimensional pressure profile
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and fluid film thickness. Their results confirm the existence of a fluid layer and the sensitivity of
the minimum film thickness to the pad rotational speed, wafer curvature and fluid viscosity.
Sundararajan developed two models coupling the effect of the chemistry and
hydrodynamics of the slurry flow (Sundararajan, et al., 1999). First, a lubrication model is
applied to calculate the velocity and pressure profiles, as well as, the slurry film thickness. Then,
a mass transport model used this information to predict average polish rates during CMP.
Several other mechanisms have been proposed to explain removal rate behaviors
observed during oxide and metal CMP. These included a surface film formation (Kaufman, et al.,
1991), passivation of the wafer surface in metal CMP (Hernandez, et al., 2001), dissolution under
the limit of mechanical assistance (Luo et al., 1997), surface plasticity and dislocation (Rajan,
1996), among others.

3.2.2. CMP Removal Rate Models Developed at IPL

3.2.2.1. Two-Step Langmuir Hinshelwood RR Model for ILD CMP
Many efforts have been focused on developing new CMP models that include all
fundamental aspects of the process. For instance, Borst, Gill and Gutmann proposed a general
two-step mechanism for surface removal during CMP (Borst, et al., 2002). Following a similar
idea, Dr. Borucki in collaboration with the IPL at the University of Arizona, developed a novel
two-step mechanism Langmuir-Hinshelwood (L-H) model and a flash heating (F-H) model to
accurately describe removal rate behaviors during ILD CMP (Sorooshian b, et al., 2005 and
Borucki, et al., 2005). This model is based on the premise that n moles of an unspecified reactant,
R, in the slurry react at rate k 1 with the oxide film on the wafer to form a hydrolyzed layer, S ox ,
on the surface
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k1

S ox + nR → S ∗ox

(3.2.4)

The reacted layer is subsequently removed by mechanical abrasion at a rate k 2 . The
abraded material is carried away by the slurry and not re-deposited.

S

∗
ox

k2

→ Abraded

(3.2.5)

The overall removal rate is:

RR =

MW k 1 ⋅ k 2
⋅
ρ k1 + k 2

(3.2.6)

where Μ W and ρ are the molecular weight and density of silicon dioxide. The chemical reaction
rate constant is taken to have an Arrhenius form:

 − Ea 
k 1 = A ⋅ exp

 k⋅T 

(3.2.7)

The mechanical removal rate constant is assumed to be proportional to the frictional
power density,
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k 2 = Cp ⋅ COF ⋅ p ⋅ V

(3.2.8)

where C p is a constant and COF is the average coefficient of friction.
The reaction temperature T in the chemical rate is hypothesized to be dominated by
asperity tip flash heating. An estimate of the average reaction temperature T is used for T :

T = Tp + ∆ T f

(3.2.9)

where Tp is the measured average leading edge pad temperature at each ( pxV ) condition and

∆ T f is the mean flash temperature increment.
Due to the relative small fraction of contact area and the high actual contact pressure
between a well conditioned pad and a wafer under typical loading conditions, material removal at
a specific point on the wafer occurs due to a series of brief (in the order of milliseconds) pad
asperities encounters that are randomly separated in time (Shan, 2000; Sorooshian b, et al., 2005).
A physical analysis of pad asperity tip heating suggests that as a particle-laden asperity passes
over a point on the wafer, the temperature in that point momentarily rises or ‘flashes’ above the
local mean temperature. If the mean flash increment is sufficiently large, the surface reaction rate
occurring during each flash event can affect the mean rate between events (Shan, 2000;
Sorooshian b, et al., 2005). A more detailed description of the flash heating (F-H) model is
presented in Chapter 5, where the two-step L-H model used to describe the implications of wafer
size scale-up during ILD CMP. In Chapter 6 the F-H model is presented again. In this case it is
combined with a novel 3-step copper RR model which will be described in the following section.
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3.2.2.2. 3-Step RR Model for Copper CMP
After applying the previously mentioned two-step L-H model to predict removal rates
during copper CMP, it was found that even though this model performed well and was able to
explain observed removal rates behaviors (Li a, 2005) there was still room for improvement. The
two-step L-H model served as a good platform in the study of the mechanisms involved in copper
CMP. This model includes surface passivation (step-1) and mechanical removal (step-2);
however, material removal can also be achieved by another mechanism during copper polishing.
A novel 3-step model, combined with the previously mentioned F-H model, is proposed to
theoretically evaluate removal rates during copper CMP.
Commercial slurries commonly include complexing agents that assist in the removal
process by either dissolving mechanically abraded material, and/or directly removing copper from
oxidized areas of the wafer (Denardis e, et al., 2005). Accounting for this step in the overall
removal process will allow a more accurate determination of the chemical and mechanical
contributions of consumables sets. In addition, the passive film formation (i.e. copper oxide
formation) process was also investigated to eliminate the extraction of model parameters from the
removal rate data for this step. This means that the values needed to characterize the rate of
copper oxide formation in the first step of the model will be known a priori. The proposed 3-step
model is represented in Eq. (3.2.10), where * designates a species on the surface of the wafer.

Cu + OX

k1

CuOX*
k3

CuOX

k2

CuOX

(3.2.10)
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During step-1, copper on the surface of the wafer is oxidized at a constant rate k 1 . The
oxidized copper is removed through both mechanical abrasion (in step-2) at a constant rate k 2 ,
and dissolution by complexing agents in the slurry (in step-3) at a constant rate k 3 (DeNardis b,
2006). The governing equation for the removal rate model is:

RR =

MW k 1 ⋅ (k 2 + k 3 )
⋅
ρ k1 + k 2 + k 3

(3.2.11)

where M W and ρ are the molecular weight and density of copper.

3.2.2.3. Characterization of Step 1 in the 3-Step RR Model: Copper Oxide Growth
Copper oxide growth was investigated on a system containing Fujimi PL-7102
commercial copper CMP slurry at different temperatures (Denardis c, et al., 2007). This slurry,
when diluted with the recommended concentration of hydrogen peroxide, results in a near-neutral
pH. The formation of copper oxide, based on the Pourbaix diagram shown in Figure 3.2.1, is
favorable at pH 5 or above (Denardis f, et al., 2006). Therefore, a CMP removal rate mechanism
based on a passive layer formation as its first step is applicable to this slurry system. Figure 3.2.2
presents oxidation profiles collected during the previously mentioned study. The results show an
initial fast growth rate that decreases as film thickness increases. Also, increasing the temperature
increases the growth rate for all cases.
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Figure 3.2.1: Pourbaix diagram of the Cu-H2O system at 25 °C and {Cu} = 10-6 M. The stable
and metastable species are bold and underlined respectively (After Denardis b, 2006).
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Figure 3.2.2: Copper oxidation profiles using 1 wt% H2O2 as a function of temperature (Data
Source: Denardis c, et al., 2007).
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The model selected to describe the observed oxidation profiles was first proposed by
Cabrera and Mott in 1949, and takes into account the fact that the mechanisms involve in the
oxidations of substrates are a strong function of the nature of the oxide formed (Cabrera, et al.,
1949 and Fehlner, et al., 1970). The model is based on the hypothesis that a strong field is set up
in the oxide film, due to a contact potential difference between the metal and absorbed oxidant,
which enables the metal cations to move thorough the oxide film, resulting in a logarithmic-type
growth law. This cation migration theory is supported by the analysis of the atomic structure of
cuprous oxide, which was found to be the first species to form during the oxidation process
(Denardis f, et al., 2006). Cuprous oxide can be considered as a network modifier, meaning that
the atoms in this structure are linked by ionic bonding which is significantly weaker than the
covalent bonding exhibited by network formers. This results in cations that are not held as tightly
(Denardis c, et al., 2007). Another important aspect comes from the fact that the oxide structure is
formed by a series of inter-twined sheets. This results in a film that does not have large channels
through it for the large anions (oxidant) to migrate through the oxide. The facts previously
explained suggest that the copper cations are most likely the species to migrate in the oxidation of
copper, not the anions.
The cation migration mechanism begins with an absorbed layer of an oxidant on a copper
substrate as illustrated in Figure 3.1.3. The absorbed electronegative oxidant will attract electrons
from the copper atoms creating a flow of electrons as shown in the figure. After sufficient number
of electrons has flowed, attracted by the oxidant, some of the absorbed species will become
anions and some of the copper atoms will become cations. The intrinsic separation of charge that
is developed will generate a potential difference across the interface denoted as E (see Figure
3.1.3). This potential will drive the movement of cations across the interface.
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E
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E

Figure 3.2.3: Representation of the cation migration mechanism (from top to bottom) resulting in
the formation of copper oxide (After Denardis b, 2006).

However, in order for a cation to be able to move there are two energies it must
overcome: the energy of attraction between the cation and the nearest neighbors holding it in the
lattice, and the energy required for the cation to ‘jump’ from one interstitial site to the next. The
sum of these energies is represented by W . This process continues until multiple monolayers of
oxide are formed on the copper surface. A major assumption of this mechanism is that the flow of
electrons to the oxidant is much faster than the movements of the cations. A more detailed
derivation of this copper oxidation model can be found in the original work (Cabrera, et al.,
1949). The rate constant for step-1 in the removal rate model has the following expression:
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k1 =

ρ ox
-W 
 - q⋅a

⋅ Ν ⋅ Ω ⋅ f ⋅ exp
⋅E 
 ⋅ exp
M Wox
k⋅T 
 2⋅k ⋅T ⋅ x 

(3.2.12)

where M Wox and ρ ox are the molecular weight and density of copper oxide. N is the number of
cations per unit area, Ω is the volume of oxide formed per cation and f represents the frequency
of atomic vibrations. The quantity N ⋅ Ω ⋅ f is taken to be equal to 104 cm/sec (Cabrera, et al.,
1949). W is the potential barrier an ion has to overcome in order to move from one interstitial
site to another. k is the Boltzmann’s constant and T is the average temperature at the surface of
the wafer. q is the proton charge, 1.6 x 10-19 C and a is the inter-atomic distance assumed to be
4Å, the lattice constant for Cu2O (Krishnamoorthy, et al., 1970). E represents the potential
across the oxide and x is the oxide film thickness.
The integrated form of Eq. 3.2.12 was used to evaluate the oxidation profiles shown in
Figure 3.2.2. The comparisons between the data and the fit of Eq. 3.2.12 are shown in Figures
3.2.4-7.
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Figure 3.2.4: Comparison of the model, Eq. 3.2.12, to the copper oxidation profiles obtained at 25
°C. (Data Source: Denardis c, et al., 2007).
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Figure 3.2.5: Comparison of the model, Eq. 3.2.12, to the copper oxidation profiles obtained at 40
°C. (Data Source: Denardis c, et al., 2007).
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Figure 3.2.6: Comparison of the model, Eq. 3.2.12, to the copper oxidation profiles obtained at 50
°C. (Data Source: Denardis c, et al., 2007).
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Figure 3.2.7: Comparison of the model, Eq. 3.2.12, to the copper oxidation profiles obtained at 60
°C. (Data Source: Denardis c, et al., 2007).

3.2.2.4. Characterization of Step 3 in the 3-Step RR Model: Copper Oxide Dissolution
The etching characteristics of copper CMP slurry, specifically Fujimi PL-7102 were
investigated. Oxidized copper wafers, with approximately 170 Å of copper oxide, were exposed
to a diluted solution of Fujimi PL-7102 for different times and at three different temperatures
(Denardis

d

et al., 2007). Due to the proprietary formulation of the slurry and to non-disclosure

and non-analysis agreements previously established with Fujimi, the exact composition of the
slurry cannot be obtained. However, a generalized etching reaction that takes place at the copper
oxide surface can be established as:

A (aq) + B (s ) 
→ C (s ) + D (aq )

(3.2.13)
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where A is the complaxing agent in the slurry, B represents the copper oxide, C stands for a
soft film remaining on the surface of the wafer after etching and D is the dissolved copper in the
slurry (Denardis d, et al., 2007). Figure 3.2.8 presents the copper oxide dissolution mass loss
profiles obtained during this study.
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Figure 3.2.8: Copper oxide dissolution mass loss profiles for different temperatures
(Data Source : Denardis d, et al., 2007).

The dissolution mechanism can be explained as follows: Consider a partially etched
oxidized wafer exposed to the slurry at x = X + δ (see Figure 3.2.9). The control volume in the
analysis of this system is selected as the copper oxide grown on the wafer surface (Denardis d, et
al., 2007). In Figure 3.2.9 the molar flux of the reactant A at the slurry-byproduct film interface
is defined as NAs, while the molar flux of A through the reaction surface is NAc. NA represents
the molar flux of A at any given x. Notice that the thickness of copper oxide, represented by xc,
is a function of time as the copper oxide is etched. However, by considering that the time it takes
for a molecule of A to reach the reaction surface is much faster than the time it takes for that
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molecule to react with the surface (i.e. quasi steady-state assumption) xc can be considered to be
at steady-state.
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Unreacted copper
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x=0
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Figure 3.2.9: Schematic of the copper oxide dissolution mechanism (After Denardis b, 2006).

The rate constant used to characterize the dissolution of the copper oxide is extracted
from a one-dimensional analysis of the previously described system, where the diffusion of the
complexant through a by-product film appearing on the wafer surface after etching controls the
process. Detailed derivation of this dissolution model can be found elsewhere (Denardis d, et al.,
2007). The rate constant for step-3 in the removal rate model has the following expression:

 -E 
- A ⋅ exp a 
R⋅T 
k3 =
(x c − X)

(3.2.14)

where, E a and A are modified activation energy and Arrhenius pre-exponential constant,
respectively. R is the ideal gas constant and T is the average temperature at the surface of the
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wafer. Finally, (x c − X ) represents the thickness of copper oxide that grows on the wafer surface
during CMP. Figure 3.2.10 shows the comparison of the model with the measured copper oxide
mass loss presented in Figure 3.2.8.
After completely characterizing the dissolution process it was found that the dissolution
rate (i.e. k 3 ) does not play an important role for Fujimi PL-7102 under the pressure and velocity
conditions evaluated in this study. However, this third step will become more and more
significant as pxV approaches zero (see Chapter 6 for more details). In addition, this step must
be included in any modeling effort to explain removal rates behavior during copper CMP in order
to decouple the mechanical (step-2) and chemical (step-3) removal mechanisms, allowing for a
true analysis of the chemical and mechanical contribution to the process.
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Figure 3.2.10: Comparison of the dissolution model (Eq. 3.2.14) to the measured copper oxide
mass loss. (Data Source: Denardis d, et al., 2007).
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With steps 1 and 3 completely characterized, the rate of mechanical abrasion of copper
oxide ( k 2 ) used in the two-step L-H model was also applied in the novel 3-Step model,

k 2 = Cp ⋅ COF ⋅ p ⋅ V

(3.2.15)

where C p is the proportionality constant with units of mol J-1, COF is the average coefficient of
friction, p is the applied pressure and V is the sliding velocity.

3.2.2.5. Selection of the Characteristic Copper Oxide Thickness Value to be used in the
3-Step RR Model
One of the main characteristics of the 3-Step model is that all variables in Eqs. (3.2.12)
and (3.2.14) are either known constants or have been experimentally determined a priori, except
for T , x and (x c − X ) . Values for T , which represents the temperature at the surface of the
wafer, are calculated based on the F-H thermal model previously mentioned in section 3.2.2.1.
However, values for x and (x c − X ) , both of which represent the thickness of copper oxide in
the wafer surface at a given time, are determined as follows. During the copper oxidation analysis
(step-1), the characteristic oxide thickness calculated was found to be a strong function of
temperature. Figure 3.2.11 shows the calculated copper oxidation rates (based on step 1 of the 3Step RR model) as a function of the characteristic oxide thickness for various temperatures. This
representation allows for the direct comparison of the copper oxidation rates to removal rates
typically observed during copper CMP.
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Figure 3.2.11: Copper oxidation rate as a function of oxide thickness and temperature. This
representation allows for the direct comparison to removal rates typically observed during copper
CMP. Solid lines represent removal rates in the range 1000 to 7000 Å/min.
(After Denardis b, 2006).

Based on Figure 3.2.11 it was found that in order to obtain typical copper removal rates
(1000 to 7000 Å/min) the copper oxide thickness growth during the CMP time frame must fall
within the range of 7 to 12Å (Denardis c, et al., 2007). This range was calculated based on the
extreme cases represented by the solid lines in Figure 3.2.11. It is important to notice that in the
RR range selected, the higher and lower limits at 25°C and 60°C respectively. However, during
copper polishing higher copper removal is most likely to occur at temperatures higher than 25°C,
while lower copper removal is most likely to occur at temperatures lower than 60°C. The
selection of these limits is made in order to cover extreme cases, and to satisfy commonly
observed RR during copper CMP.
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During the first modeling efforts and as a first approximation, a constant value for the
characteristic oxide thickness (i.e. 7Å) was considered. The selection of this value for the copper
oxide thickness is based on the following arguments to attempt to accurately represent the actual
physical system:
•

The physical restriction established by the copper-oxygen bond length in
copper oxide (1.85 Å) is satisfied with a copper oxide thickness in the range
of 7 to 12Å. This also facilitates CMP removal rates in the 1000 to
7000Å/min range.

•

The calculated thicknesses of interest in CMP correlate to the growth of a
few monolayers on the surface of the wafer. Previously experimental
evidence reports initial fast copper oxidation rates (as seen in Figure 3.2.2),
which results in 4 to 6 monolayers of copper oxide formation in very short
times (Roberts, 1962).

•

A previous study hypothesized (based on COF data obtained from copper
CMP experiments using abrasive-free slurry), that the cycle growth and
subsequent removal of the passivation layer formed was on the order of
milliseconds (Denardis a, et al., 2003). The calculated oxidation times
required to grow a thickness in the selected range is also on the order of
milliseconds.

The evidence mentioned above justifies the selection of a constant copper oxide thickness
of 7Å to be used in the novel 3-Step RR copper CMP model. However, it is important to analyze
the process parameters that might affect the formation of the copper oxide thickness. Figure
3.2.12 shows a representation of the CMP process at near neutral pH to high pH. As previously
mentioned, a thin oxide layer also known as passivation layer, is formed on the surface of the
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wafer. Mechanical abrasion of this film will follow, due to the pad asperities/wafer or slurry
particles/wafer encounters. Pad asperities that contact the wafer surface could remove the copper
oxide directly or trap slurry particles which will then remove this oxide film. The bare copper
surface will get exposed, re-oxidized and removed producing a cyclic growth-removal process
typical in CMP.

Copper Wafer

Pad

V

Figure 3.2.12: Representation of the copper CMP process at neutral to high pH.

The analysis of this cyclic process allows us to recognize that for a given point on the
surface of the wafer, the interval between consecutive encounters (pad asperities/wafer or slurry
particles/wafer) will affect the time the passivation layer has to grow, hence the characteristic
oxide thickness value used in the 3-Step copper RR CMP model. The average time between
encounters during polishing could be estimated considering that it is a function of the sliding
velocity, the average distance between pad asperities that could reach the surface of the wafer (i.e.
pad-wafer contact points), and the probability for a point in the surface of the wafer to pass over 2
consecutive contact points. The former is a known process parameter, but the estimation of the
average distance between asperities and the probability of consecutive pad-wafer encounters can
be complicated. The development of a calculation method or model to determine these values is
out of the scope of this plan of study. However a preliminary analysis is presented here, where the
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copper oxide thickness range previously established to be present during the CMP time frame is
investigated, considering the physical constrains generated by the interval between pad asperity
encounters with the wafer.
Confocal microscopy is a novel non-intrusive technique that has been used to study padwafer contact mechanics in CMP (Borucki b, et al., 2007; Muldowney g, et al., 2007; Muldowney
h

, et al., 2006; Elmufdi, et al., 2006). In this measurement technique a pad sample is illuminated

by a point laser source. The light reflected from the pad is projected onto a pinhole which allows
only in-focus light to pass to a detector, isolating an image plane of a few microns in thickness
containing the regions of pad-wafer contact. Figure 3.2.13 illustrates an example of a contact area
image using a confocal microscope for an IC-1000 pad sample under 6 PSI of applied load (dark
spots are believed to be pad-wafer contact points).
The analysis of this type of images reveals that the percentage contact area for this pad
(IC-1000) slightly increases as the applied load increases (see Figure 3.2.14). However, the
percentage contact area is less than 0.05% for all applied loads tested. This implies that the
localized applied pressure at the asperity tips will be much higher than the applied polishing
pressure. Figure 3.2.15 shows the contacting asperity area density (number of contact points per
unit area) as a function of pressure. It can be seen that for the applied pressure range of 2 to 6 PSI,
there are on average 100 contact points between the pad and the wafer on a 1000 µm x 1000 µm
(1mm x 1mm) of analyzed pad sample area. In other words, this will be the same as having 1
contact point on a 100µ x 100µ pad sample area. This means that on average the distance between
pad-wafer contact points (i.e. pad asperities touching the wafer) is on the order of hundreds of
microns for the IC-1000 pad.
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Figure 3.2.13: Example of a contact area image using confocal microscopy for an IC-1000 pad
sample under 6 PSI of applied load. Black spots are believed to be pad-wafer contact points
(Courtesy of Araca Inc.).
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Figure 3.2.14: Percentage contact area as a function of applied load
for the pad IC-1000 (Data Source: Araca Inc., 2007).
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Figure 3.2.15: Contacting asperity area density (number of contact points per unit area) as a
function of pressure for the pad IC-1000 (Data Source: Araca Inc., 2007).

Considering these new findings, a ‘sanity check’ was performed on our oxidation model
to establish if this physical constraint was satisfied. The integral form of Eq. 3.2.12 is used to
calculate the necessary time to grow a characteristic oxide thickness x at a temperature Τ
(Recalling that all other parameters in Eq. 3.2.12 are known).

 2 ⋅k ⋅ T ⋅ x2 
 - q⋅a ⋅E 

 ⋅ exp

q ⋅ a ⋅E 
 2 ⋅k ⋅T ⋅ x 

t=
-W 
N ⋅ Ω ⋅ f ⋅ exp

k ⋅T 

(3.2.16)

Then, the calculated time is used to estimate the necessary distance between pad asperitywafer encounters for the selected copper oxide thickness to grow ( x ) at a certain sliding velocity

V.
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dencounters = V ⋅ t

(3.2.17)

Figures 3.2.16-19 show the correlation between the range of characteristic copper oxide
thickness that could grow during the CMP time frame (7 to 12 Å) and the necessary distance
between pad asperity-wafer encounters (for this range of oxide thicknesses to grow) at different
sliding velocities and temperatures typically observed during copper CMP. The figures indicate
that a range of characteristic copper oxide thickness between 6.5 to 7.5 Å could be obtained, at
the investigated sliding velocities and temperatures, with pad asperities-wafer consecutive
encounters separated by a distance in the order of hundreds of microns. This preliminary result
agrees remarkably well with the previously presented data obtained via confocal microcopy. This
means that for an IC-1000 pad (or similar) the selection of a characteristic copper oxide thickness
of 7 Å to be use in the 3-Step RR model also satisfies the physical constrains established by the
pad-wafer contact mechanisms.
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Figure 3.2.16: Correlation between the characteristic copper oxide thicknesses that could grow
during the CMP time frame and the necessary distance between pad asperity-wafer encounters at
different sliding velocities.
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Figure 3.2.17: Correlation between the characteristic copper oxide thicknesses that could grow
during the CMP time frame and the necessary distance between pad asperity-wafer encounters at
different sliding velocities.
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Figure 3.2.18: Correlation between the characteristic copper oxide thicknesses that could grow
during the CMP time frame and the necessary distance between pad asperity-wafer encounters at
different sliding velocities.
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Figure 3.2.19: Correlation between the characteristic copper oxide thicknesses that could grow
during the CMP time frame and the necessary distance between pad asperity-wafer encounters at
different sliding velocities.

A detailed study of the application of the 3-Step copper RR model to theoretically
investigate copper CMP is presented in Chapter 6. In this study IC-1000 pads were grooved with
different designs and evaluated in terms of their thermal, tribological and kinetic characteristics
during copper CMP. A characteristic copper oxide thickness of 7Å is used for the 3-Step RR
model in this study.
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CHAPTER 4 – EVALUATION OF NOVEL PAD GROOVE DESIGNS
DURING ILD CMP

The focus of Chapter 4 is to evaluate the removal rate and frictional characteristics of
three novel groove designs (Logarithmic-Spiral-Positive, Logarithmic-Spiral-Negative and
Floral) during ILD CMP. These pads are advantageous in terms of controlling, via a combination
of logarithmic and spiral grooves, the amount of slurry at the pad-wafer interface thus creating a
more optimum process. This can translate into a possible reduction of slurry and pad
consumption.
In Section 4.1 the novel pad groove designs are first used to polish 100-mm in diameter
SiO2 wafers on a laboratory-scale polisher. The reasons behind this approach are due to the
substantial knowledge previously developed by several research groups, including our group at
the University of Arizona, regarding ILD CMP. In addition in this section spectral analysis is
presented as a new method for analyzing the mechanical interactions at the pad-wafer interface.
Section 4.2 primarily focuses on spectral analysis of real-time friction data in order to
explain the lubrication mechanism at the pad-slurry-wafer interface as a function of various pad
types and groove designs, fumed silica concentrations, sliding velocities and applied wafer
pressures. The main advantage of this method is the potential elimination of having to perform a
multitude of experiments in order to construct and interpret Stribeck curves, hence, the
lubrication mechanism for a given process.
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4.1. Effect of Novel Pad Groove Designs on the Frictional and Removal Rate
Characteristics of ILD CMP.
Real-time coefficient of friction (COF) analysis is used to determine the extent of normal
and shear forces during chemical mechanical planarization (CMP) and identify the lubrication
mechanism of the process. Experiments are done on a scaled polisher using IC-1000 pads with
various surface textures, and Fujimi's PL-4217 fumed silica slurry over a wide range of applied
pressures and sliding velocities. Stribeck curves show that pad grooves dictate the overall
lubrication mechanism of the system. Average COF results yield valuable information regarding
the overall range of frictional forces associated with each type of groove design. The linear
correlation between COF data and interlayer dielectric (ILD) removal rate is consistent with
previously published correlation graphs involving a variety of conventional groove design and
fumed silica concentrations. Spectral analysis of real-time friction data is used to elucidate the
lubrication mechanism of the process in terms of stick-slip phenomena and to quantify the total
amount of hydrodynamic chattering as a function of various pad groove designs. For a given
lubrication mechanism, analysis of the spectra for various textures indicate significant differences
that can be attributed to the amount of slurry present in the pad-wafer interface.

4.1.1. Introduction
Chemical mechanical planarization (CMP) has played an enabling role in attaining planar
interconnection and metal layers essential for the realization and miniaturization of highperformance devices. To ensure stable and high-performance CMP characteristics, optimization
of the slurry and the pad in terms of their chemical and mechanical properties is essential.
Furthermore, understanding and optimizing the interactions between the pad and the slurry are
important as they relate to the fluid dynamics of the process (especially for 300 mm wafers) where
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the need to (i) minimize slurry dispense volumes, (ii) attain uniform slurry flow, (iii) discharge
debris generated during polishing (such as pad fragments and polish by-products) and (iv) prevent
subsequent particle re-deposition are paramount (Doi et al., 2004). Another key attribute resulting
from the interactions between the slurry and the pad is the magnitude of shear forces in the padslurry-wafer region associated with a given set of process and consumable parameters. While
increasing shear force (or frictional force) is shown to increase material removal rates
(Philipossian a et al., 2003 and Homma et al., 2003), high amounts of force can adversely affect
the quality of the processed wafers by increasing the number of defects generated during the
process (Sun et al., 2003) and by causing delamination of the underlying insulating films
(especially low-strength porous or organic low k dielectrics) (Sikder et al., 2003). Given the fact
that shear force is the product of downforce and the coefficient of friction, the magnitude of shear
force can be reduced by either reducing the wafer pressure, or by reducing the coefficient of
friction in the pad-slurry-wafer region. The former method can be quite a costly undertaking since
most state-of-the-art CMP tools have a lower controllable limit for wafer pressure of about 0.5
PSI, and further reductions in wafer pressure can only be achieved through capital investment in a
new generation of polishers that can attain wafer pressures as low as 0.01 PSI. The latter method
can be implemented by either increasing the slurry flow rate (a serious environmental, health, and
safety, as well as cost of ownership, concern) (Philipossian b et al., 2004) or, as it is intended in
this study, through novel grooving of the surface of the pad in such ways that maximizes the
effective slurry flow rate in the interface between the pad and the wafer thereby reducing the
extent of pad asperity contact. The objectives of this study are to develop and evaluate new
groove designs to improve the frictional and removal rate characteristics of interlayer dielectric
(ILD) CMP, and to determine whether the previously obtained linear correlation between average
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coefficient of friction (COF) and ILD removal rate (Philipossian

c

et al., 2003) continue to be

valid for the new groove designs adopted in this study.

4.1.2. Theoretical Approach

4.1.2.1. Sommerfeld Number
To determine the dominant lubrication mechanism during ILD CMP, Stribeck curves are
presented using a dimensionless grouping of CMP-specific parameters, called the Sommerfeld
number

So =

µ⋅V
p⋅δ

(4.1.1)

In the above equation µ is the slurry viscosity, V is the sliding velocity, p is the applied
wafer pressure, and is the effective slurry thickness

δ in the pad-wafer region. Determination

of V and µ are fairly straightforward as the latter can be measured experimentally for a given
slurry, while the former depends on tool geometry and angular velocities of wafer and the platen.
The final parameter necessary for calculating the Sommerfeld number is the effective slurry film
thickness. As a first approximation, this was assumed to be equal to the surface roughness of the
pad ( Ra ) (Lawing, 2004 and Lawing et al., 2002) as measured by a stylus profiler. The relative
standard derivation for surface roughness was less than 10% for all the values measured

δ = Ra

(4.1.2)
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4.1.2.2. Coefficient of Friction and the Stribeck Curve
The COF is defined as the ratio of shear to normal force

COF =

Fshear
Fnormal

(4.1.3)

The plot of COF vs. the Sommerfeld number is known as the Stribeck curve and gives direct
evidence of the extent of wafer-slurry-pad contact. When plotting COF as a function of the
Sommerfeld number, three major modes of contact can be envisaged (Ludema, 1996). The first
mode of contact is boundary lubrication where all solid bodies are believed to be in intimate
contact with one another and the COF does not depend on the Sommerfeld number. The second
mode is partial lubrication where the wafer and the pad are in partial contact with each other. As
the Stribeck curve transitions from boundary lubrication to partial lubrication, the slope of the line
measuring COF becomes negative. Finally, the hydrodynamic lubrication mode of contact
occurs at larger values of the Sommerfeld number where the fluid film layer totally separates the
pad and the wafer, and the COF once again becomes independent of the Sommerfeld number
albeit at a much lower value.

4.1.2.3. ILD Removal Rate
In this study, the most widely adopted removal rate equation (i.e. Preston’s Model)
(Preston, 1927), which states that the removal rate, RR , is proportional to the product of the
applied pressure and the relative velocity of the substrate in contact with the pad is used to model
the removal rate during polishing.
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RR = k Pr ⋅ p ⋅ V

(4.1.4)

The constant k Pr is known as Preston's constant which itself depends on various
chemical and mechanical attributes of the process such as slurry solution type, slurry flow rate,
slurry abrasive type and morphology, slurry pH and ionic strength, and pad physical, mechanical,
thermal, and chemical properties.

4.1.2.4. Spectral Analysis
For a given polishing run, the measured total unidirectional shear force as a function of
time can be broken up into two components (a mean force component and a fluctuating force
component) as shown in Eq. 4.1.5 below

Fshear (t ) = F + f (t )

(4.1.5)

Figure 4.1.1 is an example of the fluctuating component of the total force measured. The
data is collected at a sampling frequency of 1000 per second, and represents only 1 s of elapsed
time of a typical polishing run. Therefore, for a 75 s polishing experiment, a total of 75 such plots
are generated and analyzed for their tribological attributes.

145

Figure 4.1.1: Fluctuating component of shear force measured during a 1 second polishing interval
in time, domain.

The mean force, F , which represents the average of all 75,000 data points, is used in calculating

COF (as defined in Eq. 4.1.3), which is then used to construct Stribeck curves, is therefore totally
independent of the fluctuations observed in Figure 4.1.1. For spectral analysis, the total
unidirectional shear force function (which includes the fluctuating component) is converted into
frequency domain via fast Fourier transformation (Brigham et al., 1988). Figure 4.1.2 is an
example of this transformation where the x axis represents signal frequency (in Hz) and the y axis
is an indication of the amplitude of the transformed function (in arbitrary units). In Figure 4.1.2,
the area underneath the curve is proportional to the variance of the shear force ( σ 2 ) and for the
propose of this study it is defined as Σ 2 .
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Figure 4.1.2: Total shear force measured during a 1 second polishing interval
in frequency domain.

In frequency domain, it is important to understand the cause or causes behind the
presence of a particular peak at a particular frequency. For instance, Figure 4.1.2 shows the
presence of several peaks ranging in frequencies from 1 to 120 Hz. To determine whether the
frequencies at which the peaks were observed were the results of the resonance specific to the
polisher or the result of wafer-slurry-pad interaction, a simple experiment was performed. With
the wafer completely disengaged from the pad, the top plate of the friction table was tapped once
with a constant force thus causing the polisher to vibrate. By recording the total unidirectional
force, and by converting it into frequency domain, the intrinsic resonance of the tool, as shown in
Figure 4.1.3 can be compared to Figure 4.1.2.
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Figure 4.1.3: Spectrum associated with one constant rubber hammer tap on the upper plate of the
friction table. (Note: wafer is disengaged from the pad).

The spectrum in Figure 4.1.3 clearly indicates that, in the absence of any pad-wafer
interaction, the tool resonates at a dominant frequency of around 9-10 Hz, with multiple harmonic
peaks occurring at frequency ranges of 18-20 Hz as well as 36-40 Hz. There is also a fundamental
peak at about 60 Hz, most likely originating from house electrical service. By comparing this
spectrum to the one shown in Figure 4.1.2, it becomes clear that the fundamental peak at 9 Hz
along with its harmonic peaks at 18 and 36 Hz are direct results of the intrinsic resonance of the
tool. On the other hand peaks occurring around 1-3, 50-55, and 95-110 Hz all seem to stem from
pad-slurry-wafer interactions. The lower frequency peak is believed to be due to the kinematics of
the process including the rotational velocities of the platen, wafer, and the diamond conditioner
that have been calculated to result in frequencies in the range of 0.5 to 2.5 Hz. The observed
medium to high frequency peaks are unique to CMP processes using k-grooved pads and seems to
correlate to the distribution of collision events between grooves and the leading edge of the wafer
which have been calculated to range between 20 and 500 Hz.
In Figure 4.1.2, Σ 2 is determined empirically based on transformed data that are in the
frequency domain, and it is essentially a measure of the variance of shear forces encountered
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during polish thus representing the extent of stick-slip phenomena. It must be noted that random
variations in friction force measurements do not constitute stick-slip. When studying the
lubrication mechanism associated with a particular CMP process, stick-slip (i.e., hydrodynamic
chatter) refers to a cyclic fluctuation in the magnitudes of frictional force and relative velocity
between the wafer and the pad. It is usually associated with a relaxation oscillation that depends
on a decrease of COF with increasing sliding velocity. True stick-slip, in which each cycle
consists of a stage of actual stick followed by a stage of overshoot (i.e., slip), requires that the
kinetic COF (i.e., the parameter being measured in this study) is lower than the static COF
(i.e., corresponding to the maximum friction force that must be overcome to initiate macroscopic
motion between the wafer and pad). In this study, the above criterion is certainly met. Another
form of stick-slip can be due to spatial periodicity of the friction coefficient along the path of
contact (i.e., pad grooves or micro-trenches created on the surface of the pad due to the
conditioner, or complex films forming and being abraded on the surface of the wafer). While
further studies are underway to distinguish among various types of stick-slip occurring during
CMP, this study combines all stick-slip phenomena into one entity represented by Σ 2 .

4.1.3. Experimental Procedure
The IPL 100-mm polisher was used for all experiments. The experimental apparatus is
shown in Figure 4.1.4 and is described in detail elsewhere (Philipossian

a

et al., 2003). To

measure the shear force between the pad and the wafer during polishing, a sliding table consisting
of two parallel plates, was placed beneath the polisher. As the wafer and pad were engaged, the
top plate would slide with respect to the bottom plate in only one direction due to friction between
the pad and wafer. The degree of sliding was quantified by coupling the two plates to a load cell.
The load cell was attached to a strain gauge amplifier that would send a voltage to a data
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acquisition board. The apparatus was calibrated to report the force associated with a particular
voltage reading.
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Figure 4.1.4: Illustration of the experimental apparatus used in this study (right). Scaled polisher
showing the diamond disk conditioner, the drill press, and the traverse assembly (left).

Frictional and removal rate data were taken on Rodel IC-1000 pads with varying surface
textures (Figure 4.1.5). Prior to data acquisition, each pad was conditioned for 30 min using
Fujimi's PL-4217 slurry. The silica abrasive concentration was 12.5 percent by weight. Pad
conditioning consisted of using a 100 grit diamond disk at a pressure of 3.4 kPa, rotational
velocity of 30 RPM and disk sweep frequency of 20 per minute. Pad conditioning was followed
by a pad break-in (i.e., pad seasoning) with silicon dummy wafers until a constant COF was
reached for a specific process condition. Typically, approximately four dummy wafers were
needed to obtain a constant COF . Other experimental conditions included: in situ conditioning at
30 RPM and 20 oscillations per min, applied wafer pressures of 13.7 to 41.3 kPa, sliding
velocities of 0.31 to 0.93 m/s, slurry flow rate of 80 cm3/min, wafer and platen rotations in
counterclockwise direction.
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Figure 4.1.5: Groove designs used in this study: Floral pad (top left); flat (top right); logarithmic
spiral positive (bottom left); logarithmic spiral negative (bottom right).

As shown in Figure 4.1.5, the groove designs included flat, Floral, logarithmic spiral
positive and logarithmic spiral negative. Patterns were formed using a programmable milling
machine. In order to attain the logarithmic spiral designs, grooves were first formed spirally on
the pad starting from the center so as to facilitate stable slurry supply in the pad-wafer region.
Next, in order to improve slurry utilization and increase removal rates, logarithmic grooves were
formed along the radius of the spirally grooved pad. The precise shape of the logarithmic grooves
was determined following detailed flow visualization studies by tracing polishing debris ejected
from the pad surface during CMP (Doi et al., 2004 and Coppeta et al., 2000). As a result, such
grooves were expected to facilitate the discharge of unwanted by-products. Details regarding the
manufacturing, dimensions, and performance of these novel grooved pads, as well as the theory
behind their design, may be found elsewhere (Doi et al., 2004).
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4.1.4. Results and Discussion
Figure 4.1.6 summarizes the effect of Sommerfeld number on COF for the various
groove designs. The logarithmic spiral negative pads show the highest average COF followed by
logarithmic spiral positive pads, flat pads, and Floral pads. The average slopes of the individual
Stribeck curves indicate that both types of logarithmic spiral pads remain in boundary lubrication
throughout the range of parameters studied. The Floral pad begins in boundary lubrication and
shows a tendency to migrate to partial lubrication as Sommerfeld numbers increase. The
lubrication mechanism of the flat pad seems to be similar to the Floral, pad but to a lesser extent.
For purposes of clarity, error bars, which were no more than ±5 and ±10% for COF and
Sommerfeld number, respectively, are not shown in the Figures below. Trends are explained
further in the following section.
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Figure 4.1.6: Stribeck curves corresponding to various groove designs.
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Regarding the removal rate, for all types of pads studied, a near-linear dependence was
observed between the removal rate and the product of pressure and sliding velocity thus
indicating that Preston's equation was suitable for use (as a first approximation) across the ranges
of pressures and velocities adopted in this study. The results are summarized in Figure 4.1.7. In
the case of the logarithmic spiral negative, logarithmic spiral positive and flat pads, the
correlation coefficient (R-squared) ranged between values of 0.832 to 0.967. For the Floral pad,
the correlation coefficient was lower most likely due to the change in the lubrication mechanism
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Figure 4.1.7: Removal rate curves corresponding to various groove designs. Floral pad (top left),
flat pad (top right), logarithmic spiral positive pad (bottom left), and logarithmic spiral negative
pad (bottom right). Open circles represent the experimental data, while the dotted line represents
Preston’s Model.
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Figure 4.1.8 shows that Preston's constant for the four types of pads and COF are
directly related. Values represent an average of at least four experiments with all values falling
within ±5% of one another. This trend is consistent with previously reported linear relationship
between COF and the removal rate for various pads and slurry concentrations (also shown in
Figure 4.1.8) and suggests the presence of a universal relationship between the two factors
(Philipossian

a

et al., 2003). The significant difference in the COF between the logarithmic

spiral negative pad (i.e., 0.414) and the logarithmic spiral positive pad (i.e., 0.284) is due to the
fact that the former pad, with its logarithmic grooves formed in the direction opposite to the
rotation of the platen, causes the slurry to discharge away from the wafer due to centrifugal forces.
On the other hand, the logarithmic spiral positive pad, with its grooves in the same direction as
that of the rotation of the platen, works to increase slurry flow around the wafer. The presence of
excess slurry around the periphery of the wafer has been shown to reduce COF in the wafer-pad
region (Philipossian

b

et al., 2004). This decrease, coupled with the near-linear relationship

between COF and the removal rate mentioned above, explains the 11% lower removal rate
associated with the logarithmic spiral positive pad.
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Figure 4.1.8: Relationship between COF and Preston’s constant for various groove designs used
in this study (open circles) and previous studies (Philipossian a et al., 2003) (closed circles).

Figure 4.1.9 and 4.1.10 show the spectral attributes of the four pads at minimum (i.e.,
41.3 kPa and 0.31 m/s) and maximum (i.e., 13.7 kPa and 0.93 m/s) values of Sommerfeld
number, respectively. Regardless of the particular pressure, velocity, or groove design, all spectra
contain fundamental peaks at 1 and 9 Hz. As mentioned in the Theoretical section of this study,
the peak at 9 Hz along with its harmonic peaks at 18 and 36 Hz are direct results of the intrinsic
resonance of the tool. On the other hand the wide peak occurring 1 to 3 Hz is believed to be due to
the kinematics of the process including the rotational velocities of the platen, wafer, and the
diamond conditioner that have been calculated to result in frequencies in the range of 0.5 to 2.5
Hz. The observed medium to high frequency peaks all seems to stem from pad-slurry-wafer
interactions and are unique to CMP processes using pads with various surface textures.
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The most interesting feature of the above spectra is the presence of a cluster of
fundamental peaks at about 90 to 95 Hz corresponding to the Floral, flat, and logarithmic spiral
negative pads. This cluster of peaks occurs to some extent regardless of the particular choice of
pressure or velocity, however it is most pronounced at low Sommerfeld numbers. Such high
frequencies correspond to stick-slip events that recur roughly every 11 ms, which are believed to
be due to the reduction of slurry in the wafer-pad interface, which in turn increases wafer-pad
contact, thus enhancing stick-slip phenomena. The non-presence of this peak in cases where a
logarithmic spiral positive pad is used; is attributed to the directionality of the logarithmic grooves
that promote slurry penetration in the wafer-pad region thus reducing hydrodynamic chattering.
These results are in agreement with average COF values reported in Figure 4.1.8 and help confirm
the role of the logarithmic grooves in rejecting slurry from, or attracting slurry into, the wafer-pad
region.
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Figure 4.1.9: Spectra corresponding to the Floral pad (top left), flat pad (top right), logarithmic
spiral positive pad (bottom left), and logarithmic spiral negative pad (bottom right) obtained at
minimum Sommerfeld number.
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Figure 4.1.10: Spectra corresponding to the Floral pad (top left), flat pad (top right), logarithmic
spiral positive pad (bottom left), and logarithmic spiral negative pad (bottom right) obtained at
maximum Sommerfeld number.
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4.1.5. Conclusions
The Sommerfeld number, used in conjunction with COF , presents a useful method for
describing the extent of contact in the pad-slurry-wafer interface. The effect of parameters such as
groove design, wafer pressure, and sliding velocity, were shown to have a significant impact on

COF and ILD removal rates. Results indicated that the amount of material removed was directly
influenced by COF , consistent with previous studies. Combined grooving patterns, consisting of
spiral and logarithmic grooves, were shown to impact several key attributes of ILD polish in terms
of slurry retention, lubrication mechanism, and material removal rates. This suggested that ILD
removal rates could be controlled by adopting novel groove designs that affected (i.e., either
increased or decreased) the slurry distribution on the wafer-pad interface during CMP, thus
indicating a potential new approach for designing pad grooves compatible with next generation
process requirements. The study also confirmed that spectral analysis of real-time friction data
could be used effectively to elucidate the lubrication mechanism of the process in terms of stickslip phenomena. Fourier transform analysis was successful in quantifying the distribution of
mechanical energy in the pad-slurry-wafer interface as a function of various pad groove designs,
sliding velocities, and applied wafer pressures. This method appeared to be capable of
distinguishing between slurry-starved and slurry-rich processes.
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4.2. Spectral Fingerprinting of ILD Chemical Mechanical Planarization Processes.
Spectral analysis of friction data obtained during inter layer dielectric chemical
mechanical planarization (ILD CMP) is used effectively to elucidate the tribology of the process
in terms of stick-slip phenomena by quantifying the total amount of mechanical interaction in the
pad-slurry-wafer interface as a function of various pad types and textures, fumed silica
concentrations, sliding velocities and applied wafer pressures. Σ 2 , which is proportional to the
variance of the force, was calculated by integrating the amplitude of the force spectra, over a wide
range of frequencies, and used to elucidate the lubrication mechanism attributed to each process.
In 85 % of the cases investigated, values of Σ 2 extracted from individual force spectra
quantitatively agreed with the tribological information obtained from Stribeck curve analysis over
a wide range of operating conditions. The newly developed method was remarkable from the
standpoint of its potential to eliminate having to perform a multitude of experiments needed for
constructing and interpreting Stribeck curves. For a given tribological mechanism, analysis of the
spectra for various types of pad groove designs indicated significant differences in the “spectral
fingerprint” of various pads depending on their texture, as well as, on the type of slurry and
processing conditions. It is envisaged that the aforementioned pad “fingerprinting” can provide a
pathway for fundamental analysis of the effect of pad grooving on stick-slip phenomena which
will eventually lead to improved pad designs.

160

4.2.1. Introduction
In inter layer dielectric (ILD) and copper chemical mechanical planarization (CMP)
processes, Stribeck curves have proven useful in determining the tribological mechanism (i.e., the
mode of contact between the wafer, abrasive particles and the pad) associated with the process
(DeNardis a et al., 2003 and Olsen et al., 2002). Previous studies have shown a strong correlation
between tribological mechanism and ILD removal rate at silica solids concentrations at or above a
certain threshold value (Philipossian d et al., 2003). Furthermore, the mode of contact, especially
when considered in conjunction with average coefficient of friction ( COF ), has been shown to
dramatically affect pad life (Olsen et al., 2002).
However, it must be noted that using Stribeck curves for determining the tribological
mechanism of a particular CMP process is helpful only as a first order approximation since this
method has several drawbacks mainly associated with the laborious nature of experimentation
and the analysis involved in constructing the curves. These include:
•

The need for having to perform a large number of polishing experiments (typically in the
order of 20 or more) at various pressures and pad-wafer velocities.

•

The uncertainty in estimating the constituents of the Sommerfeld number (DeNardis a et
al., 2003 and Philipossian d et al., 2003). These include approximations of the slurry film
thickness between the wafer and the pad, the localized pressure applied by the wafer, and
the potential variability of the viscosity of the slurry at high shear rates which is typical of
most CMP processes.

This study strives to determine whether, for a given run, spectral analysis based on realtime raw friction data obtained during ILD CMP can be used to quantify the total amount of
mechanical interaction in the pad-slurry-wafer interface in terms of stick-slip phenomena. The
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primary goal of this study is to find out if the tribological mechanism of a process can be
established as a function of various parameters, such as pad groove design, abrasive
concentration, sliding velocity and applied pressure, without any prior knowledge of the
particulars of the process. This work also hopes to determine whether such spectra result in a
unique process “fingerprint” for each set of process conditions tested. Such “fingerprinting” may
have numerous benefits ranging from end-point detection, to process and equipment diagnostics,
to identification of unknown consumable sets, to elucidation of fundamental physical and
chemical phenomena taking place during CMP.

4.2.2. Theoretical Approach

4.2.2.1. Sommerfeld Number
To determine the dominant tribological mechanism during CMP, Stribeck curves are
presented using a dimensionless grouping of CMP-specific parameters, called the Sommerfeld
number.

So =

µ⋅V
p⋅δ

(4.2.1)

In the above equation µ is the slurry viscosity, V is the sliding velocity, p is the applied
wafer pressure, and is the effective slurry thickness

δ in the pad-wafer region. Determination

of V and µ are fairly straightforward as the latter can be measured experimentally for a given
slurry, while the former depends on tool geometry and angular velocities of wafer and the platen.
The final parameter necessary for calculating the Sommerfeld number is the effective slurry film
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thickness. As a first approximation, this was assumed to be equal to the surface roughness of the
pad ( Ra ) (Lawing, 2004 and Lawing et al., 2002) as measured by a stylus profiler. The relative
standard derivation for surface roughness was less than 10% for all the values measured

δ = Ra

(4.2.2)

4.2.2.2. Coefficient of Friction and the Stribeck Curve
The COF is defined as the ratio of shear to normal force

COF =

Fshear
Fnormal

(4.2.3)

The plot of COF vs. the Sommerfeld number is known as the Stribeck curve and gives
direct evidence of the extent of wafer-slurry-pad contact. The details concerning the Stribeck
curve and its application to CMP are presented in Section 4.1.2.2.

4.2.2.3. Spectral Analysis
During this study the spectral analysis introduced in Section 4.1.2.4 was applied to
characterize the spectral fingerprinting associated to different pad grooves designs. It is
imperative to remember that on a qualitative basis, the force spectrum identifies the extent and
frequency at which stick-slip phenomena occur. It must be noted that random variations in
friction force measurements do not constitute stick-slip. When studying the tribology of CMP,
stick-slip (a.k.a. hydrodynamic chattering) refers to cyclic fluctuations in the magnitudes of
frictional force and relative velocity between the wafer and the pad. It is usually associated with a
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relaxation oscillation that depends on a decrease of COF with increasing sliding velocity. True
stick-slip, in which each cycle consists of a stage of actual stick followed by a stage of overshoot
(i.e., slip), requires that the kinetic COF (i.e., the parameter being measured in this study) is
lower than the static COF (i.e., corresponding to the maximum friction force that must be
overcome to initiate macroscopic motion between the wafer and pad). In this study the above
criterion is certainly met. Another form of stick-slip can be due to spatial periodicity of the
friction coefficient along the path of contact (i.e., pad grooves or micro-trenches created on the
surface of the pad due to the conditioner, or complex films forming and being abraded on the
surface of the wafer). Until further studies are completed to distinguish among various types of
stick-slip occurring during CMP, this study combines all forms of stick-slip phenomena into one
entity Σ 2 (proportional to the variance of the shear force) represented by the area under the curve
of Figure 4.2.1. It is important to remember that difference in the hardness of the pads studied
will affect the stick-slip phenomena. This effect is also incorporated into the total stick-slip
phenomena reported in this study.

Figure 4.2.1: Shear force measured during a 1 s polishing interval (left) and its associated
spectrum (right).
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4.2.3. Experimental Procedure
The IPL 100-mm polisher was used for all experiments. Details of the experimental
apparatus are described elsewhere (Philipossian

e

et al., 2002). To measure the shear force

between the pad and the wafer during polish, a sliding table was placed beneath the polisher. The
sliding table consisted of a bottom plate and a top plate that the polisher was set upon. With the
wafer and pad engaged, the top plate would slide with respect to the bottom plate in only one
direction due to friction between the pad and wafer. The degree of sliding was quantified by
coupling the two plates to a load cell. The load cell was attached to a strain gauge amplifier that
would send a voltage to a data acquisition board. The apparatus was calibrated to report the force
associated with a particular voltage reading. Frictional data were taken on various types of pads
as shown in Table 4.2.1. Figure 4.2.2 shows the novel grooving patterns corresponding to the
Floral, Logarithmic (+) Spiral (+) and Logarithmic (-) Spiral (-) pads referred to in Table 4.2.1.
Prior to data acquisition, each pad was conditioned for 30 min using Fujimi’s PL-4217
slurry using the same abrasive concentration under which the polishing run was performed (i.e.,
2.5, 12.5 or 25.0 % by weight). In-situ pad conditioning consisted of using a 100-grit diamond
disc at a pressure of 0.5 PSI, rotational velocity of 30 RPM and disc sweep frequency of 20 per
minute. Conditioning was followed by a 2 min pad break-in with a silicon dummy wafer. Other
experimental conditions included:
•

Applied wafer pressures of 2 to 6 PSI

•

Sliding velocities of 0.31 to 0.93 m/s

•

Slurry flow rate of 80 cm3/min

•

Wafer and platen rotations in counter-clockwise direction.
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Table 4.2.1: Description of the pads used in this study. The manufacturing processes 1 and 2 are
unknown due to a non-disclosure agreement with the manufacturer.

Pad

Description

Surface Texture

A

Rodel IC-1000 (Manufacturing Process 1)

Flat (i.e., no grooves)

B

Rodel IC-1000 (Manufacturing Process 1)

Perforated

C

Rodel IC-1000 (Manufacturing Process 1)

XY-Groove

D

Rodel IC-1000 (Manufacturing Process 1)

K-Groove

E

Rodel IC-1000 (Manufacturing Process 2)

Floral

F

Rodel IC-1000 (Manufacturing Process 2)

Logarithmic Spiral Positive

G

Rodel IC-1000 (Manufacturing Process 2)

Logarithmic Spiral Negative

H

Rodel IC-1000 (Manufacturing Process 2)

Flat (i.e., no grooves)

I

Rodel IC-1000 (Manufacturing Process 2)

XY-Groove

J

Rodel IC-1400

K-Groove

K

Freudenberg FX-9

Flat (i.e., no grooves)

L

Freudenberg FX-9

Perforated
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Figure 4.2.2: Novel groove designs used in this study; Floral pad (left); Logarithmic Spiral
positive (center); Logarithmic Spiral negative (right). The wafer and pad rotated in counterclockwise direction for all cases.

Pads B, C, D, J, K, and L were grooved by each respective manufacturer. For Pads E, F,
G, and I, grooving was done by a third party using a programmable milling machine. In order to
attain the logarithmic spiral designs (i.e., pads F and G), (+) or (-) spiral grooves were first
formed on the pad starting from the center so as to facilitate stable slurry supply in the pad-wafer
region. Next, in order to improve slurry utilization and increase removal rates, (+) or (-)
logarithmic grooves were formed along the radius of the spirally grooved pad. The precise shape
of the logarithmic grooves was determined following detailed flow visualization studies by
tracing polishing debris ejected from the pad surface during CMP. As a result, such grooves were
expected to facilitate the transport of the slurry into the wafer-pad interface (i.e. positive
logarithmic grooves) and the discharge of unwanted by-products from the wafer-pad interface
(i.e. negative logarithmic grooves). All the pads used in this study were made of polyurethane.
The hardness or “stiffness” of these pads has been studied and reported elsewhere (Olsen et al.,
2002). The results from a dynamic mechanical analysis (DMA) previously performed (Olsen et
al., 2002), show different hardness among these pads. Pad C appears to be the hardest and pads D
and J are the softest. The different hardness of the pads studied will generate differences on the
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“stiffness” of the system and an effect on the stick-slip phenomena measured. This effect is
accounted for in the total stick-slip phenomena reported in this study.

4.2.4. Results and Discussion

4.2.4.1. Stribeck Curves
Figure 4.2.3-5 show the Stribeck curves corresponding to each type of pad tested in this
study (slurry abrasive concentration of 12.5 % by weight). Based on the tribological mechanisms
described above, pads D, F, G, H, I, and J remain in “boundary lubrication” throughout the range
of parameters studied (see Figure 4.2.3). On the other hand, pads K and L seem to remain in
“boundary lubrication” at low and intermediate values of Sommerfeld number, and then migrate
to “partial lubrication” at high Sommerfeld numbers (see Figure 4.2.4). It is not clear whether
pads A, B, C, and E begin in “boundary lubrication” or in “partial lubrication” however, at higher
values of Sommerfeld number, they all seem to migrate to “hydrodynamic lubrication” (see
Figure 4.2.5). It should be noted that the construction of the twelve Stribeck curves shown in
Figures 4.2.3-5 were a lengthy experimental task requiring a total of 324 separate polishing
experiments from which COF and Sommerfeld numbers were extracted.
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Figure 4.2.3: Stribeck curves for pads D, F, G, I, H and J used in this study at a slurry particle
concentration of 12.5 % by weight.
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Figure 4.2.4: Stribeck curves for pads K and L used in this study at a slurry particle concentration
of 12.5 % by weight.
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Figure 4.2.5: Stribeck curves for pads A, B, C and E used in this study at a slurry particle
concentration of 12.5 % by weight.

4.2.4.2. Spectral Analysis
In establishing the tribological mechanism from COF data, the entire Stribeck curve
must be constructed before any potential conclusion can be drawn regarding the tribological
mechanism for a particular point on the curve. As mentioned earlier, this study strives to
determine whether, for a given run, spectral analysis based real-time raw friction data can
determine the tribological mechanism associated with that run without any prior knowledge of the
particulars of the process. Figure 4.2.6 summarizes the average and total range of values of Σ 2
extracted from the individual runs shown in Figures 4.2.3-5. For all pads (except for pads D, F,
and G), the upper and lower bars correspond to values of Σ at the lowest and highest
2

Sommerfeld numbers, respectively. For pads D, F, and G, the opposite is true. Recalling that

Σ 2 is believed to mathematically represent the total amount of mechanical energy caused by
stick-slip phenomena during polish, comparing the data in Figures 4.2.3-5 and 4.2.6, it becomes
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apparent that the six pads identified by the Stribeck curves of Figures 4.2.3-5 to be operating
entirely in “boundary lubrication” (i.e., pads D, F, G, H, I, and J) exhibit the highest values of Σ 2
(i.e., all average values are above 2.0, and all minimum values are above 1.0, respectively). These
pads are identified by open circle symbols in Figure 4.2.6.
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Figure 4.2.6: Average and total range of Σ 2 for all pads used in this study.
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Regarding pads K and L (open triangles), which were identified in Figure 4.2.4 to remain
in “boundary lubrication” except at high Sommerfeld numbers, Figure 4.2.6 indicates that both
pads indeed possess high average values of Σ 2 and that the total range of Σ 2 for pad K extends
below 1.0 thus indicating a possible change in the tribological mechanism at high Sommerfeld
numbers. In the case of pad L, values of Σ 2 never drop below 1.0 thus suggesting only a partial
correlation between COF and Σ 2 . As for pads A, B, C, and E (solid circles), shown to operate
2
mostly in “partial lubrication”, the first three pads have average values of Σ which are all below

1.0, with only one data point for each pad (i.e., at their lowest respective Sommerfeld number)
above 1.0. As for pad E, there seems to be no correlation between Figures 4.2.5 and 4.2.6. The
reason behind this seemingly anomalous behavior is currently unknown and under investigation.
The above discussion suggests that, of the 12 pads tested at various pressures and
velocities, the tribological characteristics can be determined based on values of Σ 2 alone in more
than 85 percent of the cases. Based on Figure 4.2.6, values of the shear force variance tend to fall
into several distinct populations that are most likely representative of the governing tribological
mechanism of the process. For any given run, this so-called Σ –criterion can be summarized as
2

follows:

•

Σ 2 > 2.0 → “boundary lubrication”

•

2.0> Σ 2 >1.0 → “boundary lubrication” transitioning to “partial lubrication”

•

1.0 > Σ 2 > 0.5 → “partial lubrication”

•

Σ 2 < 0.5 → “hydrodynamic lubrication”
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The effect of silica abrasive concentration and Sommerfeld number on Σ 2 is shown in
Figure 4.2.7 for selected types of pads (A, C, and D). Square and diamond symbols correspond to
minimum and maximum Sommerfeld number, respectively. In all cases, increasing the silica
concentration reduces the extent of stick-slip phenomena, thus indicating that selecting an
optimum silica concentration is critical in ensuring a desired tribological mechanism. The large
differences in the values of Σ 2 at low and high Sommerfeld numbers for pads A and C are again
indicative of the change in the contact mode from “boundary lubrication” to “mixed lubrication”
to “hydrodynamic lubrication”. The relative insensitivity of Σ 2 to Sommerfeld numbers for pad
D is again indicative that K-Groove pads are ideal for maintaining a constant lubrication regime
at any given silica concentration.
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Figure 4.2.7: Averages of Σ 2 for the pads A, C and D. The values reported were taken at various
particle concentrations and Sommerfeld numbers.
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Consistent with Figures 4.2.3-7, results of Figure 4.2.8 indicate that, for a given abrasive
concentration, increasing Sommerfeld number lowers the amplitude of the peaks and eliminates
higher frequency events. For a given Sommerfeld number, increasing solids content reduces the
extent of stick-slip by lowering the amplitude of the individual peaks.
Regarding pad D (which has been shown to operate entirely in “boundary lubrication”
regardless of solids content), Figure 4.2.9 shows that increasing the Sommerfeld number for a
given solids content does not affect the ‘spectral fingerprint’ of the process. At a fixed
Sommerfeld number, increasing solids content causes a drop in the amplitude of the peaks and
eliminates high-frequency events due to improved lubricity of the process and the reduction of
hydrodynamic chatter.
Figure 4.2.10 shows additional examples of the spectra associated with various types of
pads used in this study. All spectra correspond to a silica content of 2.5 %, an applied pressure of
2 PSI and a pad-wafer velocity of 0.93 m/s (i.e., at maximum Sommerfeld number). Results
underscore the critical role pad grooves play in establishing the hydrodynamic chattering
behavior of CMP processes and suggest that the combination of pad, slurry and process
parameters impart a unique frictional behavior to the processes which can be quantized using
spectral analysis. This unique ‘spectral fingerprint’ can be applied to end-point detection, process
and equipment diagnostics, identifying unknown consumable sets, studying fundamental physical
and chemical phenomena as well as designing novel consumables.
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Figure 4.2.8: Spectral representation of frictional forces corresponding to pad A. Top left: 2.5%
by weight at minimum Sommerfeld number (0.31 m/s and 6 PSI); Bottom right: 2.5% by weight
at maximum Sommerfeld number (0.93 m/s and 2 PSI); Top right: 25% by weight at minimum
Sommerfeld number; Bottom right: 25% by weight at maximum Sommerfeld number.
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Figure 4.2.9: Spectral representation of frictional forces corresponding to pad D. Top left: 2.5%
by weight at minimum Sommerfeld number (0.31 m/s and 6 PSI); Bottom right: 2.5% by weight
at maximum Sommerfeld number (0.93 m/s and 2 PSI); Top right: 25% by weight at minimum
Sommerfeld number; Bottom right: 25% by weight at maximum Sommerfeld number.
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Figure 4.2.10: Spectral representation of frictional forces corresponding to: pad L (top left); pad
K (top right); pad B (bottom left); and pad J (bottom right). All spectra correspond to a particle
concentration of 2.5 % by weight at maximum Sommerfeld number (0.93 m/s and 2 PSI).
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Results in Figures 4.2.8-10 indicate that regardless of the type of pad, silica
concentration, pressure or velocity, the spectra contain two fundamental peaks: one at about 1 Hz
and the other at approximately 9 Hz. In fact, these two peaks are present throughout the entire set
of spectra obtained in this study regardless of silica content, wafer pressure and relative waferpad velocity. The peak at 1 Hz is believed to be due to tool kinematics since angular velocities for
the pad, the wafer and the diamond disc range from 30 to 120 RPM. This corresponds to
frequencies ranging from 0.5 to 2 Hz. In addition, the oscillation frequency of the diamond
conditioner is set at 30 sweeps per minute which corresponds to a frequency of 0.5 Hz. The
spread of the fundamental peak at 1 Hz clearly encompasses the kinematics-related frequencies
quantified above. The consistent presence of a fundamental peak at 9 Hz is not well understood.
This may be due to the particular design of the polisher, the wafer carrier or the friction table. It
may alternatively be a manifestation of the combined kinematics of the pad, wafer and the
conditioning disc. Controlled studies are currently underway to de-convolute this peak in terms of
its potentially primary constituents. It must be noted that the peaks at 18 and 36 Hz are not
fundamental peaks, but rather the second and third harmonic peaks of the fundamental peak at 9
Hz (i.e., 9 × 2 and 9 × 2 × 2). Higher frequencies observed in the spectra seem to be direct results
of the type of consumables and specific processing conditions which have led to the
aforementioned “fingerprinting”.

4.2.5. Conclusions
This study has demonstrated that spectral analysis of real-time friction data obtained
during ILD CMP can be used effectively to elucidate the tribology of the process in terms of
stick-slip phenomena. Fast Fourier Transform analysis has successfully quantified the total
amount of mechanical interaction in the pad-slurry-wafer interface as a function of various pad
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types and textures, fumed silica concentrations, sliding velocities and applied wafer pressures. In
85 % of the cases investigated, values of Σ 2 extracted from individual force spectra
quantitatively agreed with the tribological information obtained from Stribeck curve analysis over
a wide range of operating conditions. The newly developed method was remarkable from the
standpoint of its potential to eliminate having to perform a multitude of experiments needed for
constructing and interpreting Stribeck curves. For a given tribological mechanism, analysis of the
spectra for various types of pad groove designs indicated significant differences in the “spectral
fingerprint” of various pads depending on their groove design, as well as on the type of slurry and
processing conditions. It is envisaged that the aforementioned pad “fingerprinting” can provide a
pathway for fundamental analysis of the effect of pad grooving on stick-slip phenomena which
will eventually lead to improved pad designs.
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CHAPTER 5 – EFFECTS OF ILD CMP SYSTEM SCALE-UP

In Chapter 4 sections 4.1 and 4.2 novel groove designs were introduced and evaluated on
a lab-scale system (i.e. IPL 100-mm polishing tool) in order to reduce pad and slurry
consumption during ILD CMP. The focus of Chapter 5 is to analyze the possible effects of a
process scale-up, approaching polishing tools that are designed closer to an industrial scale. In
this chapter a novel FMC-IPL 200-mm polisher is introduced and compared to lab-scale (100mm) polisher during ILD CMP. By performing experiments on a larger scale polishing system,
knowledge that is more directly relevant to current CMP practice could be obtained. In addition, a
Two-Step Langmuir-Hinshelwood model in combination with a Flash-Heating Temperature
model is presented to predict ILD removal rates and to compare the chemical and mechanical
effects in both processes (100 and 200-mm).
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5.1. Implications of Wafer Size Scale-up on Frictional, Thermal and Kinetic Attributes of
ILD CMP
Interlayer Dielectric (ILD) CMP process was characterized using frictional forces,
material removal rates, thermal measurements and theory. Experiments were performed on a
novel FMC-IPL 200-mm polisher in which friction force was acquired in two directions, giving a
complete resolution of the force vector in the CMP process. A thermal study of the pad surface
was conducted using an infrared video camera to simultaneously measure temperature changes. A
Langmuir-Hinshelwood model with a reaction temperature based on a flash heating hypothesis
was applied to the experimental data to evaluate the chemical and mechanical contributions
during ILD CMP. The results obtained from the IPL-FMC 200-mm polisher were compared to
those from the IPL 100-mm polisher. Results showed that the scale-up of the ILD process from
100 to 200-mm caused a transition from a mechanically-limited regime, in which it was still
possible to detect thermal effects, to a higher degree of mechanical limitation where it was no
longer possible to detect thermal effects.

5.1.1. Introduction
Chemical-mechanical polishing (CMP) technology has played an enabling role in
attaining the degree of interconnect and metal layer planarization essential for the realization and
miniaturization of high-performance devices. In order to achieve an optimum CMP process, it is
useful to understand the fundamentals of the mechanical and chemical contributions to the
process. Even though lab-scale experimental tools have been helpful for understanding the CMP
process in previous studies (Philipossian

a

et al., 2003, Rosales-Yeomans a, et al., 2005,

Sorooshian a et al., 2004, Philipossian d et al., 2003 and Homma et al., 2003) experimental tools
that are designed closer to an industrial scale polisher can provide knowledge that is more directly
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relevant to current CMP practice. In addition, performing experiments on a scaled-up system can
help validate theories previously developed on smaller-scale tools to describe the mechanisms
involved in CMP.
In the study of CMP, analysis of frictional forces is essential to understand the parameters
affecting the mechanical abrasion of the substrate. In previous studies, friction force, coefficient
of friction (COF), infrared thermography, and removal rate data collected on the IPL 100-mm
polisher were used to characterize the Interlayer Dielectric (ILD) CMP processes (Philipossian

a

et al., 2003, Rosales-Yeomans, et al., 2005, Sorooshian a et al., 2004, Philipossian d et al., 2003).
In a separate study, Homma et al. analyzed the effect of mechanical parameters on the
characteristics of ILD CMP by measuring a two dimensional friction force for 100-mm SiO2
wafers (Homma et al., 2003). In this study, the novel IPL-FMC 200-mm polisher with the
capability to acquire friction force in two directions is used to measure COF , removal rate and
pad temperature during ILD CMP. Similar data is also collected on the lab-scale IPL 100-mm
polisher using identical consumables. Therefore, in this study, we are able to compare the
information that can be extracted from the smaller tool with that from the larger tool. This
provides insight into factors affecting the CMP process during tool scale-up.

5.1.2. Theoretical Approach

5.1.2.1. Tribological Mechanism
In this study, Sommerfeld number is used to construct Stribeck curves in order to
determine the dominant tribological mechanism during ILD CMP. The Sommerfeld number is
defined as:
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So =

µ⋅V
p⋅δ

(5.1.1)

In the above equation µ is the slurry viscosity, V is the sliding velocity, p is the applied
wafer pressure, and is the effective slurry thickness in δ the pad-wafer region. The effective
fluid film thickness, as a first approximation, can be further defined as:

δ = Ra

(5.1.2)

where Ra represents the surface roughness of the pad.
The Stribeck curve plots the coefficient of friction ( COF ) as a function of Sο , where

COF =

Fshear
Fnormal

(5.1.3)

is the ratio of the shear force to the normal force. In the 200-mm polisher, the resultant shear
force is calculated from the separately measured x and y-components,

Fshear = Fx2 + Fy2

(5.1.4)

When COF is plotted as a function of Sommerfeld number, a Stribeck curve is obtained
that provides insight into the dominant lubrication mechanism between the wafer, pad and slurry
particles. Three contact modes can be identified (Ludema, 1996); boundary lubrication, where

184

COF is high (~ 0.2 and above) and intimate contact between the wafer, pad and slurry particles
is believed to be present; partial lubrication, where COF decreases to a minimum with So as
pad/wafer separation increases; and hydrodynamic lubrication, where COF increases again due
to an increasing hydrodynamic shear force. In the boundary lubrication mode, COF does not
depend on the Sommerfeld number.

5.1.2.2. ILD-Removal Rate
Average removal rates are modeled with a Langmuir-Hinshelwood (L-H) model
combined with a flash heating model (Sorooshian b et al., 2005 and Borucki a et al., 2005). We
summarize the model here. In the L-H model, n moles of an unspecified reactant, R, in the slurry
react at rate k 1 with the oxide film on the wafer to form a hydrolyzed layer, S ox , on the surface

k1

S ox + nR → S ∗ox

(5.1.5)

The reacted layer is subsequently removed by mechanical abrasion at rate k 2 . The
abraded material is carried away by the slurry and not re-deposited.

k2

S ∗ox → Abraded

(5.1.6)
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The overall removal rate is:

RR =

MW k 1 ⋅ k 2
⋅
ρ k1 + k 2

(5.1.7)

where Μ W and ρ are the molecular weight and density of silicon dioxide. The chemical reaction
rate constant is taken to have an Arrhenius form:

 − Ea 
k 1 = A ⋅ exp

 k⋅T 

(5.1.8)

The mechanical removal rate constant is assumed to be proportional to the frictional
power density,

k 2 = C p ⋅ µk ⋅ p ⋅ V

(5.1.9)

where C p is a constant.
The reaction temperature T in the chemical rate is hypothesized to be dominated by
asperity tip flash heating. An estimate of the average reaction temperature T is used for T :

T = Tp + ∆ T f

(5.1.10)

where Tp is the measured average leading edge pad temperature at each ( pxV ) condition and

∆ T f is the mean flash temperature increment, given by:
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∆ Tf =

2 ⋅ ζ (rw , c w ) pa γ p
⋅ ⋅ 1 ⋅ COF ⋅ p ⋅ V
π ⋅ κ⋅ ρ ⋅ C p p
V2

(5.1.11)

In Eq. (5.1.11), κ ⋅ ρ ⋅ C p is the product of pad thermal conductivity, density and heat
__

capacity, pa is the mean real contact pressure,

pa
is the mean asperity contact pressure (i.e. the
p

pressure that a pad asperity will exert over a point on the surface of the wafer), γ p is the fraction
of frictionally-generated heat that enters the asperity tip, and ζ(rw , c w ) is a tool-dependent
function (see Eq. 5.1.13) that depends on the wafer radius rw and distance c w between the
center of the wafer and pad. The mean asperity contact pressure may be shown to be

__

1

3
p a  E∗  2
4
4
=  
κ
s
5
1
1
p  p 
3 ⋅ π 4 ⋅ λ4 ⋅ η s 2

(5.1.12)

where E ∗ is the effective pad modulus, λ is the characteristic decay length for summit heights in
the right-hand tail of the summit height probability density distribution, η s is the summit area
density and κ s is the mean asperity tip curvature (Sorooshian b et al., 2005 and Borucki et al.,
2005).

ζ (rw , c w ) =

1
2
w

2⋅c
3 ⋅ π ⋅ rw2

c w + rw

(


 R +c −r
R ⋅ 2 ⋅ Cos −1 

 (2 ⋅ R ⋅ c w )
c w −rw

∫

2

2
w

2
w

) 

3
2

  dR (5.1.13)
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In our case, ζ = 0.238 m1/2 for the 100-mm tool and ζ = 0.781 m1/2 for the 200-mm tool.
For polishing on a k-groove pad, which mitigates hydrodynamic pressures that can affect pa in
Eq. (5.1.11), all of the parameters on the right side, except for the pad heat partition factor γ p are
independent of V . Finite element simulations of advective, lubricated asperity tip heat transfer
indicate that for oxide polishing, γ p is closely approximated by a power law, γ p ≈

γ 1p
Ve

, where e

and γ 1p are parameters that depend on the lubrication layer thickness and mean real contact area
(Sorooshian

b

et al., 2005 and Borucki

a

et al., 2005). The power law dependence of the heat

transfer coefficient allows us to write Eq. (5.1.11) in the simpler form

∆Tf = ζ( rw , c w )

β′
V

1
+e
2

⋅ µ k ⋅ p ⋅ V,

(5.1.14)

where

β′ =

2 ⋅ γ 1p

__

pa
π⋅ ρ⋅ Cp ⋅ κ p
⋅

(5.1.15)

Both β′ and the exponent e should have similar values for the two tools in the
experiments performed here because of the common pad, slurry and loading conditions. In the
characterization of experimental data on both the 100 and 200-mm tools, we control p and V ,
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measure Tp and COF , and extract C p , Α , β′ and e to minimize the RMS error between the
model and the measured removal rates. For the activation energy E a , we use 0.53 eV, as
previously reported (Sorooshian

b

et al., 2005 and Borucki

a

et al., 2005) for oxide polishing.

Following the parameter extraction, we perform a sensitivity analysis by varying C p , Α , β′ , e
and E a one at a time while holding the others at their optimum values. An interval around each
parameter is then found within which the RMS error increases by less than 10%. Since k 1 and

k 2 are all monotonic in the model parameters, the intervals of uncertainty for each parameter can
be translated into uncertainty intervals for k 1 and k 2 by finding the minimum and maximum
rates at the interval endpoints.

5.1.3. Experimental Apparatus and Procedure

5.1.3.1. IPL-FMC 200-mm Polisher
The novel IPL-FMC 200-mm polisher is shown in Figure 5.1.1. The main body of the
apparatus consists of a Fujikoshi Machinery Corporation polisher with variable platen speed (0 to
200 RPM). The wafer carrier (manufactured by Ebara Technologies) is adapted to a DC motor to
provide variable head rotation (0 to 200 RPM) and also adapted to a pneumatic system to provide
down force control during polishing (6.9 to 41.4 kPa). The equipment includes a slurry injection
system consisting of a peristaltic pump and a loc-line modular hose to hold the plastic tubing. The
loc-line modular hose allows the accurate placement of the slurry delivery location. A
conditioning system, consisting of a diamond disc, is mounted on the apparatus for in-situ or exsitu use.
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Figure 5.1.1: Illustration of the IPL-FMC 200-mm polisher used in this study (left) and the
conditioner and Ebara Technologies head mounted on the polisher (right).

In order to measure the shear force between the pad and the wafer during polishing, a
sliding table consisting of three parallel plates is placed beneath the polisher (see Figure 5.1.2).
The parallel plates allow the IPL-FMC 200-mm polisher to measure the components of the
friction force in x and y-directions, which are defined by the mechanical constraints of the pairs
of plates (see Figure 5.1.3). During measurement of the friction force, as the wafer and pad are
engaged, the top plate of each pair will tend to slide with respect to the bottom plate in one
direction only. By coupling the two plates to a force transducer with an accuracy of 0.03 %, the
tendency for sliding can be quantified. The force transducer resists the sliding movement of the
top plate, generating a voltage reading that is sent to a strain gauge amplifier and then to a data
acquisition board. The apparatus is calibrated to report the friction force associated with a
particular voltage reading. We note that the wafer center does not lie on the y-axis but is offset by
an angle θ which is approximately 10 degrees.
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Figure 5.1.2: Illustration of the 3 parallel plates and force transducers used to measure the friction
force in two directions on the IPL-FMC 200-mm polisher.

F
Wafe
F
F ο
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θ = 10
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F
Pad and
Wafer
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Diamond
Condition

Figure 5.1.3: Illustration of the location of the wafer center relative to the pad center and the shear
forces (Fx and Fy) measured on the IPL-FMC 200-mm polisher.
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Polishing was performed on a Rohm and Haas IC-1000-A2 k-groove polyurethane pad.
Prior to data acquisition, the pad was conditioned for 30-minutes with a 100-mm diameter, 100grit diamond disc at a pressure of 3.4 kPa, a rotational velocity of 30 RPM and a sweep frequency
of 0.33 Hz using Fujimi PL-4217 slurry. The slurry is composed of fumed silica abrasive particles
with an average size of 160 nm at a concentration of 12.5 percent by weight, less than 1% of
KOH and de-ionized water. The slurry was supplied at the pad center at 220 cc/min. Break-in was
followed by pad seasoning using 200-mm silicon dummy wafers until a constant COF was
achieved. Typically, 4 dummy wafers were needed to obtain a constant COF . Thermally grown
blanket SiO2 on Si wafers were then polished using in-situ conditioning for 80 seconds at applied
wafer pressures of 13.7, 20.7 and 27.5 kPa and sliding velocities of 0.31, 0.62 and 0.93 m/s. Each
pressure-velocity condition was repeated once in order to estimate repeatability. The wafer and
platen co-rotated counterclockwise at the same rate during polishing, so that the sliding velocity
was constant under the wafer.
An infrared video camera capable of measuring temperature in the range – 40 ºC to 2000
ºC with an accuracy of ± 2 ºC and a resolution of 0.1 ºC was used to record the pad surface
temperature. Measurements were taken at a frequency of 5 Hz at five points along the leading
edge of the wafer (see Figures 5.1.4 and 5.1.5). Real-time COF data were taken simultaneously
along with the real-time infrared thermal measurements. Removal rates were calculated by
measuring the thickness of the SiO2 film deposited on the surface of the wafers (49 points were
measured) pre and post CMP with a Gaerther/Sentech ellipsometer. Within certain limitations, all
possible efforts were made to scale-up most of the parameters common between the IPL 100-mm
and IPL-FMC 200-mm polishers. This was done to allow comparison of results obtained in each
tool. Table 5.1.1 shows the scaling factors for each parameter, as well as a numerical comparison
between typical parameter values used for both systems.
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Figure 5.1.4: Thermal measurements using the infrared video camera during ILD CMP on the IPL
100-mm polisher. The points where temperature was measured are designated
with a round symbol.
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Figure 5.1.5: Thermal measurements using the infrared video camera during ILD CMP on the
IPL-FMC 200-mm polisher. The points where temperature was measured are designated with a
round symbol.
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Table 5.1.1: Scaling parameters used in the construction of the IPL 100-mm and
IPL-FMC 200-mm polishers.

Parameter

Scaling Factor

200 mm
Tribometer

100 mm
Tribometer

Down Pressure

1

27.6 kPa

27.6 kPa

Platen Speed

Reynolds
Number

Sliding padwafer velocity
0.93 m/s
(75 RPM)

Sliding padwafer velocity
0.93 m/s
(120 RPM)

Wafer diameter
/ Platen diameter

Dwafer / Dplaten

0.20 m / 0.50 m
(0.40)

0.10 m / 0.30 m
(0.33)

Conditioner disc
diameter /
Platen diameter

Dcond. disc / Dplaten

0.10 m / 0.50 m
(0.20)

0.05 m / 0.30 m
(0.16)

Slurry flow rate

Platen surface
area

0.1963 m2
(220 cc/min)

0.0706 m2
(80 cc/min)

5.1.3.2. IPL 100-mm Polisher
Detailed description of the IPL 100-mm polisher can be found elsewhere (Philipossian

a

et al. 2003 and Philipossian c et al. 2003). During the experiments performed on the IPL 100-mm
polisher, shear force was measured only in one direction (i.e. x-component). Polishing was
performed under the same conditions as those associated with the FMC-IPL 200-mm polisher. A
Rohm and Haas IC-1000-A2 k-groove pad was also used during these experiments. The slurry
composition, applied wafer pressures, sliding velocities, and break-in process were the same as
for the 200-mm polisher. Thermally grown blanket SiO2 on Si wafers, 100-mm in diameter, were
used in these experiments. In-situ conditioning of the pad was done following the same procedure
as for the IPL-FMC 200-mm polisher using a diamond disc, which was 50-mm in diameter.
Fujimi PL-4217 slurry was applied at the center of the pad at 80 cc/min. One repeat of each
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pressure-velocity combination was done to estimate repeatability. Similar to the IPL-FMC 200mm polisher, real-time COF data were taken simultaneously along with real-time infrared thermal
measurements (see Figure 5.1.4). Removal rates were calculated following the same procedure
described earlier.

5.1.4. Results and Discussion

5.1.4.1. Coefficient of Friction and Stribeck Curves
Figure 5.1.6 shows the Stribeck curve associated with the IPL-FMC 200-mm polisher and
the contribution of each component of the friction force to COF . The contribution to

COF calculated using only the x-component of the friction force is almost an order of magnitude
higher than that of the y-component. COF values calculated taking both components of the shear
force into account are therefore nearly the same as the values calculated using only the xcomponent. The relative magnitudes of the two components of the friction force can be related to
the angle θ by which the carrier center is offset from the y-axis (see Figure. 5.1.3). In the case of
the 200-mm polisher,
Fy
Fx

Fy
Fx

≈ Sin(10 o ) =0.174, roughly consistent with measured results (0.166 <

< 0.299). It should be noted that as θ approaches 45o, the values of x and y-components will

become comparable. Since COF in Figure 5.1.6 is nearly constant, we conclude that the
lubrication mechanism is that of boundary lubrication.
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Average COF

1.0

0.1

200-mm (x-component only)
200-mm (x and y components)
200-mm (y-component only)
0.0
0.001

0.01

0.1

Sommerfeld Number

Figure 5.1.6: Stribeck curve obtained during ILD CMP on the IPL-FMC 200-mm polisher.

COF values for the IPL-FMC 200-mm polisher are also compared in Figure 5.1.7 to
those for the IPL 100-mm polisher under similar experimental conditions. COF for the IPL 100mm polisher doubles that of the IPL-FMC 200-mm polisher. However, as expected under these
experimental conditions (i.e. pad grooving, pressure, velocity, and slurry concentration) the
lubrication mechanism for the IPL 100-mm polisher is also that of boundary lubrication.
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Figure 5.1.7: Stribeck curve obtained during ILD CMP on the IPL 100-mm polisher.

5.1.4.2. Experimental and Modeled ILD Removal Rate Analysis
Figures 5.1.8 and 5.1.9 show measured removal rates from the IPL 100-mm and IPLFMC 200-mm polishers respectively as a function of pressure and velocity. We see that the two
polishers produce similar polish rates for low values of pxV but that the rate on the IPL-FMC
200-mm tool becomes progressively larger than that of the IPL 100-mm tool as pxV increases.
The increase of removal rate for the IPL-FMC 200-mm polisher at higher values of pressure and
velocity are correlated with a higher mean pad leading edge temperature, as shown in Figure
5.1.10. The surface of the wafer in contact with the pad in the 200 mm system is larger than in the
case of the IPL 100-mm polisher. Increasing the contact surface between the pad and the wafer
will generate an increase in temperature on this system (i.e. pad and wafer) during polishing.
Figures 5.1.8 and 5.1.9 also show the fit to the experimental removal rates with the L-H model.
We see that the RMS fitting error in both cases is small and is in fact less than the mean of the
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differences between repeats. Fitting parameters and their uncertainty intervals, based on a 10%
increase in the RMS error, are given in Table 5.1.2.
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100-mm Data (Repeatability = 90 A/min)
100-mm Model (RMS = 30 A/min)
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Figure 5.1.8: Measured (open symbols) and modeled (solid symbols) removal rates as a function
of pxV for ILD CMP on the IPL 100-mm polisher. The Figure shows all experimental repeats.
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Figure 5.1.9: Measured (open symbols) and modeled (solid symbols) removal rates as a function
of pxV for ILD CMP on the IPL-FMC 200-mm polisher.
The Figure shows all experimental repeats.
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Figure 5.1.10: Temperature of the pad on the periphery of the wafer as a function of pxV during
ILD CMP on the IPL 100-mm and IPL-FMC 200-mm polishers. Inset temperature of the pad on
the periphery of the wafer as a function of polishing time at 27.6 kPa and 0.93 m/s for both
systems (variation in temperature measurements was less than 1 ºC for all cases).
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Table 5.1.2: Model parameters and 10% change in RMS error sensitivity intervals for the IPL
100-mm and IPL-FMC 200- mm tools. The data from the 200-mm system were too mechanically
limited to permit accurate estimation of Α , β′ , e . The RMS error between the data and the
model is minimized at the optimal parameter values.

Tool

Parameter

Optimum Value

∆RMS < 10%

100 mm

A
cp
e
β’
E

1.45 E4 moles/m2 s
1.64 E-8 moles/J
1.36
6.44 E-3 K/Pa m1/2 (m/s)e-1/2
0.53 eV (assumed)

1.35 E4 < A < 1.55 E4
1.61 E-8 < cp < 1.67 E-8
1.03 < e < 1.37
5.90 E-3 < β’ < 6.99 E-3
0.528 < E < 0.532

200 mm

A
cp
e
β’
E

2.66 E-8 moles/J
0.53 eV (assumed)

8.86 E5 < A < ∞
2.51 E-8 < cp < 2.81 E-8
0.0 < e < ∞
0.0 < β’ < ∞
0.0 < E < 0.57

5.1.4.3. Two-Step LH Model Analysis: Mechanical Rate Constants for the 100 and 200mm Processes
The chemical and mechanical rate constants can be estimated from the fitted L-H model
for both processes. Figure 5.1.11 shows that both tools have almost identical mechanical rate
constants in spite of having COF s that differ by nearly a factor of two. This apparent paradox is
believed to be due to the fact that during CMP, work can be done on the wafer surface in the form
of polishing, for example, or on the pad in the form of vibrations and inelastic deformation or
abrasion. The friction force does not discriminate between these modes of expending energy.
Thus, while the IPL 100-mm tool produces a power density COF x p x V that is about twice
that of the IPL-FMC 200-mm tool, the available power does all not appear to contribute to wafer
polishing. Part of the friction force measured does not generate an increase in the pad and wafer

200
temperature but instead seems to be doing work on the pad in the form of vibrations and inelastic
deformation. Figure 5.1.12 presents the normalized shear force measured as a function of time at
the same pressure and velocity for both polishing tools. The observed higher variation in friction
force during ILD polishing on the IPL 100-mm tool supports this interpretation. In addition, as
mentioned during the experimental section of this paper, most of the parameters where scaled-up,
within certain limitations, to account for the increase in tool size.

2.0E-04
k2 100-mm
k2 200-mm
k2 (moles/m2s)

1.5E-04

1.0E-04

5.0E-05

0.0E+00
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10000

15000 20000
pxV (W/m2)

25000

30000

Figure 5.1.11: Modeled mechanical rate constants as a function of pxV during ILD CMP for the
IPL 100-mm and IPL-FMC 200-mm polishers.
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Figure 5.1.12: Normalized shear force as a function of time measured during ILD CMP at 27.6
kPa and 0.93 m/s for the IPL 100-mm and IPL-FMC 200-mm polishers.

Even though the conditioner process in both tools is the same in terms of applied
pressure, rotation, sweep frequency and type of diamond disc, there is a difference in the ratio
between the area of the disc and the area of the pad for each tool. In the IPL-FMC 200-mm tool,
this ratio is 0.040 while in the IPL 100-mm tool it is 0.027. This could generate a different pad
surface in terms of asperity height distribution and furrow density during polishing in each tool.
Another difference between the two polishers is the ratio between the area of the wafer and the
area of the pad. In the case of the IPL-FMC 200-mm tool, the ratio is 0.16 while in the IPL 100mm tool it is 0.11. Finally, the IPL-FMC 200-mm tool is equipped with an Ebara Technology
head with a gimble and retaining ring systems that are substantially different from those of the
IPL 100-mm tool. These differences between the two polishers, which due to certain limitations
could not be matched, may explain the difference in COF and removal rate among both
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systems, in spite of the fact that the mechanical rate constants remain the same, i.e. k 2 (100mm) =

k 2 (200mm).

5.1.4.4. Two-Step LH Model Analysis: Chemical Rate Constants for the 100 and 200-mm
Processes
For the IPL 100-mm polisher, it was possible to estimate the chemical rate constant ( k 1 ),
and it was found to exceed the mechanical rate under all conditions (see Figure 5.1.13). The
polishing process on the IPL 100-mm polisher is therefore more mechanically-limited. For the
IPL-FMC 200-mm polisher, by contrast, the data in Figure 5.1.9 did not contain evidence of
enough thermal sensitivity to permit accurate estimation of the flash heating parameters Α , β′ ,

e , as seen by the large uncertainty intervals in Table 5.1.2. However, it was still possible to
calculate lower bounds for k 1 (see Figure 5.1.13). The lower bounds for k 1 suggest that the
process on the IPL-FMC 200-mm tool is operating even further into the mechanically-limited
regime than on the IPL 100-mm tool. This is a result of the larger wafer size on the IPL-FMC
200-mm polisher, which causes a larger rise in the pad temperature, and therefore in the wafer
and flash temperatures, than on the IPL 100-mm polisher. The increase in temperature increases
the chemical rate and therefore the relative degree of mechanical limitation. When the ratio

k1
k2

is sufficiently large ( k 1 >> k 2 ), it is essentially impossible to accurately extract k 1 in the
presence of more than a certain level of removal rate repeatability.
Finally, in Figure 5.1.13, we also plot the value of k 1 that would be inferred for the IPLFMC 200-mm tool ( k 1 (Theory) in Figure 5.1.13) by using the extracted parameters Α , β′ , e
from the IPL 100-mm tool and by simply changing the value of the tool parameter ζ from 0.238
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m1/2 to 0.781 m1/2. The inferred values of k 1 (black triangles) fall within the k 1 lower bounds for
the IPL-FMC 200-mm tool, suggesting that the model correctly scales the process with tool size.
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Figure 5.1.13: Modeled chemical rate constants as a function of p x V during ILD CMP for the
IPL 100-mm and IPL-FMC 200-mm polishers.

5.1.5. Conclusions
Interlayer Dielectric (ILD) CMP process was characterized using frictional forces,
material removal rates, thermal measurements and theory. An important feature of the IPL-FMC
200-mm polisher was its ability to acquire friction force in two directions. The results showed
that due to the location of the wafer on the pad, the contribution of the x-component to the
magnitude of the friction force was more significant than that of the y-component. Removal rate
results showed that at low pressure and velocity, where the ILD removal process should be
extremely mechanically limited, the removal rate for both systems was basically the same. As
pressure and velocity increased, the removal rate in the IPL-FMC 200-mm polisher became
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higher compared to the IPL 100-mm tool. This was correlated with a higher pad temperature rise
for the 200-mm system. The Langmuir-Hinshelwood model successfully captured the removal
rate behavior and suggested that the ILD process on the IPL-FMC 200-mm polisher is more
mechanically limited over a wider range of power densities ( pxV ) than on the IPL 100-mm
polisher. This was a result of higher temperatures caused by the larger wafer size.
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CHAPTER 6 – EFFECT OF NOVEL PAD GROOVE DESIGNS
DURING COPPER CMP

Future technology nodes will demand an optimized CMP process that achieves global
planarization across the wafer, works on multi-material surfaces, and makes possible a high
definition damascene process and copper metallization, while reducing consumables (pad, slurry,
disc conditioner) consumption. In this chapter novel pad groove designs are tested during copper
CMP in order to evaluate the potential positive impacts on COO and EHS. In Section 6.1,
Logarithmic and Spiral grooves are combined, following the studies of Muijderman on spiral
bearings in 1960, in order to analyze if the flow of slurry transferred to the pad-wafer interface
could be controlled by these types of groove designs. In this analysis, the novel groove designs
where compared to a commercial pad in terms of removal rate, average COF, and average pad
temperature during copper CMP.
In section 6.2, another group of novel groove designs are tested during copper CMP. In
this case, taking into consideration the common industrial application of the concentric groove
pattern, pads where prepared with concentrical grooves having different degrees of slant, 0°
(Zero), ± 20° and ± 30°. It is believed that different degree and direction of groove slanting will
differently affect the hydrodynamics of the system. The slanted grooves were also evaluated in
terms of copper removal rates, average COF and average pad temperature during polishing.
A novel 3-Step model is employed in Sections 6.1 and 6.2 to analyze the experimental
results allowing for a superior evaluation of these pads during copper CMP. The 3-Step RR
model successfully predicts the removal rate behavior of ten different pad groove designs. Also,
this model allows us to perform an analysis of the effect of groove designs on the chemical and
mechanical contribution of the system.
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Finally in Section 6.3 one pad from each group (of the ones investigated in sections 6.1
and 6.2) will be selected to be analyzed under reduced slurry flow rate conditions. The selection
of these pads will be based on their RR performance during copper CMP. Once again the two
novel groove designs selected will be compared to a popular industrial groove design under these
similar experimental conditions.
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6.1. Design and Evaluation of Logarithmic-Spiral Groove Pads for Copper CMP
Variations in the chemical mechanisms of copper CMP can appear due to the effect of
pad grooving on: a) net flow under the wafer, b) pad, wafer and slurry temperature and c)
reactants and polish debris concentration. Furthermore, changes in the mechanical abrasion of the
passive film might appear due to the effect of pad grooving on: a) slurry film thickness under the
wafer, b) friction force at the pad-wafer interface, c) pad compressibility and d) pad-wafer contact
area. The effective transport of slurry in and out of the pad-wafer interface becomes critical
particularly for processes in which by-products are detrimental to polishing rates. By combining
logarithmic and spiral grooves, paths are created to introduce fresh slurry into, and spent slurry
and debris out of the pad-wafer interface. The experimentally grooved pads where tested and
statistically compared to a commercial pad in terms of removal rate, average coefficient of
friction and average pad leading edge temperature. Also a flat (i.e. not grooved) pad was included
in this study to evaluate in general the effect of pad grooves in copper CMP. In order to establish
the mechanical and chemical contributions to the process, experimental data was then
theoretically evaluated. A novel 3-step model in combination with a previously developed Flash
Heating (FH) temperature model was proposed for copper CMP. This model presented a new
expression to characterize the rate of oxide growth and the addition of a third step to characterize
the dissolution rate of copper oxide.
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6.1.1. Introduction

6.1.1.1. ILD and Metal CMP
In general, CMP technology can be divided into two areas, ILD and metal CMP; both
polishing processes are in some way similar (Oliver, 2004). The same type of equipment used for
dielectric polishing can also be used for metal polishing. The type of pads used in ILD and metal
CMP are also similar. However, there are important differences that need to be considered. One
of these differences, in fact a very important one, is the chemical effect of the slurry on the
substrate to be polished. During ILD CMP, the surface of the wafer is hydrolyzed due to the high
pH of the slurry (pH values typically range from 10.5 to 11.2) (Oliver, 2004). Then, the passive
film (hydrolyzed film) is removed by interactions with abrasive particles and pad asperities.
Differing from ILD, metal CMP requires an oxidizing environment to create the passive film on
the surface of the wafer. Oxidizers, usually hydrogen peroxide, are added to the slurry in order to
form a softer film (metal oxide). Material removal occurs by mechanical abrasion, as in the case
of ILD CMP, and by dissolution of the metal oxide film due to the presence of complexing agents
in the slurry (Muldowney a, 2005 and DeNardis b, 2006). In addition to the oxidizer, for various
purposes, complexing agents, surfactants and inhibitors are also added to the slurry used in metal
CMP creating complicated removal chemistry (Oliver, 2004). Therefore, we could presume that
chemistry plays a more essential role in metal CMP. The main factors that have been shown to
affect the chemical mechanism during copper CMP are (Muldowney a, 2005 and DeNardis b,
2006):
•

The pH and ionic strength of the solution (slurry).

•

The chemical nature and concentration of slurry additives (i.e. oxidizer,
complexing agent, surfactants and inhibitors).

209
•

The nature of the particles in the slurry.

•

The temperature of the process (i.e. that of the wafer, slurry and pad).

•

The slurry flow rate.

Another factor not considered until recently is pad grooving, which can affect chemical
as well as mechanical events during CMP (Muldowney b, 2005). Variations in the chemical
mechanisms of copper CMP can appear due to the effect of pad grooving on:
1) Net flow under the wafer.
2) Wafer, pad, and slurry temperature.
3) Reactants and polish debris concentration.
Furthermore, changes in the mechanical abrasion of the passive film might appear due to
the effect of pad grooving on:
1) Slurry film thickness under the wafer.
2) Friction force at the pad-wafer interface.
3) Pad compressibility.
4) Pad-wafer contact area.

6.1.1.2. CMP Pads
Polishing pads have a critical effect on achieving controlled material removal and
uniformity. Pad features affecting polishing performance can be divided into micro-- and macro-textures (Cook a, 2000, Cook b et al., 1996 and Muldowney e, 2004). Micro-texture accounts for
material of construction, hardness, specific gravity, compressibility, porosity, tensile stress and
surface roughness. Macro-texture refers to machined or molded grooves on the pad (Cook b et al.,
1996, Li, 2005 and Muldowney

c

et al., 2004). Commercially available pads typically have
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concentric circular or spiral grooves, square grids (XY pads), perforation or combinations of
these. At the end, the type of groove design selected for a given CMP application will depend on
the pad’s micro-texture, substrate to be polish, polishing conditions and polisher type to be used.
Some essential functions of grooves in CMP pads are (Muldowney b, 2005, Muldowney c et al.,
2004 and Muldowney d et al., 2004):
•

Prevent hydroplaning of the wafer on the pad by reducing the slurry film thickness in
the wafer pad interface.

•

Uniform slurry distribution across the pad and into the wafer-pad interface. This is
critical in attaining uniform removal especially in metal CMP; where uniform contact
of the wafer surface with the slurry chemistry is required.

•

Regulate overall and local hardness of the pad. Adding grooves to an un-grooved pad
will make it more compressible. The pad will deform to accommodate for the wafer
surface allowing for more intimate contact.

•

Supply paths for delivering fresh slurry into, and discharging by-products and polish
debris from the pad-wafer interface. Another critical factor in metal CMP and the
main motivation of this study.

Ideally the micro- and macro- textures of CMP pads should achieve all the requirements
previously mentioned. However, due to the complexity and variability of the CMP process,
different types of micro- and macro-texture will provide different results in terms of removal rate
(uniform slurry distribution and debris removal) and pad wear due to frictional forces. Multiple
studies have been previously conducted trying to explain the chemical and mechanical
interactions at the pad-wafer interface scale during CMP. However, until recently the pad surface
has been described by its micro-texture, while neglecting the effect of grooves (Muldowney b,
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2005, Muldowney e, 2004 and Muldowney f, 2005). The primary motivation in the present study
is to investigate, via the design and evaluation of novel groove patterns on CMP pads, the
effective transport of fresh slurry into and the discharge of spent slurry, by-products and polish
debris from, the wafer-pad interface. This study presents a variety of groove designs that could be
implemented in copper CMP to optimize slurry transport on the pad, reducing slurry
consumption, cost of ownership (COO) and achieving a more environmentally benign process.

6.1.1.3. Novel Groove Designs
In 1960, Muijderman began his studies on the properties and applications of spiral groove
bearings. His study arose from the search for a thrust bearing with a relatively high load-carrying
capacity and low coefficient of friction at very high speeds (Muijderman, 1966). Muijderman
proposed that spiral bearings were able to eliminate problems other types of bearings presented at
the time. In the spiral bearing one of the bearing surfaces needed to be grooved with a recurrent
pattern of logarithmic spiral grooves (analogous to the CMP pad) and the other surface needed to
be flat (similar to the wafer) (Muijderman, 1966). The operation of the spiral bearing can be
briefly explained as follows: When the grooved bearing surface is rotated with respect to the flat
one, the viscous fluid in between (analogous to slurry in CMP) is pumped. This pumping effect
can be directed towards or away from the center of rotation, depending on the combination and
direction of rotation of the logarithmic and spiral grooves used (Muijderman, 1966).
By taking into account Muijderman’s work and by making use of the analogy between
rotating bearings and CMP the spiral bearings groove design could be proposed for CMP pads
(Doi et al., 2004). CMP polishing pads where grooved with logarithmic and spiral grooves in
order to create paths to allow the effective transport of fresh slurry into, and the discharge of
spent slurry and unwanted by-products out of the pad-wafer interface. Figure 6.1.1 illustrates the
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different types of grooves evaluated in this study. In the case of the novel logarithmic-spiral
groove pads, positively directed grooves (logarithmic or spiral) transport fresh slurry into the padwafer interface, while, negatively directed grooves (logarithmic or spiral) discharge debris and
spent slurry away from the pad-wafer interface. The performance of the novel pads was
statistically compared to that of a commercial pad (concentric groove design) commonly used in
the IC manufacturing. Also, a flat pad (no grooves) was evaluated to analyze the effect of pad
grooves on copper removal during CMP.

Logarithmic (-)
Spiral (+)

Logarithmic (-)
Spiral (-)

Logarithmic (+)
Spiral (+)

Logarithmic (+)
Spiral (-)

Concentric
Grooves

Flat (i.e. no grooves)

Figure 6.1.1: Novel groove patterns evaluated in this study during copper CMP.
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6.1.2. Theoretical Approach

6.1.2.1. Tribological Mechanism
In this study, Sommerfeld number is used to construct Stribeck curves in order to
determine the dominant tribological mechanism during copper CMP. The Sommerfeld number is
defined as:

So =

µ⋅V
p⋅δ

(6.1.1)

In the above equation µ is the slurry viscosity, V is the sliding velocity, p is the applied
wafer pressure, and is the effective slurry thickness in δ the pad-wafer region. The effective
fluid film thickness, as a first approximation, can be further defined as:

δ = Ra

(6.1.2)

where Ra represents the surface roughness of the pad.

The Stribeck curve plots the coefficient of friction ( COF ) as a function of Sο , where

COF =

Fshear
Fnormal

is the ratio of the shear force to the normal force.

(6.1.3)
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By plotting COF as a function of Sommerfeld number the Stribeck curve can be
obtained, providing an insight into the dominant lubrication mechanism between the wafer, pad
and slurry particles (O’Connor, 1968). The Stribeck curve illustrates three contact modes:
•

Boundary lubrication, where the COF is high (~ 0.2 and above) and does not
depend on Sommerfeld number. Intimate contact between the wafer, pad and slurry
particles is believed to be present.

•

Partial lubrication, where the COF decreases to a minimum with Sο as pad-wafer
separation increases. Limited contact between the wafer, pad and slurry particles is
believed to take place.

•

Hydrodynamic lubrication, where COF increases again due to an increasing
hydrodynamic shear force. Complete separation between pad and wafer by a thin
layer of fluid (slurry) is believed to be present.

Equation (6.1.3) can provide additional information by solving for Fshear , responsible for
the removal of copper through mechanical abrasion.

Fshear = COF ⋅ FNormal

(6.1.4)

FNormal = A wafer ⋅ p

(6.1.5)

where

A wafer and p are the wafer area and applied pressure respectively. Substituting for FNormal in Eq.
(6.1.5) we obtain:
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Fshear = COF ⋅ A wafer ⋅ p

(6.1.6)

Equation (6.1.6) indicates how much pressure needs to be applied in order to achieve a
specific shear force value (i.e removal rate) for a constant wafer area. The higher the COF
observed for a given pad, the less pressure needed to obtain a particular removal rate.

6.1.2.2. Removal Rate Model
A novel 3-step model combined with a previously developed flash heating thermal (FH)
model (Sorooshian c, 2005 and Borucki et al., 2005) is used to theoretically evaluate removal
rates for all pads tested in this study. A detailed description of the 3-step model can be found in
Section 3.1.2. A summary of this model is described here. The proposed 3-step model is
represented in Eq. (6.1.7), where * designates a species on the surface of the wafer.

Cu + OX

k1

CuOX*

k2

CuOX

(6.1.7)

k3

CuOX

During step-1, copper on the surface of the wafer is oxidized at a constant rate k 1 . The
oxidized copper is removed through both mechanical abrasion (in step-2) at a constant rate k 2
and dissolution by complexing agents in the slurry (in step-3) at a constant rate k 3 (DeNardis b,
2006). The governing equation for the removal rate model is:
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RR =

MW k 1 ⋅ (k 2 + k 3 )
⋅
ρ k1 + k 2 + k 3

(6.1.8)

where M W and ρ are the molecular weight and density of copper.
The rate constant for the oxide growth is taken from a copper oxidation model based on a
cation migration to represent measured copper oxide growth profiles as a function of temperature.
Detailed derivation of this copper oxidation model can be found elsewhere (DeNardis b, 2006).
The rate constant for step-1 in the removal rate model has the following expression:

k1 =

ρ ox
-W 
 - q⋅a

⋅ Ν ⋅ Ω ⋅ f ⋅ exp
⋅E 
 ⋅ exp
M Wox
k⋅T 
 2⋅k ⋅T ⋅ x 

(6.1.9)

where M Wox and ρ ox are the molecular weight and density of copper oxide. N is the number of
cations per unit area, Ω is the volume of oxide formed per cation and f represents the frequency
of atomic vibrations. The quantity N ⋅ Ω ⋅ f is taken to be equal to 104 cm/sec (Cabrera et al.,
1949). W is the potential barrier an ion has to overcome in order to move from one interstitial
site to another. k is the Boltzmann’s constant and T is the average temperature at the surface of
the wafer. q is the proton charge, 1.6 x 10-19 C and a is the inter-atomic distance assumed to be
4Å, the lattice constant for Cu2O (Krishnamoorthy et al., 1970). E represents the potential across
the oxide and x is the oxide film thickness.
The rate constant used to characterize the dissolution of the copper oxide is extracted
from a one-dimensional model, where the diffusion of the complexant through a by-product film
appearing on the wafer surface after etching controls the process. Detailed derivation of this
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dissolution model can be found elsewhere (DeNardis b, 2006). The rate constant for step-3 in the
removal rate model has the following expression:

 -E 
- A ⋅ exp a 
R⋅T 
k3 =
(x c − X)

(6.1.10)

where, E a and A are modified activation energy and Arrhenius pre-exponential constant,
respectively. R is the ideal gas constant and T is the average temperature at the surface of the
wafer. (x c − X ) represents the thickness of copper oxide that grows on the wafer surface during
CMP. All variables in Eqs. (6.1.9) and (6.1.10) are either known constants or have been
experimentally determined a priori, except for x and

(x c − X) ,

which both represent the

thickness of oxide in the wafer surface at a given time. The characteristic oxide thickness used for
this study is 7Å. This value was extracted from oxide growth profiles at different temperatures
and is based on the growth of an oxide film, at the CMP time scale, to achieve removal rates in
the range of 1000 to 8000 Å (DeNardis b, 2006). With k 1 and k 3 previously characterized, the 3step model allows us to focus on the qualitative and quantitative effects of COF and pad
temperature on mechanical abrasion during copper CMP.
The mechanical removal rate constant is assumed to be proportional to the frictional
power density,

k 2 = Cp ⋅ COF ⋅ p ⋅ V

(6.1.11)
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where C p is the proportionality constant with units of mol J-1, COF is the average coefficient of
friction, p is the applied pressure and V is the sliding velocity.

6.1.2.3. Flash Heating Temperature Model
The average reaction temperature at the wafer surface T , used for the rate of oxide
growth and the rate of oxide dissolution, is hypothesized to be a combination of the average
leading edge pad temperature and the temperature generated by asperity tip flash heating.

T = Tp + ∆ T f

(6.1.12)

where Tp is the measured average leading edge pad temperature at each ( pxV ) condition and

∆ T f is the mean flash temperature increment, given by:

∆ Tf =

2 ⋅ ζ ( r w , c w ) pa γ p
⋅ ⋅ 1 ⋅ COF ⋅ p ⋅ V
π ⋅ κ⋅ ρ ⋅ C p p
V2

(6.1.13)

In Eq. (6.1.13), κ ⋅ ρ ⋅ C p is the product of pad thermal conductivity, density and heat
__

capacity, pa is the mean real contact pressure,

pa
is the mean asperity contact pressure (i.e. the
p

pressure that a pad asperity will exert over a point on the surface of the wafer), γ p is the fraction
of frictionally-generated heat that enters the asperity tip. The mean asperity contact pressure may
be shown as:
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(6.1.14)

where E ∗ is the effective pad modulus, λ is the characteristic decay length for summit heights in
the right-hand tail of the summit height probability density distribution, η s is the summit area
density and κ s is the mean asperity tip curvature (Sorooshian c et al., 2005 and Borucki a et al.,
2005).
Equation (6.1.15) describes the form of ζ(rw , c w ) , a tool-dependent function that
depends on the wafer radius rw and distance c w between the wafer center and pad center

ζ (rw , c w ) =

1
2
w

2⋅c
3 ⋅ π ⋅ rw2

(

c w + rw


 R +c −r
R ⋅ 2 ⋅ Cos −1 
 (2 ⋅ R ⋅ c w )
c w −rw


∫

2

2
w

2
w

) 

3
2

  dR
 

(6.1.15)

for the IPL-FMC 200-mm polisher used in this study ζ = 0.781 m1/2.
In Eq. (6.1.13), all of the parameters on the right side, except for the pad heat partition
factor γ p are independent of V . Finite element simulations of advective, lubricated asperity tip
heat transfer indicate that for oxide polishing, γ p is closely approximated by a power
law, γ p ≈

γ 1p
V

e

, where e and γ 1p are parameters that depend on the lubrication layer thickness and

mean real contact area (Sorooshian

c

et al., 2005 and Borucki

a

et al., 2005). The power law

dependence of the heat transfer coefficient allows us to write Eq. (6.1.13) in the simpler form
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∆ Tf = ζ(rw , c w )

β′
V

1
+e
2

⋅ COF ⋅ p ⋅ V,

(6.1.16)

where

β′ =

2 ⋅ γ 1p

__

pa
π⋅ ρ⋅ C p ⋅ κ p
⋅

(6.1.17)

Both β′ and the exponent e should have similar values for the two tools in the
experiments performed here because of the common pad, slurry and loading conditions. In this
study, during the characterization of experimental data we control p and V , measure Tp and

COF , and extract C p , Α , β′ and e to minimize the RMS error between the model and the
measured removal rates.

6.1.2.4. Statistical Analysis: Wilcoxon Rank-Signed Test
Removal rates, average COF and average pad leading edge temperatures for all pads were
ranked using a non-parametric test that compares paired differences, observations under identical
experimental conditions, when the assumption of normality is suspect. The Wilcoxon signed-rank
test is a very powerful statistical test due to the fact that it is based on the magnitude and sign of
the paired differences. The steps in the Wilcoxon signed-rank test can be described as follows
(Kreyszig, 1999):
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1) Calculate the differences of each pair of observations under similar experimental
conditions (i.e. pxV in this study):

Di = X1 – X2, where i = 1, 2,…n

(6.1.18)

2) Assign ranks by arranging the absolute values of paired differences (Di) in
increasing order; also record the corresponding signs.

3) Calculate the signed-rank statistic T+, which is equal to the sum of ranks of
positive Di. If the size of the sample under statistical evaluation is larger than 15,
then the distribution of T+ is closely approximated by a normal curve. In this case
the signed-rank statistic Z is equal to:

Z=

 + n ⋅ (n + 1) 
T −

4


 n ⋅ (n + 1) ⋅ ( 2 ⋅ n + 1) 
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1
2

(6.1.19)

4) Set the rejection region at the upper tail of the signed-rank statistic (T+ or Z) for
a specific percent of confidence. In this study the statistical results obtained have
a 95% confidence. The null and alternative hypotheses used in this study, for all
three parameters being compared, removal rate (RR), average pad leading
temperature ( Tp ) or average coefficient of friction ( COF ), were:
i. Null hypothesis H0: Parameter of Pad 1 = Parameter of Pad 2
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ii. Alternative hypothesis H1: Parameter of Pad 1 > Parameter of Pad 2

5) If the signed-rank statistic (T+ or Z) is greater or equal to the critical value
(acquired from statistical tables) for a specific percent of confidence, then H0 is
rejected and H1 accepted, if not H0 is accepted.

6.1.3. Experimental Procedure, Consumables and Apparatus
The IPL-FMC 200-mm polisher was used for all experiments. Detailed description of the
apparatus can be found in Section 3.1.2. Referring to Section 5.1.3.1, a schematic of the IPLFMC 200-mm polisher is shown in Figure 5.1.1. Polishing was performed on polyurethane pads
with different groove designs: Logarithmic (-) Spiral (-), Logarithmic (+) Spiral (+), Logarithmic
(-) Spiral (+), Logarithmic (+) Spiral (-), Concentric and Flat (no grooves). In all cases, the
grooves were 0.46 mm deep and 0.87 mm wide.

Prior to data acquisition, each pad was

conditioned for 30 minutes with a 100 mm diameter, 100-grit diamond disc at a pressure of 3.4
kPa, a rotational velocity of 30 RPM and a sweep frequency of 0.33 Hz using ultra pure water
(UPW). Break-in was followed by pad seasoning using 200 mm 99.99% copper discs until a
constant COF was achieved. Typically, 5 to 7 two minutes dummy runs were needed to obtain a
constant COF .
Fujimi PL-7102 slurry was used for pad seasoning and for the actual polishing
experiments. The slurry is composed of colloidal silica abrasive particles with an average
diameter of 35 nm. The slurry was prepared by adding 1 part of PL-7102, 9 parts of UPW and
0.3 parts of 30% by weight hydrogen peroxide. The slurry pH after adding the UPW and
hydrogen peroxide was close to neutral (pH ~ 6.8). Slurry was supplied at the pad center at 220
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cc/min. Wafers were then polished using in-situ conditioning for 80 seconds at applied wafer
pressures of 6.8, 10.3, 13.7 and 17.2 kPa (1.0, 1.5, 2.0 and 2.5 PSI) and sliding velocities of 0.3,
0.75 and 1.20 m/s. Each pressure-velocity condition was repeated once in order to estimate
experimental repeatability. The 200 mm copper wafers used in this study where comprised of
three layers as follows: 1.5 µm of PVD copper, on top of 100 nm of PVD Ta, overlying on 100
nm of thermal silicon dioxide grown on the silicon substrate. The wafer and platen co-rotated
counterclockwise at the same rate during polishing, in order to keep a constant sliding velocity
under the wafer. After polishing, the wafers were rinsed with UPW and dried immediately.
An Ohaus® precision balance (readability 0.01 mg) was used to measure the weight preand post-polishing to determine the removal rate. An infrared video camera capable of measuring
temperature in the range – 40 ºC to 2000 ºC with an accuracy of ± 2 ºC and a resolution of 0.1 ºC
was used to record the pad surface temperature. Measurements were taken at a frequency of 5 Hz
at five points along the leading edge of the wafer (Figure 6.1.2). Real-time shear force ( COF )
data were taken simultaneously along with the real-time infrared thermal measurements.
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Figure 6.1.2: Thermal measurements using the infrared video camera during copper CMP on the
IPL-FMC 200-mm polisher. The points where temperature was measured are designated with a
round symbol.
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6.1.4. Experimental Results and Discussion

6.1.4.1. Lubrication Mechanism during Copper CMP
Figures 6.1.3-8 illustrate the Stribeck curves, hence, the lubrication mechanism for all
pads used in this study. The lubrication mechanism for all grooved pads during copper CMP,
regardless of the type of groove, is boundary lubrication. Intimate contact between the particles in
slurry, pad and wafer is believed to occur. This results in higher removal rates, compared to that
of the Flat pad. The absence of grooves on the pad will produce a partial lubrication mechanism
during copper CMP. The average COF decreases as a function of So , limited contact between
slurry particles, pad and wafer is believed to take place.
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Figure 6.1.3: Stribeck curves for Logarithmic (-) Spiral (+) pad.
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Figure 6.1.4: Stribeck curves for Logarithmic (-) Spiral (-) pad.
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Figure 6.1.5: Stribeck curves for Logarithmic (+) Spiral (+) pad.
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Figure 6.1.6: Stribeck curves for Logarithmic (+) Spiral (-) pad.
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Figure 6.1.7: Stribeck curves for Concentric Grooves pad.
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Figure 6.1.8: Stribeck curves for Flat pad.
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6.1.4.2. Removal Rate
Figures 6.1.9-14 show the experimental removal rates for all the pads evaluated in this
study. Removal rate of copper is higher when the logarithmic grooves are in the opposite
direction (i.e. Logarithmic (-)) relative to the rotational direction of the pad, regardless of the
direction of the spiral grooves. Also, logarithmic grooves dominate over the spiral grooves in
terms of increasing or decreasing removal rate. For a fixed logarithmic groove design (i.e.
Logarithmic (-) or Logarithmic (+)), changing the direction of the spiral grooves does not
appreciably affect removal rate. However, for a fixed spiral groove direction (i.e. Spiral (-) or
Spiral (+)), changing the direction of the logarithmic grooves affects removal rate significantly.
As expected, after examining the lubrication mechanism results in the previous section, regardless
of the type of groove, all grooved pads presents much higher removal rates than the Flat pad.
The highest removal rate is achieved with the novel pad having the negative logarithmic
groove superimposed on the positive spiral groove. This is due to the fact that this pad is designed
to allow transport of slurry into the pad-wafer interface (by the positive spiral grooves), and the
discharge of by-products away from the pad-wafer interface (by the negative logarithmic
grooves). This suggests that copper removal might be significantly affected by spent slurry and
debris near the surface of the wafer. Even though, there is another possible combination of
heaving a positive and negative oriented grooves (Logarithmic (+) Spiral (-)), removal rate is not
as high as when the Logarithmic (-) Spiral (+) pad is used. The governing effect of the
Logarithmic (-) groove seems to decrease the concentration of detrimental by-products and
increase the rate of slurry refreshing by creating a path for the slurry to leave the pad. This
positively affects the chemical phenomena during copper polishing. Removal rate results indicate
the possibility of controlling slurry transport into and out off the pad-wafer interface, by
combining logarithmic and spiral grooves.
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Figure 6.1.9: Removal Rate as a function of pxV for Logarithmic (-)
Spiral (+) pad during copper CMP. The figure shows all repeat runs.
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Figure 6.1.10: Removal Rate as a function of pxV for Logarithmic (-)
Spiral (-) pad during copper CMP. The figure shows all repeat runs.
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Figure 6.1.11: Removal Rate as a function of pxV for Logarithmic (+)
Spiral (+) pad during copper CMP. The figure shows all repeat runs.
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Figure 6.1.12: Removal Rate as a function of pxV for Logarithmic (+)
Spiral (-) pad during copper CMP. The figure shows all repeat runs.
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Figure 6.1.13: Removal Rate as a function of pxV for Concentric Grooves
pad during copper CMP. The figure shows all repeat runs.
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Figure 6.1.14: Removal Rate as a function of pxV for Flat pad during copper CMP.
The figure shows all repeat runs.
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6.1.4.3. Statistical Analysis
In addition to the direct comparison of the experimental data, statistical analysis was
performed on the removal rates, average pad leading temperature and average COF, to verify any
possible differences among all pads tested. Results obtained from the Wilcoxon signed-rank test
for removal rates and average pad leading temperature for all pads are shown in Tables 6.1.1 and
6.1.2 respectively. A ranking of ‘1’ represents the highest value. The statistical results for these
two parameters agree very well. The rank each pad obtains, according to its performance, in terms
of removal rate is the same as average pad leading temperature. This confirms the importance and
direct effect of temperature on removal rate during copper CMP, where chemical phenomena play
very crucial roles.

Table 6.1.1: Wilcoxon signed-rank test results comparing removal rates for all pads analyzed.

Removal Rate Rank

Pad Type

1

Logarithmic (-) Spiral (+)

2

Logarithmic (-) Spiral (-) and Logarithmic (+) Spiral (+)

3

Logarithmic (+) Spiral (-) and Concentric Groove

4

Flat
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Table 6.1.2: Wilcoxon signed-rank test results comparing average pad leading temperature for all
pads analyzed.

Average Pad Leading
Temperature Rank

Pad Type

1

Logarithmic (-) Spiral (+)

2

Logarithmic (-) Spiral (-) and Logarithmic (+) Spiral (+)

3

Logarithmic (+) Spiral (-) and Concentric Groove

4

Flat

Table 6.1.3 shows the statistical results of COF for all the pads evaluated. Once again,
a ranking of ‘1’ represents the highest value of COF . Three of the novel pads present higher

COF , than the commercial pad with concentric grooves. Differing from the case of removal
rate, the spiral groove seems to be the dominant groove in terms of COF (i.e. mechanical
abrasion). The statistical analysis in Table 6.1.3 shows that the pads with the spiral groove in the
same direction as that of their rotation (Spiral (+)) produce higher COF than when the spiral
groove is in the opposite direction (Spiral (-)), regardless of the direction of the Logarithmic
groove.
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Table 6.1.3: Wilcoxon signed-rank test results comparing COF for all pads analyzed.

Average COF Rank

Pad Type

1

Logarithmic (-) Spiral (+) and Logarithmic (+) Spiral (+)

2

Logarithmic (-) Spiral (-) and Logarithmic (+) Spiral (-)

3

Concentric Groove

4

Flat

Higher shear force between the pad and the wafer should be generated by grooves with a
Spiral (+) than by those with a Spiral (-). This assumption is confirmed in Figures 6.1.15-20
where the measured shear force, between the pad and the wafer, during copper polishing is shown
as a function of pxV . The spiral groove seems to positively affect mechanical abrasion during
copper polishing. The higher friction force observed by these novel pads also contributes to the
increase in pad’s temperature, positively affecting chemical phenomena as well. The higher
removal results obtained with the Logarithmic (-) Spiral (+) groove pad combination can be
explained as balance between the dominant grooves affecting the chemical and mechanical
mechanisms, respectively.
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Figure 6.1.15: Measured shear force between the pad and the wafer as a function of pxV for
Logarithmic (-) Spiral (+) pad during copper CMP. The figure shows all repeat runs.
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Figure 6.1.16: Measured shear force between the pad and the wafer as a function of pxV for
Logarithmic (-) Spiral (-) pad during copper CMP. The figure shows all repeat runs.
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Figure 6.1.17: Measured shear force between the pad and the wafer as a function of pxV for
Logarithmic (+) Spiral (+) pad during copper CMP. The figure shows all repeat runs.
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Figure 6.1.18: Measured shear force between the pad and the wafer as a function of pxV for
Logarithmic (+) Spiral (-) pad during copper CMP. The figure shows all repeat runs.
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Figure 6.1.19: Measured shear force between the pad and the wafer as a function of pxV for
Concentric Grooves pad during copper CMP. The figure shows all repeat runs.
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Figure 6.1.20: Measured shear force between the pad and the wafer as a function of pxV for Flat
pad during copper CMP. The figure shows all repeat runs.
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Even though higher shear force (or COF ) between the pad and the wafer yields higher
removal rates, the productive life of the pad is decreased due to excessive pad wear. This may
indicate a negative aspect of the novel pads. Referring to Eq. (6.1.6) in section 6.1.2.1, it indicates
that for a constant A wafer the higher COF observed for certain pads; the lower the applied
pressure necessary for a specific shear force value. Assuming this force is responsible for the
mechanical abrasion during polishing, is important to obtain the highest Fshear at the lowest
possible applied p .
Figures 6.1.21-25 illustrate contour plots of copper removal rate for all pads tested (i.e.
Lim-Ashby plots). The plots are constructed by triangulating the individual pxV points and
using the triangulation to linearly interpolate the rate data. Unlike the Preston plot, a Lim-Ashby
plot shows the separate influences of p and V rather than presupposing a dependence of
removal rate on pxV . Comparison of Figures 6.1.21-25 reveals that at a constant pad-wafer
rotational velocity (i.e. 0.75 m/s), much less pressure is needed (~12,000 Pa) during copper CMP
for the pads Log (-) Spiral (+), Log (-) Spiral (-) and Log (+) Spiral (+) than for the pads Log (+)
Spiral (-) and Concentric groove (~17,600 Pa) in order to achieve the same removal rate. The
behavior observed for these three novel pads is an advantage in polishing ultra low k (ULK)
materials where lower pressures are required. These novel pads can potentially facilitate the
transition of CMP into future generation technologies where pxV will tend to approach zero.
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Figure 6.1.21: Lim-Ashby plot of copper removal rates for Logarithmic (-) Spiral (+) pad.
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Figure 6.1.22: Lim-Ashby plot of copper removal rates for Logarithmic (-) Spiral (-) pad.
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Figure 6.1.23: Lim-Ashby plot of copper removal rates for Logarithmic (+) Spiral (+) pad.
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Figure 6.1.24: Lim-Ashby plot of copper removal rates for Logarithmic (+) Spiral (-) pad.
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Figure 6.1.25: Lim-Ashby plot of copper removal rates for Concentric Grooves pad.
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The statistical results in Tables 6.1.1 to 6.1.3 also indicate the effect of the absence of
grooves on copper removal. The Flat pad has the lowest rank among all pads when removal rate,
pad temperature and average COF are compared. The lack of channels to transport the slurry and
debris into and out of the pad-wafer interface must likely produce slurry starvation, affecting the
chemical mechanism during polishing. The absence of grooves seems to reduce pad
compressibility, which will decrease the deformation of the pad in order to accommodate for the
wafer surface. This will affect the mechanical phenomenon by reducing the extent of pad-wafer
contact, hence the copper removal. The dearth of grooves on the pad leads to a process where the
chemical, as well as, the mechanical mechanisms are severely affected.

6.1.4.4. Results of the 3-Step Model
Figures 6.1.26-31 present the removal rate data previously showed in Figures 6.1.9-14
but with the addition of the 3-Step RR model results for all pads evaluated. The range of the
RMS between the model and the experimental data falls between 322 to 674 A/min, while the
range for data repeatability falls within 118 to 1100 A/min for all pads.
During the characterization of a set of consumables (i.e. pad, pad conditioner and slurry)
in CMP, a common issue is the lack of real-time measurements to predict the removal rate of a
wafer being polished. After polishing, the wafer needs to be analyzed via different metrology to
determine if the wafer is in line with the desired removal rate trend, or if a problem occurred
during polishing that influenced removal rate. Some of these problems that significantly affect
removal rates can produce even more undesirable problems, such as increasing defectivity or nonuniformity. In addition, this problem may become more serious if many wafers are processed
through the ‘suspected’ CMP tool before the first wafer with the problem is measured. A major
advantage of the proposed 3-Step RR model is the correlation of removal rates to process
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conditions that can be monitored in real-time during polishing. This gives the opportunity to shut
down the tool if a radical change in removal rate is predicted before the polish is completed. This
way the problem can be solved before more wafers are affected.

As it can be seen in Figure

6.1.27, at the highest pxV there is a large drop in the removal rate, which is believed to be due to
a failure in one of the process consumables. The fact that the model is able to predict the
drastically lower point, based only on real-time COF and temperature measurements, is evidence
that the current model can satisfactorily predict removal rates.
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Figure 6.1.26: Removal Rate as a function of pxV for Logarithmic (-) Spiral (+) pad during
copper CMP. The figure shows all repeat runs.
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Figure 6.1.27: Removal Rate as a function of pxV for Logarithmic (-) Spiral (-) pad during
copper CMP. The figure shows all repeat runs.
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Figure 6.1.28: Removal Rate as a function of pxV for Logarithmic (+) Spiral (+) pad during
copper CMP. The figure shows all repeat runs.
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Figure 6.1.29: Removal Rate as a function of pxV for Logarithmic (+) Spiral (-) pad during
copper CMP. The figure shows all repeat runs.
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Figure 6.1.30: Removal Rate as a function of pxV for Concentric Grooves pad during copper
CMP. The figure shows all repeat runs.
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Figure 6.1.31: Removal Rate as a function of pxV for Flat pad during copper CMP.
The figure shows all repeat runs.
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The relative values for each of the rate constants ( k 1 , k 2 and k 3 ) can be extracted from
the 3-Step model. Figures 6.1.32-37 illustrate the relative values of the rate constants plotted as a
function of pxV for all pads tested. As mentioned before, this model presents two possible
pathways to remove copper from the wafer surface. When these two removal mechanisms are
compared, one can see that the rate constant representing removal by mechanical abrasion is
always, at least one order of magnitude, higher than that represented by the dissolution by
complexing agents. This is constant for all the pads analyzed in this study. The dissolution rate
( k 3 ) seems not to play an important role for the type of slurry used (Fujimi PL-7102) under the
pressure and velocity conditions evaluated in this study. However, the characterization of this
third step is very important to understand the physics behind copper CMP. Also the dissolution
removal mechanism will become more and more significant as pxV approaches zero.

262

1.0E+00
k1

k2

k3

Rate Constants (mol/ m2 sec)

1.0E-01

1.0E-02

1.0E-03

1.0E-04

1.0E-05

1.0E-06
0

5000

10000

15000

20000

25000

30000

2

pxV (W/m )

Figure 6.1.32: Relative values of the rate constants, extracted from the 3-Step RR Model, plotted
as a function of pxV for Logarithmic (-) Spiral (+) pad.
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Figure 6.1.33: Relative values of the rate constants, extracted from the 3-Step RR Model, plotted
as a function of pxV for Logarithmic (-) Spiral (-) pad.

264

1.0E+00
k1

k2

k3

Rate Constants (mol/ m2 sec)

1.0E-01

1.0E-02

1.0E-03

1.0E-04

1.0E-05

1.0E-06
0

5000

10000

15000

20000

25000

30000

2

pxV (W/m )

Figure 6.1.34: Relative values of the rate constants, extracted from the 3-Step RR Model, plotted
as a function of pxV for Logarithmic (+) Spiral (+) pad.
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Figure 6.1.35: Relative values of the rate constants, extracted from the 3-Step RR Model, plotted
as a function of pxV for Logarithmic (+) Spiral (-) pad.

266

1.0E+00
k1

k2

k3

Rate Constants (mol/ m2 sec)

1.0E-01

1.0E-02

1.0E-03

1.0E-04

1.0E-05

1.0E-06
0

5000

10000

15000

20000

25000

30000

2

pxV (W/m )

Figure 6.1.36: Relative values of the rate constants, extracted from the 3-Step RR Model, plotted
as a function of pxV for Concentric Grooves pad.
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Figure 6.1.37: Relative values of the rate constants, extracted from the 3-Step RR Model, plotted
as a function of pxV for Flat pad.
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Theoretical analysis of copper polish rates by the 3-Step model allows us to establish
when the process is more limited by film growth (more chemically limited) and when it is more
limited by film removal (more mechanically limited). Figures 6.1.38-43 show the ratio of the
chemical ( k 1 ) to the mechanical ( k 2 ) rate constants plotted as a function of pxV for all pads
evaluated in this study. The process seems to be more limited by film removal (

k1
> 1), through
k2

mechanical abrasion, at low values of pxV (i.e. lower than 5000 W/m2). As pxV increases this
mechanical limitation is reduced and there is a transition to a more balanced process
(

k1
approaches 1). With the process been more mechanically limited at lower values of pxV the
k2

development of novel pads that can generate higher mechanical abrasion (shear force) under these
conditions, like in the case of Log (-) Spiral (+) and Log (+) Spiral (+), becomes critical. In
addition, the analysis of the ratio of these rate constants reveals a new correlation between the
removal rate rank given to each pad, which indicates the performance in terms of copper removal
(rank of ‘1’ equals highest removal rate), and the degree of balance between chemical and
mechanical limitations. Figures 6.1.38-43 illustrates that the faster and closer

k1
approaches
k2

unity (i.e. the faster and closer the process reaches to equilibrium between chemical and
mechanical interactions) as pxV increases, the more copper is removed during polishing.
In order to quantify this effect, Table 6.1.4 shows the relative values of the ratio of k1 to

k2, tabulated as a function of pxV for all pads evaluated. This correlation also shows the
importance of achieving a balance between the chemical and mechanical limitations during CMP
processes where both events play a critical role.
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Figure 6.1.38: Ratio of k1 to k2 plotted as a function of pxV for Logarithmic (-) Spiral (+) pad.
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Figure 6.1.39: Ratio of k1 to k2 plotted as a function of pxV for Logarithmic (-) Spiral (-) pad.

271

1.0E+03

Removal Rate Rank = 2

k1 / k2

1.0E+02

1.0E+01

1.0E+00

1.0E-01
0

5000

10000

15000

pxV ( W/ m

20000

25000

30000

2)

Figure 6.1.40: Ratio of k1 to k2 plotted as a function of pxV for Logarithmic (+) Spiral (+) pad.
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Figure 6.1.41: Ratio of k1 to k2 plotted as a function of pxV for Logarithmic (+) Spiral (-) pad.
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Figure 6.1.42: Ratio of k1 to k2 plotted as a function of pxV for Concentric Grooves pad.
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Figure 6.1.43: Ratio of k1 to k2 plotted as a function of pxV for Flat pad.
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Table 6.1.4: Relative values of the ratio of k1 to k2, tabulated as a function of pxV
for all pads evaluated.

k1 / k2
k1 / k2
k1 / k2
k1 / k2
k1 / k2
Log (-)
Log (-)
Log (+)
Log (+) Concentric
Spiral (+) Spiral (-) Spiral (+) Spiral (-)
Grooves

Pressure
(Pa)

Sliding
Velocity
(m/s)

pxV
(W/m2)

6894.75

0.30

2068.43

11.22

43.10

24.08

44.29

30.90

132.38

10342.14

0.30

3102.64

7.58

46.60

23.28

52.98

34.40

-

13789.51

0.30

4136.85

5.46

55.56

23.71

59.27

35.65

22.49

17236.89

0.30

5171.07

4.80

67.21

27.06

78.17

36.88

-

6894.75

0.75

5171.07

3.15

5.55

3.75

9.13

5.23

-

10342.14

0.75

7756.60

3.29

4.76

3.17

8.72

4.18

9.92

13789.51

0.75

10342.14

2.40

4.34

2.65

8.65

3.62

27.88

17236.89

0.75

12927.67

2.15

4.09

2.34

8.82

3.38

-

6894.75

1.20

8273.71

2.31

4.00

2.78

5.74

3.20

-

10342.14

1.20

12410.56

1.95

2.66

2.25

4.76

2.52

-

13789.51

1.20

16547.42

1.61

2.31

1.89

4.42

2.19

14.14

17236.89

1.20

20684.27

1.60

2.54

1.67

4.33

1.90

6.57

k1 / k2
Flat
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6.1.5. Summary and Conclusions
The combination of logarithmic and spiral grooves positively affects the removal of
copper during CMP by effectively controlling the transport of slurry into, and the discharge of
spent slurry and debris out of, the pad-wafer interface. The lubrication mechanism for all the
grooved pads analyzed in this study is that of boundary lubrication. In the case of the Flat pad a
partial lubrication mechanism is obtained. The groove combination resulting in the highest
removal rate, average pad leading edge temperature and COF is Logarithmic (-) Spiral (+). This
novel pad results in a 24% increase in removal rate and 28% increase in COF compared to the
concentrically grooved pad. Even though, an increase in COF might indicate an increase in pad
wear, an increase in removal rate may result in lower slurry consumption and short polish times.
These novel pads represent a possible solution to obtain a good balance between slurry
consumption and pad wear during copper CMP.
After analyzing the copper removal rate contour plots, it was observed that at a constant
pad-wafer sliding velocity (0.75 m/s) much less pressure is needed for the pads Log(-) Spiral(+),
Log(-) Spiral(-) and Log(+) Spiral(+) (~12,000 Pa) than for Log(+) Spiral(-) and Concentric
groove (~17,500 Pa) in order to achieve the same removal. This represents an advantage in
polishing ULK materials where lower pressures are required.
A novel 3-Step copper removal rate model was applied for the first time to copper CMP,
predicting remarkably well, the removal rate behavior during copper polishing for different
groove designs. In all cases, the model RMS error fell in the range of 322 to 674 Å/min, while the
experimental repeatability error was in the range of 118 to 1100 Å/min. The information
extracted from the rate constants of the 3-Step model revealed that the dissolution rate ( k 3 ) was
found not to play a significant role for Fujimi PL-7102 under the pressure and velocity conditions
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evaluated in this study. However, this third step is expected to become more and more significant
as pxV approaches zero.
The relative values of k 1 and k 2 as a function of pxV showed that the process was
more limited by film removal through mechanical abrasion, especially at low values of pxV .
However, as pxV increased this limitation was reduced and there was a transition to a more
balanced process. A new correlation between removal rate and the degree of balance between
chemical and mechanical limitations was found. The faster and closer the process reached
equilibrium between chemical and mechanical interactions as pxV increased, the more copper
was removed during polishing.
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6.2. Analysis of Pads with Slanted Grooves for Copper CMP
This investigation presents the analysis of concentric grooves with different degrees of
slant for the optimization of copper Chemical Mechanical Planarization (CMP) processes. Taking
into consideration the common industrial application of the concentric groove pattern, in this
study pads where prepared with concentrical grooves having different degrees of slant, such as 0°
(Zero), ± 20° and ± 30°. The slanted groove pads were tested and statistically compared to each
other in terms of removal rate, average coefficient of friction and average pad leading edge
temperature. Theoretical examination of the experimental data was performed in order to
establish the mechanical and chemical contributions to the process. A novel 3-step model, in
combination with a previously developed Flash Heating (FH) temperature model, was proposed
for copper CMP. This model presented a new expression to characterize the rate of oxide growth
and the addition of a third step to characterize the dissolution rate of copper oxide. The RMS
error after predicting the removal rate behavior with the 3-step model feel between 351 to 445
A/min, while the experimental repeatability error feel in the range of 150 to 590 A/min for all
pads tested in this study.
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6.2.1. Introduction

6.2.1.1. Copper CMP
The integration of novel materials to successfully meet the requirements established by
future integrated circuit technology nodes will demand an optimized Chemical Mechanical
Planarization (CMP) process in terms of acceptable removal rates, while keeping the lowest
possible slurry and pad consumption. In order to achieve this objective, we need to understand the
fundamentals of the physical and chemical phenomena occurring at the pad-wafer interface
during polishing. However, the nature and variability of the copper CMP process makes this task
somehow complicated. On one hand, there is the complicated removal chemistry required for
copper CMP, consisting of oxidizers, complexing agents, surfactants and inhibitors (Oliver,
2004). On the other hand, there are all the parameters, some of which can be controlled, affecting
the mechanical removal of the copper oxide film. Some of these parameters are: pressure, sliding
velocity, pad micro-texture and macro-texture (groove design) and conditioning process. During
copper CMP, material removal occurs by mechanical abrasion and by dissolution of the metal
oxide film due to the presence of complexing agents in the slurry (Muldowney a, 2005 and
DeNardis b, 2006). The process becomes highly sensitive to the chemical and mechanical events
occurring at the pad-wafer interface. The present work focuses on the analysis of different
designs of pad grooving, another factor not considered until recently, to affect these two events
during polishing (Muldowney b, 2005). This investigation presents an evaluation of pads with
concentric circular grooves and different degrees and directions of groove slanting used during
copper CMP.
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6.2.1.2. Groove Design
One of the most important things to consider in the design of novel groove patterns is
how uniform the pad grooves can distribute slurry over the pad surface. Grooves on CMP pads
function as a slurry holder and a stable slurry supplier around the wafer. Commercially available
pads typically have concentric circular or spiral grooves, square grids (XY pads), perforations or
a combination of these (Li, 2005 and Muldowney c, et. al. 2004). The type of groove design
selected for a given CMP application will depend on pad’s micro-texture, the substrate to be
polish, polishing conditions and polisher type (Muldowney d, et. al. 2004). The satisfactory
performance in attaining global surface planarity, with the lowest possible damage to the surface,
has made the concentric groove pattern very popular for multiple applications in CMP. This
groove design consists of concentric circular grooves that accomplish several essential functions:
a) Prevent hydroplaning of the wafer on the pad by reducing the slurry film
thickness in the pad-wafer interface,
b) Uniform slurry distribution across the pad and into the pad-wafer interface,
c) Regulate the stiffness of the pad, making it more compressible and allowing a
more intimate contact between the wafer and the pad.
In this study, foamed polyurethane pads where prepared with concentric grooves having
different degrees (0° (Zero), 20° and 30°) and direction of groove slanting. The inclination of the
slant could be either, towards (negative direction), or away from (positive direction) the center of
the pad. Figure 6.2.1 illustrates the groove patterns and scanning electron microscope (SEM)
images of the top and side views, of all slanted groove patterns utilized in this study.
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Figure 6.2.1: Groove patterns and scanning electron microscope (SEM) images of the top and
side views, of all slanted groove patterns utilized in this study.
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This idea evolved from the analysis of slurry flow in concentric grooves, as well as from
the assumption that different degree and direction of groove slanting will differently affect the
hydrodynamics (slurry flow) of the system. Figure 6.2.2 shows the velocity vectors, simulated via
computational fluid dynamics (CFD), for slurry flow inside grooves (Ring, et al., 2006). In this
figure three different scenarios for slurry flow can be identified:
1) Slurry can flow over without detecting the presence of the groove underneath.
2) Slurry can flow inside the groove, where a re-circulation process takes place,
mixing the slurry near the top of the groove.
3) Slurry can flow into the groove and sink to the bottom. In this region the fluid
tends to becomes stagnant.

Figure 6.2.2: Velocity vectors of slurry flow inside a concentric groove (after Ring, et al., 2006)
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Based on these observations, the proposed hypothesis states that the slanted groove
designs will affect the slurry flow on the land area via two possible mechanisms. The first
mechanism will generate a macro-effect, enhancing or hindering the slurry transfer from the
groove towards the land area. The enhancing or hindering slurry flow will depend on the direction
of the groove slant. Figure 6.2.3 illustrates the proposed mechanism for the macro-effect of
slanted grooves on slurry flow during CMP. This figure shows the three possible scenarios
depicting when slurry approaches non-slanted, positively slanted, and negatively slanted grooves.
In general, it is assumed that centrifugal and convective forces will aid slurry flow. A vector
analysis of the forces acting on an infinitesimally small slurry volume (i.e. control volume)
approaching the groove wall is presented in Figure 6.2.3 for each case.
It is important to mention that for this vector analysis, the net result of the convective
forces will aid in carrying our control volume out of the groove. It is assumed that the effect of
convective forces is equal regardless of groove design. In the case of non-slanted grooves, the
centrifugal force does not contribute to slurry flow inside the groove and the transfer of slurry
from the groove to the land area is considered to be due to the net result of convective forces. In
the case of positively slanted grooves, in addition to the net result of the convective forces the
resulting y-component of the centrifugal force will enhance the transfer of slurry from the groove
towards the land area. Finally in the case of negatively slanted grooves, the resulting ycomponent of the centrifugal force will be opposite to the net result of the convective forces
hindering the transfer of slurry to the land area.
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Figure 6.2.3: Proposed mechanism for the macro-effect of slanted grooves
on slurry flow during CMP.
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The presence of slanted grooves will also generate a micro-effect on slurry flow in the
pad land areas. Due to the elasto-plastic properties of polyurethane pads, any applied load on the
pad land area will result in a partial compression of the land areas therefore, affecting the path for
slurry to flow. During the polishing process the area of the pad in contact with the wafer will
experience a loading cycle. In the case of the pad with zero degrees of slant, the majority of the
wafer load will be equally supported by the pad land areas. The asperities in these land areas
could be compressed depending on the extent of the wafer load, decreasing the paths for slurry to
flow. In the other case, when the grooves are slanted by certain degree in either direction, the
effect of the applied load will not be equally supported by the land area due to the groove slant.
This will result in partial collapse of part of the land area (i.e. unsupported land area) as seen in
Figure 6.2.4. This partial collapse will create a wedge, generating the wafer load to be partially
supported by the pad land area and by the slurry in the wedge. In the case of positively slanted
grooves, convective forces inside the groove will continuously displace the slurry in the wedge as
Figure 6.2.4 shows. Slurry flowing from the land area will fill the wedge again to support the
weight of the wafer, enhancing the flow of slurry in land areas. In the case of negatively slanted
grooves, convective forces will continuously fill the wedge without needing slurry to be transfer
from the land areas.
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Figure 6.2.4: Proposed mechanism for the micro-effect of slanted grooves on slurry flow during
CMP. The compression effect has been exaggerated for illustration purposes.

6.2.2. Theoretical Approach

6.2.2.1. Tribological Mechanism
To determine the dominant lubrication mechanism during copper CMP, Stribeck curves
are presented using dimensionless grouping of CMP-specific parameters called the Sommerfeld
number:

So =

µ⋅V
p⋅δ

(6.2.1)
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In the above equation µ is the slurry viscosity, V is the sliding velocity, p is the applied
wafer pressure, and is the effective slurry thickness in δ the pad-wafer region. The effective
fluid film thickness, as a first approximation, can be further defined as:

δ = Ra

(6.2.2)

where Ra represents the surface roughness of the pad.

The Stribeck curve plots the coefficient of friction ( COF ) as a function of Sο , where

COF =

Fshear
Fnormal

(6.2.3)

is the ratio of the shear force to the normal force. The plot of COF vs. the Sommerfeld number
is known as the Stribeck curve and gives direct evidence of the extent of wafer-slurry-pad
contact. The details concerning the Stribeck curve an its application to CMP are presented in
Section 6.1.2.1.
As illustrated in Section 6.1.2.1, Eq. (6.2.3) can provide additional information by
solving for Fshear , responsible for the removal of copper through mechanical abrasion.

Fshear = COF ⋅ A wafer ⋅ p

(6.2.4)
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According to Eq. (6.2.4) the higher COF observed for a given pad, the less pressure
needed to obtain a specific shear force (removal rate).

6.2.2.2. Removal Rate Model
In this study the previously introduced 3-step removal rate model, combined with the
flash heating thermal (FH) model, is employed to theoretically evaluate removal rates for all pads
tested. A detailed description of the 3-step model can be found in Section 6.1.2.2. The governing
equation for the removal rate model is:

RR =

MW k 1 ⋅ (k 2 + k 3 )
⋅
ρ k1 + k 2 + k 3

(6.2.5)

where M W and ρ are the molecular weight and density of copper.
The rate constant representing the oxidation rate of copper ( k 1 ) in the removal rate
model has the following expression:

k1 =

ρ ox
-W 
 - q⋅a

⋅ Ν ⋅ Ω ⋅ f ⋅ exp
⋅E 
 ⋅ exp
M Wox
k⋅T 
 2⋅k ⋅T ⋅ x 

(6.2.6)

whereas, the rate constant representing the rate of copper oxide dissolution ( k 3 ) in the removal
rate model has the following expression:
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 -E 
- A ⋅ exp a 
R⋅T 
k3 =
(x c − X)

(6.2.7)

All variables in Eqs. (6.2.6) and (6.2.7) are either known constants or have been
experimentally determined a priori, except for x and

(x c − X) ,

which both represent the

thickness of copper oxide in the wafer surface at a given time. The characteristic oxide thickness
used for this study is 7Å. This value was extracted from oxide growth profiles at different
temperatures and in based on the growth of an oxide film, at the CMP time scale, to achieve
removal rates in the range of 1000 to 8000 Å (DeNardis b, 2006).
The mechanical removal rate constant ( k 2 ) is assumed to be proportional to the frictional
power density,

k 2 = Cp ⋅ COF ⋅ p ⋅ V

(6.2.8)

where C p is the proportionality constant with units of mol J-1, COF is the average coefficient of
friction, p is the applied pressure and V is the sliding velocity.

6.2.2.3. Flash Heating Temperature Model
The average reaction temperature at the wafer surface T , used for the rate of copper
oxide growth and dissolution, is hypothesized to be a combination of the average leading edge
pad temperature and the temperature generated by asperity tip flash heating. The details
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concerning the Flash Heating Thermal model and its application to copper CMP are presented in
Section 6.1.2.3.

6.2.2.4. Statistical Analysis: Wilcoxon Rank-Signed Test
Removal rates, average COF and average pad leading edge temperatures for all pads were
ranked by using the Wilcoxon signed-rank test. This statistical analysis compares paired
differences (observations) under identical experimental conditions when the assumption of
normality is suspect. The steps followed during the application of the Wilcoxon signed-rank test
are described in Section 6.1.2.4.

6.2.3. Experimental Procedure, Consumables and Apparatus
The FMC-IPL 200-mm polisher was used for all experiments. Polishing was performed
on five Rohm and Haas foamed polyurethane pads with different groove designs: Minus 30°,
Minus 20°, 0° (Zero), Plus 20° and Plus 30°. An ultra-precision pad grooving machine, CMP
1000S from Toho Engineering Co., was used to create these patterns on Flat IC-1000 pads. In all
cases, the grooves were 1 mm deep, 0.5 mm wide with a pitch of 1 mm. Prior to data acquisition,
each pad was conditioned for 30-minutes with a 100 mm diameter, 100-grit diamond disc at a
pressure of 3.4 kPa, a rotational velocity of 30 RPM and a sweep frequency of 0.33 Hz using ultra
pure water (UPW). Break-in was followed by pad seasoning using 200 mm 99.99% copper discs
until a constant COF was achieved. Typically, 5 dummy runs were needed to obtain a constant

COF .
Fujimi PL-7102 slurry was used for pad seasoning and for the actual polishing
experiments. The slurry is composed of colloidal silica abrasive particles with an average
diameter of 35 nm. The slurry was prepared by adding 1 part of PL-7102, 9 parts of UPW and
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0.3 parts of 30% by weight hydrogen peroxide. The slurry pH after adding the UPW and
hydrogen peroxide was close to neutral (pH ~ 6.8). Slurry was supplied at the center of the pad at
220 cc/min. Wafers were then polished using in-situ conditioning for 80 sec at applied wafer
pressures of 6.8, 13.7 and 20.0 kPa (1.0, 2.0 and 3 PSI) and sliding velocities of 0.3, 0.75 and
1.20 m/s (24, 60 and 96 RPM). Several pressure-velocity conditions were repeated once in order
to estimate experimental repeatability. The 200 mm copper wafers used in this study where
comprised of three layers as follows: 1.5 µm of PVD copper, on top of 100 nm of PVD Ta,
overlying on 100 nm of thermal silicon dioxide grown on silicon substrate. The wafer and platen
co-rotated counterclockwise at the same rate during polishing in order to keep a constant sliding
velocity under the wafer. After polishing, the wafers were rinsed with UPW and dried
immediately.
An Ohaus® precision balance (readability 0.01 mg) was used to measure the weight preand post-polishing to determine the removal rate. An infrared video camera capable of measuring
temperature in the range – 40 ºC to 2000 ºC with an accuracy of ± 2 ºC and a resolution of 0.1 ºC
was used to record the pad surface temperature. Measurements were taken at a frequency of 5 Hz
at five points along the leading edge of the wafer (see Figure 6.1.2). Real-time COF data were
taken simultaneously along with the real-time infrared thermal measurements.
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6.2.4. Results and Discussion

6.2.4.1. Removal Rate
Figures 6.2.5-8 show the measured removal rates for all slanted pads tested in this study.
In each case the removal rate of the slanted groove pads is compared to that obtained with a nonslanted grooved pad (Zero degrees). The results show higher copper removal when the circular
grooves have an inclination of 20 degrees regardless of the direction of the groove slant (Plus 20°
and Minus 20°). In the case of Plus 20°, the pumping mechanism generated by the grooves appear
to increase the rate at which spent chemistry is replaced with fresh slurry, as well as, reduce byproducts and polish debris from the pad-wafer interface. The pad Plus 20° appears to be more
chemically active, facilitating the formation and dissolution of copper oxide, hence, increasing
the removal of copper.
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Figure 6.2.5: Measured removal rate plotted as a function of pxV for Plus 30° and Zero degrees
pads. The figure shows all repeat runs.
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Figure 6.2.6: Measured removal rate plotted as a function of pxV for Plus 20° and Zero degrees
pads. The figure shows all repeat runs.
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Figure 6.2.7: Measured removal rate plotted as a function of pxV for Minus 20° and Zero degrees
pads. The figure shows all repeat runs.
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Figure 6.2.8: Measured removal rate plotted as a function of pxV for Minus 30° and Zero degrees
pads. The figure shows all repeat runs.
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In the case of the pad Minus 20° the slurry flow mechanism is exactly opposite of the one
in the previous case. The slurry will spend more time in the grooves possibly reducing the
chemistry refreshing rate due to a combination of fresh and spent slurry on the pad. This effect
can directly impact the formation and dissolution of copper oxide. However, the compression
effect in this case also seems to increase the mechanical strength of the pad and the removal of
material by means of mechanical abrasion. Figures 6.2.9-10 show COF as a function of pxV
for all slanted groove pads. COF , which is an indicator of the amount of friction, hence
mechanical abrasion, between the pad and the wafer; is higher for the pads with slants in the
negative direction (Minus 20° and Minus 30°) for all pxV combinations tested in this study.
Even though, the chemical mechanism might be affected for the pad Minus 20°, the mechanical
abrasion of copper oxide appears to increase for this pad and similar removal rates as in the case
of Plus 20° can be obtained during copper polishing.
Figures 6.2.9-10 also illustrate that the lowest COF is achieved when polishing with the
pad Plus 30°. T he groove inclination in this case seems to be too shallow affecting the
mechanical strength of the pad (i.e. abrasion of copper oxide). Another possible explanation for
the lower COF in this case is a higher lubrication layer between the pad and the wafer due to the
pumping mechanism generated by the grooves. If more slurry is transferred from the grooves to
the pad land areas lower COF (lower mechanical abrasion) is expected, partially overcoming
any positive effect of this groove design on the chemical mechanism. The opposing effects on the
chemical and mechanical mechanisms in the case of Plus 30° result in similar performance, in
terms of copper removal, as in the case of the pad Zero degrees. Finally, in the case of Minus 30°,
the steep inclination towards the center of the pad prevents the flow of spent slurry out of the
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grooves severely affecting the chemical phenomena of the process. The grooves failed to
accomplish one of their main functions and the lowest removal rate is achieved.
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Figure 6.2.9: Average COF as a function of pxV for Plus 20° and Minus 20° pads.
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Figure 6.2.10: Average COF as a function of pxV for Plus 30° and Minus 30° pads.
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6.2.4.2. Average Pad Leading Edge Temperature
Recognizing the relationship between removal rate and temperature during copper
polishing becomes critical to understand how different groove patterns (degrees and direction of
groove slanting) will affect the rate of formation and dissolution of copper oxide during CMP.
Figures 6.2.11-12 depict the effect of the degree and direction of groove slanting on pad
temperature. During polishing, the grooves slanted toward the edge of the pad (positive slanted
grooves) showed higher average pad temperature than the one slanted in the opposite direction.
Higher temperature for pads Plus 20° and 30° will directly contribute to an increase in further rate
of copper oxide formation and dissolution. These are evidence of the higher chemical activity in
case of Plus 20° and 30° due to the effect of positive slanted grooves on the polishing process.
The reasons behind this behavior are not well understood and are under investigation.
One possible explanation could be attained by incorporating the effect of pad conditioner on pad
temperature during polishing. During pad conditioning, the different degree and direction of
groove slanting might produce different results, regardless of the fact that the same pad
conditioning process (i.e. conditioner type, rotation velocity, sweep frequency and applied load)
is used. These differences maybe in terms of asperity generation, asperity-wafer contact
mechanisms and finally pad temperature.
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Figure 6.2.11: Average pad leading edge temperature as a function of pxV for
Plus 20° and Minus 20° pads. The figure shows all repeat runs.
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Figure 6.2.12: Average pad leading edge temperature as a function of pxV for
Plus 30° and Minus 30° pads. The figure shows all repeat runs.
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6.2.4.3. Lubrication Mechanism
The lubrication mechanism was found to be independent of the degree of slanting as
Figure 6.2.13-17 illustrate. Although some of these pads present slants that might affect the
mechanical strength of the pad, the nature of the concentric grooves pattern, in terms of
lubrication mechanism, remains constant. Analogous to previous studies, where concentric
groove patterns were used for copper polish, all pads tested show boundary lubrication
mechanism during copper CMP (Li, 2005 and Rosales-Yeomans c, et. al., 2007); where intimate
contact between the slurry particles, pad and wafer is believed to occur.
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Figure 6.2.13: Stribeck curve for Plus 30° pad.
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Figure 6.2.14: Stribeck curve for Plus 20° pad.
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Figure 6.2.15: Stribeck curve for Zero degrees pad.
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Figure 6.2.16: Stribeck curve for Minus 20° pad.
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Figure 6.2.17: Stribeck curve for Minus 30° pad.
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6.2.4.4. Statistical Analysis
In order to confirm differences among these novel pads in terms of removal rate, average
pad leading edge temperature and COF , the Wilcoxon signed rank statistical analysis was
performed. This analysis could also indicate an optimal groove pattern for copper polishing.
Table 6.2.1 shows the results for all pads analyzed whereas a rank of ‘1’ represents the highest
removal rate, pad temperature or COF obtained during polishing. The results in Table 6.2.1
confirm all of the experimental observations previously explained. The pads Plus 20° and Minus
20° result in the highest removal rates. These novel groove designs, through enhancement of
chemical or mechanical mechanism, show a feasible path to follow for the reduction of slurry and
pad consumption during copper CMP. In addition, the statistical analysis of the average pad
temperature and COF corroborate the experimental observations.
Recalling that during polishing the force responsible for the mechanical abrasion of the
substrate to be polish is the shear force between the pad and the wafer. This indicates that for a
constant A wafer the higher COF observed for a given pad; the lower the apply pressure
necessary for a specific shear force value. During polishing this force is the responsible for the
mechanical abrasion. The slanted groove pads seem to be able to produce higher Fshear at the low
applied p implying a possible reduction in pad and slurry consumption, as well as, wafer level
defects (delamination and scratches). In addition attaining low pressures can facilitate the
transition to future generation technologies where pxV will tend to approach very low values.
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Table 6.2.1: Wilcoxon signed-rank test results of the comparison of removal rate and average pad
leading temperature for all pads analyzed. Rank of 1 represents the highest RR, average pad
temperature, or COF obtained during polishing.

Pad Type

Removal Rate
Rank

Pad Leading
Temperature
Rank

Average COF
Rank

Plus 20°

1

1

2

Minus 20°

1

2

1

Zero

2

2

4

Plus 30°

2

3

4

Minus 30°

3

4

3

Figures 6.1.18-22 illustrate Lim-Ashby plots of copper removal rate for all pads tested.
The Lim-Ashby plots are constructed by triangulating the individual pxV points and using the
triangulations to linearly interpolate the rate data. Unlike the Preston plot, Lim-Ashby plots
shows the separate influences of p and V , rather than presupposing a dependence of removal
rate on pxV . Comparison of Figures 6.1.18-22 reveals that, at a constant sliding velocity (i.e.
0.75 m/s), much less pressure is needed (11,000 to 12,000 Pa) during copper CMP for the pads
Plus 20° and Minus 20° than for any other pad in order to achieve the same removal rate.
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Figure 6.2.18: Lim-Ashby plot of copper removal rates for Plus 30° pad.
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Figure 6.2.19: Lim-Ashby plot of copper removal rates for Plus 20° pad.
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Figure 6.2.20: Lim-Ashby plot of copper removal rates for Zero degrees pad.
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Figure 6.2.21: Lim-Ashby plot of copper removal rates for Minus 20° pad.
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Figure 6.2.22: Lim-Ashby plot of copper removal rates for Minus 30° pad.
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6.2.4.5. Predicting RR with the 3-Step Model
Figures 6.2.23-27 show the removal rates obtained during copper CMP with the slanted
groove pads together with the 3-Step model results. The model agrees very well with the
experimental measurements. The model RMS error falls within the range 350 to 450 Å/min,
whereas, the experimental repeatability range is 150 to 590 Å/min for all cases. With the steps
representing the oxidation and dissolution of copper oxide completely characterized a priori, the
3-Step removal model successfully estimates the removal rate behavior of different groove
patterns.
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Figure 6.2.23: Experimental (open symbols) and modeled (solid symbols) removal rates as a
function of pxV for Plus 30° pad.
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Figure 6.2.24: Experimental (open symbols) and modeled (solid symbols) removal rates as a
function of pxV for Plus 20° pad.
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Figure 6.2.25: Experimental (open symbols) and modeled (solid symbols) removal rates as a
function of pxV for Zero degrees pad.
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Figure 6.2.26: Experimental (open symbols) and modeled (solid symbols) removal rates as a
function of pxV for Minus 20° pad.
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Figure 6.2.27: Experimental (open symbols) and modeled (solid symbols) removal rates as a
function of pxV for Minus 30° pad.
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6.2.4.6. Analysis of k1 and k3 in the 3-Step Copper Removal Model
The good match between experimental and theoretical data allows one to analyze the rate
constants extracted from the 3-Step model and to determine the effect of slanted grooves on the
chemical and mechanical contributions to the system. The chemical mechanism of the process
can be evaluated by investigating the rate of copper oxide formation ( k 1 ) and dissolution ( k 3 ).
The relative values of k 1 and k 3 are plotted as a function of pxV for all pads in Figures 6.2.2831. The results indicate that the rate of copper oxide formation and dissolution is more favorable
when the degree of slant is zero than in any other case. The pad with the less favorable rates of
copper oxidation and dissolution is Minus 30°. The 3-Step model also confirms the observations
made after analyzing the experimental results. The pads with a positive slanted groove (Plus 20°
and 30°) further improve the rate of copper oxide formation and dissolution (more chemical
active) compared to the pads with the same degree of slanting in the opposite direction (Minus
20° and 30°).
As shown in Figures 6.2.11-12, higher pad temperatures where recorded for the pads Plus
20° and 30° during polishing. In section 6.2.3.3 the average reaction temperature at the wafer
surface T (used for the rate of copper oxide growth and dissolution) was hypothesized to be a
combination of the average leading edge pad temperature ( Tp ) and the mean flash temperature
increment ( ∆ T f ) generated by the friction between pad asperity tips and the wafer surface. As

k 1 and k 3 are directly proportional to the mean reaction temperature, higher Tp will increase the
reaction temperature, thus boosting the rate of copper oxide formation and dissolution.
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Figure 6.2.28: k1 plotted as a function of pxV for Plus 20°, Minus 20° and Zero degrees pads.
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Figure 6.2.29: k1 plotted as a function of pxV for Plus 30°, Minus 30° and Zero degrees pads.
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Figure 6.2.30: k3 plotted as a function of pxV for Plus 20°, Minus 20° and Zero degrees pads.
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Figure 6.2.31: k3 plotted as a function of pxV for Plus 30°, Minus 30° and Zero degrees pads.
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Another important finding extracted from Figures 6.2.28-31 is the fact that for each pad
regardless of the degree and direction of groove slant, the highest rate of copper oxide formation
and dissolution is achieved at the lowest sliding velocity (i.e. 0.31 m/s). The reason for this
behavior comes from the examination of the other component of the mean reaction temperature,

∆T f . Figures 6.2.32-36 exhibit the values of the mean reaction temperature, extracted from the
model, plotted as a function of pxV for all pads investigated. It can be observed that at the
lowest sliding velocity (0.31 m/s) the ∆ T f , hence, the mean reaction temperature at the surface of
the wafer is higher in all cases. At this sliding velocity, the Plus 20°, Plus 30° and Zero degrees
pads show an increase in the flash heating temperature in the range of 26°C to 46°C. Whereas, the
Minus 20° and Minus 30° pads show an increase in the range of 12°C to 34°C.
This increase in ∆ T f , is believed to occur due to the possible longer contact time between
an asperity on the pad and the surface of the wafer. The longer the contact time between the
asperity and the wafer the greater the frictional heat generated and the higher the temperature
increment. Another possibility is the conditioning process. Even though the same conditioning
process (i.e. conditioner type, sweep frequency and load) was adopted during the experiments,
variations in the size and distribution of the asperities over the pad surface may occur, where
different degrees and directions of groove slanting will expose different pad land areas to the
conditioner disc for asperity regeneration.
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Figure 6.2.32: Flash heating temperature increment as a function of pxV for Plus 30° pad.
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Figure 6.2.33: Flash heating temperature increment as a function of pxV for Plus 20° pad.
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Figure 6.2.34: Flash heating temperature increment as a function of pxV for Zero degrees pad.
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Figure 6.2.35: Flash heating temperature increment as a function of pxV for Minus 20° pad.

330

1.0E+02

Average Flash Heating Temperature Increment (°C)

0.31 m/s
0.75 m/s
1.20 m/s
1.0E+01

1.0E+00

1.0E-01

1.0E-02

1.0E-03
0

5000

10000

15000
pV ( W/ m

20000

25000

30000

2)

Figure 6.2.36: Flash heating temperature increment as a function of pxV for Minus 30° pad.
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Figure 6.2.37 illustrates Monte Carlo simulations of the furrows cut on concentrically
grooved pad (Zero degrees) by only five diamonds on a rotating and oscillating conditioner. The
simulation was performed for two different pad rotational velocities 0.31 and 1.2 m/s under the
same conditioner sweep frequency, rotational velocity and load. At the lower pad rotational
velocity, the pad area covered by the conditioner is not uniform, generating an irregular asperity
distribution on the pad surface. In addition, at this velocity the pad cut rate (i.e. the ability of the
conditioner to sharpen the asperities on the pad) is supposed to be lower than that at the higher
rotational velocity. Due to the lower cut rate, the asperities on the pad might have rounded tips
which will give more area for an abrasive particle to land and make contact with the wafer
surface, thus generating higher ∆ T f . In the case of higher pad rotational velocity (1.2 m/s) the
conditioner appears to cover almost all the area of the pad. The Monte Carlo simulation in Figure
6.2.37 for this case depicts faster cut rates and a more uniform asperity distribution.
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Figure 6.2.37: Monte Carlo simulations of furrows cut by five diamonds on a rotating and
oscillating conditioner for different pad rotational velocities. Darker colors indicate a faster cut
rate in the 3-D representation of the conditioning process (right) (Courtesy of Dr. Borucki).
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6.2.4.7. Analysis of k2 in the 3-Step Copper Removal Model
The mechanical contribution to the system can be evaluated by analyzing values of the
rate constant representing the mechanical abrasion of the copper oxide grown on the surface of
the wafer. Figures 6.2.38-39 show the relative values of k 2 plotted as a function of pxV for all
pads tested. Once again, the results of the model confirm the observation made experimentally.
The pad with the highest k 2 values is Minus 20°. As such, it is believed to be more mechanically
active than other pads. Also, Plus 20° and Minus 20° pads show higher k 2 values than the Zero
degrees pad. Recalling that this pad enhanced the chemistry of the system the most, if mechanical
abrasion is not present, less copper will be removed. In the case of the Plus 30° pad, k 2 is higher
than that of the Zero degrees pad, thus making it more mechanically active. The higher
mechanical abrasion counter balances the lower values of k 1 for this pad. The Zero degrees pad
enhances the chemical mechanism more, while the Plus 30° pad further enhances the mechanical
mechanism, thus explaining the observed similarity in RR. Finally, the Minus 30° pad seems to
be the least mechanically active of all pads. As mentioned in the previous section, this pad was
also the least chemically active pad, which explains why this pad had the lowest removal rate.
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Figure 6.2.38: k2 plotted as a function of pxV for Plus 20°, Minus 20° and Zero degrees pads.
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Figure 6.2.39: k2 plotted as a function of pxV for Plus 30°, Minus 30° and Zero degrees pads.
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6.2.4.8. Mechanisms Involved during Copper CMP
Analysis of the ratio between the rate constants characterizing film growth and film
removal reveals the limiting mechanisms emerging during copper polishing with the slanted
groove pads. Before moving to the analysis of these mechanisms, a revision of the dominant
mode of film removal during copper CMP is at hand. As mentioned before the 3-step model
presents two competing steps for the removal of copper from the wafer surface, mechanical
abrasion ( k 2 ) or dissolution by the complexing agent in the slurry ( k 3 ). Figures 6.2.40-44 show
the relative values of the ratio of k 2 to k 3 plotted as a function of pxV for the all pads
investigated. In this study it was found that the dissolution rate constant, only plays a significant
role at the lowest pad-wafer sliding velocity (0.31 m/s) for the pads Plus 20°, 30° and Zero
degrees. Only under these settings the rate of film removal by dissolution approaches that of
mechanical abrasion. This behavior comes from the higher mean reaction temperature, due to a
rise in ∆ T f , observed at these experimental conditions. In all other cases the relative values of

k 3 are at least one order of magnitude lower than those of k 2 . For all of these reasons, it can be
concluded that as a first approximation the dissolution of copper oxide can be neglected under the
polishing conditions (groove design, wafer load, sliding velocity and slurry type) investigated in
this study.
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Figure 6.2.40: Ratio of k2 / k3 as a function of pxV for Plus 30° pad.
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Figure 6.2.41: Ratio of k2 / k3 as a function of pxV for Plus 20° pad.
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Figure 6.2.42: Ratio of k2 / k3 as a function of pxV for Zero degrees pad.
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Figure 6.2.43: Ratio of k2 / k3 as a function of pxV for Minus 20° pad.

341

1.0E+04

1.0E+03

k2 / k3

1.0E+02

1.0E+01

1.0E+00

1.0E-01
0

5000

10000

15000
pV ( W/ m

20000

25000

30000

2)

Figure 6.2.44: Ratio of k2 / k3 as a function of pxV for Minus 30° pad.
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After establishing a dominant removal mechanism, a comparison between the rate
constants characterizing oxide growth and film removal by mechanical abrasion can elucidate the
chemical and mechanical limitations of the process. Figure 6.2.45-49 presents the ratio of the
relative values of k 1 to k 2 as a function of pressure times velocity for all pads studied. In all
cases, at low values of pressure times velocity ( pxV < 5000 W/m2), the process appears to be
more limited by film removal through mechanical abrasion (more mechanically limited).
However, as pxV increases this limitation is reduced and there is a transition to a more balanced
process, where

k1
≈ 1 and neither mechanism (chemical or mechanical) dominates more than the
k2

other. In addition, an important correlation can be established, by analyzing these model results,
between the degree of chemical-mechanical balance and the removal rate achieved for each pad.
The amount of copper removal obtained for each pad agrees very well with the degree of balance
between the chemical and mechanical mechanisms. Figures 6.2.45-49 show that the faster and
closer

k1
approaches unity, the higher the removal rate achieved for that given pad. For
k2

instance, the pads Plus 20° and Minus 20° shifts to a more balanced process, as pxV increases,
faster than any other pad giving as a result higher removal rates than in any other case.
In order to quantify this effect, Table 6.2.2 shows the relative values of the ratio of k1 to

k2, tabulated as a function of pxV for all pads evaluated. This correlation also shows the
importance of achieving a balance between the chemical and mechanical limitations during CMP
processes where both events play a critical role.
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Figure 6.2.45: Ratio of k1 / k2 as a function of pxV for Plus 30° pad.
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Figure 6.2.46: Ratio of k1 / k2 as a function of pxV for Plus 20° pad.
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Figure 6.2.47: Ratio of k1 / k2 as a function of pxV for Zero degrees pad.
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Figure 6.2.48: Ratio of k1 / k2 as a function of pxV for Minus 20° pad.
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Figure 6.2.49: Ratio of k1 / k2 as a function pxV for Minus 30° pad.
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Table 6.2.2: Relative values of the ratio of k1 to k2, tabulated as a function of pxV
for all pads evaluated.

Pressure
(Pa)

Sliding
Velocity
(m/s)

pxV
(W/m2)

k1 / k2
Plus 30°

k1 / k2
Plus 20°

k1 / k2
Zero
Degrees

k1 / k2
Minus 20°

k1 / k2
Minus 30°

6894.75

0.30

2068.43

50.86

31.80

59.30

26.43

24.25

13789.51

0.30

4136.85

78.78

43.18

98.49

38.05

26.70

20684.27

0.30

6205.28

93.38

57.45

103.80

40.26

36.29

6894.75

0.75

5171.07

3.35

3.11

5.84

2.60

3.87

13789.51

0.75

10342.13

2.44

1.89

4.16

1.52

2.80

20684.27

0.75

15513.20

1.83

1.66

4.00

1.26

2.40

6894.75

1.20

8273.71

3.00

1.99

3.55

2.36

2.75

13789.51

1.20

16547.41

1.64

1.35

2.61

1.14

2.09

20684.27

1.20

24821.12

1.42

1.13

1.91

0.85

1.66
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6.2.5. Summary and Conclusions
Concentrically grooved pads with different degrees of groove slanting Zero, 20° and 30°
were analyzed during copper CMP. The slanted groove pads where tested and statistically
compared to each other in terms of removal rate, average pad leading edge temperature and

COF . The pad Plus 20° appears to enhance more the chemistry of the system, while the pad
Minus 20° appears to be more mechanically active resulting (both groove designs) in higher
removal rates. The pads Plus 30° and Zero degrees present similar performance in terms of
copper removal. The lowest removal was obtained with the pad Minus 30° where the grooves
negatively affect the chemical, as well as, the mechanical mechanism of the process. A novel 3step model, in combination with a previously developed Flash Heating (FH) temperature model,
is proposed for copper CMP. The 3-Step model successfully predicts the removal behavior of
different groove patterns. The model RMS error falls within the range 350 to 450 Å/min,
whereas, the experimental repeatability range is 150 to 590 Å/min for all cases. After analyzing
relative values of each of the rate constants extracted from the 3-step model, it was found that the
dissolution rate constant ( k 3 ) does not play a significant role for the set of consumables (pad type
and slurry), pressure and velocity conditions evaluated. Only in the case of Plus 20°, Plus 30° and
Zero degrees and at the lowest sliding velocity, the dissolution rate approaches the mechanical
abrasion rate. This was attributed to a higher increase in the flash heating temperature at low
sliding velocities. The modeling results indicate that the process is more limited by film removal
through mechanical abrasion, especially at low values of pxV . However, as pxV increases, this
limitation is reduced and there is a transition to a more balanced process. In addition, the ratio of

k1
extracted from the model shows a correlation between the chemical-mechanical balance in
k2
the process and amount of copper removal achieved for each pad. The information extracted from
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the 3-Step model can be use to have a better knowledge of the copper CMP process, revealing
opportunities for optimization.
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6.3. Evaluation of Novel Groove Designs under Reduced Slurry Flow Rate Conditions
during Copper CMP

6.3.1. Introduction
One of the main objectives of this investigation is to verify if ‘smart’ groove designs can
yield acceptable RRs while reducing the consumption of slurry during the polishing process. As
mentioned in Chapter 1, slurry is the major consumable (followed by pads) in CMP. The
reduction in the consumption of slurry can not only cut down on operational costs (COO), but it
can also transform CMP into a more benign process by reducing the amount of waste that needs
to be treated before leaving each site.
Based on the results shown in Sections 6.1.1 and 6.2.1, the two ‘best’ novel groove
designs in terms of copper removal (one from the Logarithmic-Spiral group and one from the
Concentric Slanted group) where selected to be evaluated and compared to the popular industrial
groove design, Concentric grooves, under reduced slurry flow rate conditions during copper
polishing. The following pad groove designs were selected for this analysis: Logarithmic (-)
Spiral (+) referred in this study as LNSP, Plus 20° and Concentric grooves.

6.3.2. Experimental Procedure, Consumables and Apparatus
The FMC-IPL 200-mm polisher was used for all experiments. Detailed description of the
apparatus can be found in Chapter 2 of this dissertation. Polishing was performed on three Rohm
and Haas foamed polyurethane pads with different groove designs: LNSP, Plus 20° and
Concentric grooves. An ultra-precision pad grooving machine, CMP 1000S from Toho
Engineering Co., was used to create these patterns on Flat IC-1000 pads. In all cases, the grooves
were 1 mm deep and 0.5 mm wide. Prior to data acquisition, each pad was conditioned for 30-
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minutes with a 100 mm diameter, 100-grit diamond disc at a pressure of 3.4 kPa, a rotational
velocity of 30 RPM and a sweep frequency of 0.33 Hz using ultra pure water (UPW). Break-in
was followed by pad seasoning using 99.99% pure copper discs, 200 mm in diameter, until a
constant COF was achieved. Typically, 5 dummy runs were needed to obtain a constant COF .
Fujimi PL-7102 slurry was used for pad seasoning and for the actual polishing
experiments. The slurry is composed of colloidal silica abrasive particles with an average
diameter of 35 nm. The slurry was prepared by adding 1 part of PL-7102, 9 parts of UPW and
0.3 parts of 30% by weight hydrogen peroxide. The slurry pH after adding the UPW and
hydrogen peroxide was close to neutral (pH ~ 6.8). Slurry was supplied at the center of the pad at
two different flow rates: 220 and 110 cc/min. In this study 99.99% pure copper disc, 200 mm in
diameter, were polished using in-situ conditioning for 80 sec at applied wafer pressures of 6.8,
10.3, 13.7 and 17.2 kPa (1.0, 1.5, 2.0 and 2.5 PSI) and sliding velocity of 1.20 m/s (96 RPM).
Each experimental condition was repeated once in order to estimate repeatability. The copper
disc and platen co-rotated counterclockwise at the same rate during polishing, in order to keep a
constant sliding velocity under the wafer. After polishing, the wafers were rinsed with UPW and
dried immediately.
An Ohaus® precision balance (readability 0.00001 g) was used to measure the weight pre
and post-polishing to determine the removal rate. An infrared video camera capable of measuring
temperature in the range – 40 ºC to 2000 ºC with an accuracy of ± 2 ºC and a resolution of 0.1 ºC
was used to record the pad surface temperature. Measurements were taken at a frequency of 5 Hz
at five points along the leading edge of the wafer (see Figure 6.1.2). Real-time shear force
measurements were taken simultaneously along with the real-time infrared thermal data.
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6.3.3. Results and Discussion

6.3.3.1. Removal Rate
The first aspect analyzed in this study is the performance of these pads in terms of copper
removal when slurry flow rate is reduced Figure 6.3.1 shows the comparison of the removal rates
obtained with the selected novel groove designs at 50% reduced flow rate, to that obtained with
the common industrial pad at full flow rate conditions (220 cc/min). By setting the RR behavior
observed with the Concentric groove pad under the operating conditions evaluated (pressures and
sliding velocity) and at full flow rate as standard, then the results presented in Figure 6.3.1 show a
45% and 17% increase in RR for the pads Plus 20° and LNSP, respectively, when they are used
to polish copper discs under the same operating conditions except for a 2X reduction in flow.
By reducing the amount of slurry on the pad, the mechanical and chemical mechanisms
of the system are affected. The novel groove designs seem to positively affect the process,
favoring cooper removal while reducing slurry consumption as much as 50%. These encouraging
findings support one of the principal ideas that gave birth to this complete study; through ‘smart’
groove design the CMP process can be optimize to reduce COO and EHS issues.
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Figure 6.3.1: Removal rates measured during copper polishing. In the case of Plus 20° and LNSP
the slurry flow rate was reduced 50%.
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6.3.3.2. Effect on the Mechanical and Chemical Mechanisms
When polishing under reduced flow rate conditions with novel pads, fluid distribution
and transport of slurry at the pad-wafer interface changes, affecting the mechanical and chemical
mechanisms of the system. The evaluation of the shear force and pad temperature measured
during polishing can provide an indicator of these effects.
Figure 6.3.2 shows the mean shear force measured between the pad and the wafer for the
novel pads and the Concentric groove pad under the process conditions previously described. As
expected, the pads Plus 20° and LNSP present similar higher shear force, at a 50% lower flow
rate, than the Concentric groove pad at full flow rate. Lower flow rates result in thinner lubricant
film between the wafer and the pad, therefore higher degree of contact (mechanical abrasion)
between the pad and the wafer is observed.
Recalling the inherent behavior of these novel groove designs, it is assumed that the
amount of slurry left on the system will be reduced even more. As explained in Sections 6.1.1 and
6.2.1, the negative logarithmic groove and the ‘pumping’ mechanism of the pad Plus 20° will
tend to decrease the amount of slurry at the pad-wafer interface. As a result higher contact (shear
force) between the pad and the wafer will be present. Figure 6.3.2 illustrates the effect of the
evaluated process conditions and groove designs on the mechanical phenomena of the CMP
process. Partially explaining the RR behaviors presented in the previous section.
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Figure 6.3.2: Mean shear force measured between the pad and the wafer during copper polishing
as a function of pxV for each pad under their respective process conditions.
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Nevertheless, it is important also to analyze how the chemical mechanism of the process
changes under these conditions, the average pad leading edge temperature ( T p ) measured during
polishing can help in this endeavor. The measured values of T p can provide a good estimate of
the mean reaction temperature at the wafer surface during polishing.
Figure 6.3.3 presents the average pad temperature collected during these experiments for
the novel pads and the Concentric groove pad under the process conditions previously described.
The results illustrate a significantly higher average pad temperature for the pad Plus 20° than for
the other two pads. The higher shear force measured for this pad, due the reduction of slurry at
the pad-wafer interface generated by ‘pumping’ mechanism of this groove design, contribute to
an increase in the pad temperature during polishing.
In the case of the LNSP and Concentric grooves pads similar pad temperatures are
observed. This could seem unusual, due to the higher shear force also measured in the case of the
pad LNSP. However it is important to consider the opposing effects of the two types of groove
deigns present in this pad, resulting in a completely different scenario than in the case of the pads
Plus 20° and Concentric grooves where only one type of groove exits. On one hand, the negative
logarithmic groove will tend to decrease the lubricant film (amount of slurry) at the pad-wafer
interface, increasing the degree of contact between pad asperities and the wafer (shear force) and
perhaps increasing the pad temperature. On the other hand, the effect of the positive spiral groove
will tend to replenish some of the slurry driven out by the other groove, which will tend to cool
down the system. These opposing groove mechanisms might explain why even though a higher
shear force is measured for this pad, a lower pad temperature is observed. Although this behavior
seems to explain the observed experimental results, is important to verify it in future studies.
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Figure 6.3.3: Average pad temperature collected during copper polishing as a function of pxV
for each pad under their respective process conditions.
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6.3.3.3. Modeling Results: Analysis of the Chemical and Mechanical Rate Constants
Following the analysis of the measured parameters (mean shear force and pad
temperature) used in this study to qualify and quantify the effects on the mechanical and chemical
mechanisms during polishing, the 3-Step copper RR model was applied to evaluate the observed
RR behaviors and to find if these effects were also revealed in the relative values of the
mechanical and chemical rate constants extracted from it.
Figure 6.3.4-6 show the same RR data presented in Figure 6.3.1 with the addition of the
RR calculated by the 3-step copper RR model for each pad evaluated. Even though in the case of
the pad Concentric grooves the RMS error is relative high (450 A/min), the model still
successfully predicts the observed RR behaviors in all cases. Additionally, this analytical exercise
provides, through the evaluation of the respective rate constants, means to comprehend the effects
of the polishing conditions and groove designs on the chemical and mechanical mechanisms of
the process.
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Figure 6.3.4: Experimental (open symbols) and modeled (solid symbols) removal rates as a
function of pxV for Concentric grooves pad during copper CMP.
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Figure 6.3.5: Experimental (open symbols) and modeled (solid symbols) removal rates as a
function of pxV for LNSP pad during copper CMP.
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Figure 6.3.6: Experimental (open symbols) and modeled (solid symbols) removal rates as a
function of pxV for Plus 20° pad during copper CMP.
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Before analyzing the rate constants defining the chemical process, Figure 6.3.7 presents
the calculated mean reaction temperature ( T ) at the surface of the wafer. Recalling that this value
is the sum of the average pad temperature ( T p ) and the flash temperature increment ( ∆ T f ). The
results agree very well with the trends previously showed by T p for each pad groove design. Plus
20° presents the highest relative values of T followed by LNSP and finally, with the lowest
relative values, Concentric grooves. The results observed in the case of LNSP coincide with the
‘cooling’ theory previously explained due to the presence of the spiral groove design on this pad.
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Figure 6.3.7: Calculated mean reaction temperature as a function of pxV for each groove design.
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The effect of T on the rate constants representing the chemical mechanisms ( k 1 and k 3 )
can be seen in Figures 6.3.8 and 6.3.9, respectively. These figures show the relative values of the
rate constants k 1 and k 3 plotted as a function of the power density ( pxV ) for all pads evaluated.
Although k 1 and k 3 are not directly related to pxV a correlation exits through T p and T , as
established in Figures 6.3.3-7 respectively. This type of plot allows, through a direct comparison
with RR plots, the quantification of the effect of k 1 and k 3 on copper removal. Figures 6.3.8 and
6.3.9 concur with the behavior observed in the thermal analysis for each pad. The formation ( k 1 )
and dissolution ( k 3 ) of the copper oxide film during polishing are more favorable in the case of
Plus 20°, followed by LNSP, with relative higher values than those for the pad Concentric
grooves.
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Figure 6.3.8: k1 plotted as a function of pxV for each groove design.
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Figure 6.3.9: k3 plotted as a function of pxV for each groove design.

The mechanical contribution of the system was also analyze in order to obtain a better
understanding of how each pad works under these process conditions. Figure 6.3.10 illustrates the
relative values of k 2 as a function of pxV for all pads evaluated. The results indicate that the
pads presenting the higher and lower degree of mechanical abrasion, at their particular process
conditions, are Plus 20° and Concentric grooves respectively. This also correlates with the
highest and lowest RR and Fshear values observed for these pads during polishing. In the case of
LNSP the relative values of k 2 fall approximately midway between those of the other two pads.
However, the measured shear force for this pad was basically the same as that of Plus 20°.
Recalling the form of k 2 from Section 6.1.2.2:

k 2 = Cp ⋅ COF ⋅ p ⋅ V

(6.3.1)
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where C p is the proportionality constant with units of mol J-1, COF is the average coefficient of
friction, p is the applied pressure and V is the sliding velocity.
Furthermore, with COF defined as:

COF =

Fshear
Fnormal

(6.3.2)

it can be seen that k 2 is directly proportional to Fshear . Following this line of though, the
relative values of k 2 for the pads Plus 20° and LNSP are expected to be close under similar pxV
conditions.
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Figure 6.3.10: k2 plotted as a function of pxV for each groove design.
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However it is important to consider the contribution of the proportionality constant C p
to Eq. (6.3.1). C p essentially accounts for the mechanical properties (micro- and macro-texture)
of each pad. As mentioned during Section 6.3.2, the three pads evaluated in this study were made
with the same material and the only difference among them was the groove design. With this in
mind, Table 6.3.1 shows the values of C p extracted from the 3-Step copper RR model for each
pad. Plus 20° and Concentric grooves present the same value of C p , which is to some extent
reasonable.

Table 6.3.1: Values of Cp extracted from the 3-Step copper RR model for each pad.

Pad Type

Cp

Concentric grooves

2.49 10-7

Plus 20°

2.49 10-7

LNSP

2.00 10-7

If C p accounts for the differences in the materials used to produce the pads (i.e. pad
micro-texture) and groove designs (i.e. pad macro-texture), then this two pads should have the
same value for this proportionality constant. Remember that both pads are made with the same
material and both have similar groove design which is concentric grooves. The grooves in the pad
Plus 20° are slanted 20 degrees towards the edge of the pad; however the groove design is still the
same. The difference in the relative values of k 2 between the two pads with concentric grooves is
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accounted for by the differences in the extent of contact between the copper disc and these pads,
which is corroborated through the higher Fshear measured in the case of Plus 20°. In the case of
LNSP the same micro-texture used for the pads with concentric grooves is present. However the
groove design is completely different, resulting in different value of C p . Although the values of
the collected Fshear are similar for the pads Plus 20° and LNSP the lower value of C p for the
latter, suggests that this pad is less mechanical active (lower relative values of k 2 ) than the pad
Plus 20°. Previous investigation have shown that different groove designs can affect the
mechanical properties of the pad by affecting their ‘hardness’, and hence the RR and WIWNU
obtained during polishing (Muldowney d, et al., 2004).
Finally, an analysis of the ratio between the rate constant characterizing film growth ( k 1 )
and the dominant one characterizing film removal ( k 2 ) reveals the limiting mechanisms
emerging during polishing under this process conditions. Figure 6.3.11 presents the ratio of

k1
k2

for all the pads evaluated. As previously shown in Sections 6.1.1 and 6.2.1 at this process
conditions (sliding velocity of 1.2 m/s), in all cases (groove designs) there is a tendency to a
balance between film growth and film removal (i.e.

k1
approaches 1). However, once again a
k2

correlation between the degree of this balance and the amount of material removed during
polishing is revealed. In this case the values of

k1
presented by the pad Plus 20° are the ones
k2

closer to the unity, followed very close by the pad LNSP. The pad Concentric grooves is the one
located farther from this balance. In order to quantify this effect, Table 6.3.2 shows the relative
values of the ratio of k1 to k2, tabulated as a function of pxV for each groove design. Figure
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6.3.11 and Table 6.3.2 show the importance of achieving a balance between the chemical and
mechanical limitations during CMP processes where both events play a critical role.
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Figure 6.3.11: k1 / k2 plotted as a function of pxV for each groove design.

Table 6.3.2: Relative values of the ratio of k1 to k2, tabulated as a function of pxV for all pads
evaluated.

Pressure
(Pa)

Sliding
Velocity
(m/s)

pxV
(W/m2)

k1 / k2
Log (-)
Spiral (+)

k1 / k2
k1 / k2
Concentric
Plus 20°
Grooves

6894.75

1.20

8273.71

1.92

1.71

3.42

10342.13

1.20

12410.56

1.73

1.60

2.57

13789.51

1.20

16547.41

1.56

1.46

2.21

17236.89

1.20

20684.27

1.53

1.29

1.88
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6.3.4. Summary and Conclusions
The results presented here showed that copper removal increases, 47% in the case of Plus
20° and 17% in the case of LNSP, when these groove designs are used to polish with a 50%
reduction in slurry flow rate. The effects of these process conditions and groove designs on the
chemical and mechanical mechanism of CMP are well captured by the measured experimental
parameters ( T p and Fshear ), as well as the respective rate constants extracted from the
application of the 3-Step copper RR model to the experimental removal rate data. The
proportionality constant, C p , obtained from the equation defining k 2 appears in this case to be
able to distinguish different type of groove designs for pads made of the same material (microtexture) evaluated under the same process conditions. Once again a correlation between the
degree of balance between copper oxide film growth and removal (by mechanical abrasion) and
RR is established.
This study has shown that ‘smart’ groove design can optimize the CMP process in terms
of reduction of COO and EHS issues. However, the results presented here have also indicated that
the reduction of slurry flow rate also decreases the amount of slurry at the pad-wafer interface.
This effect might be even more pronounced when the novel groove designs are used to polish.
The degree of contact between the pad and the wafer are affected producing higher material
removal, which can probably generate higher surface defects. The polishing process must reach a
good balance between sufficiently high contact (higher RR) and lubrication (lower surface
defects). The following chapter presents a more detailed analysis on the effect of process
parameters (pressure, sliding velocity, flow rate) and groove design on the film thickness at the
pad-wafer interface during polishing.

369

CHAPTER 7 – EFFECT OF PAD GROOVING ON PROCESS HYDRODYNAMICS
DURING CMP

Up to this point a number of conclusions have been made regarding the effect of different
groove designs on copper and ILD CMP. We have seen that certain groove designs will positively
impact removal rates while possibly reducing pad and slurry consumption. Models have been
presented to explain the observed behavior of these pad grooves and to better understand the
mechanisms involved during polishing. The goal of this chapter is to provide a detailed analysis
of how these grooves affect slurry flow under the wafer for an industrial-scale system. The FMCIPL 200-mm polisher was fully equipped with a dual emission UV-enhanced fluorescence
(DEUVEF) system; in order to accurately measure the film thickness of the slurry entrained at the
pad-wafer interface. This chapter also introduces alternative methodologies and metrologies that
could be implemented to identify optimum pad groove designs which could reduce wafer defects,
as well as pad and slurry consumption without compromising removal rates.
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7.1. Effect of Concentric Slanted Groove Patterns on Slurry Flow during Copper CMP
Concentric grooves can accomplish several essential functions such as, preventing wafer
hydroplaning by reducing the slurry film thickness in the pad-wafer interface, preventing suction
between the wafer and the pad, and ensuring uniform slurry distribution across the pad and into
the pad-wafer interface, especially at the land areas where intimate contact between pad and the
wafer occur. Understanding CMP process hydrodynamics will allow process optimization
through “smart” groove design, decreasing COO and positively affecting EHS (reduction of pad
and slurry consumption). The present study determines and explains the effect of applied wafer
pressure, slurry flow rate and degree of groove slanting on the overall hydrodynamics of a typical
copper CMP process by quantifying the slurry film thickness in pad-wafer region. This is done
via Dual Emission UV Enhanced Fluorescence (DEUVEF) measurements which use fluorescent
dyes on the slurry to relate the intensity of the light to the film thickness. The slurry is tagged
with 2 different fluorescent dyes (Coumarin at 0.25 g/l and Calcein at 1.00 g/l). When excited by
UV, each dye emits fluorescent light at a different wavelength. Two CCD cameras capture the
emitted light which is correlated to film thickness under the wafer via an intensity-film thickness
calibration curve. The FMC-IPL 200-mm polisher was used for all experiments. The film
thickness measurements were taken in-situ at several wafer pressure, slurry flow rate and groove
patterns (degree and direction of groove slanting). A 200-mm quartz wafer was used for polishing
using in-situ conditioning for 30 seconds, while the CCD cameras recorded the slurry film
thickness under the wafer. The results indicate differences in slurry film thickness on the pad land
areas for different groove designs. The film thickness measurements obtained also helped to
corroborate a previously hypothesized ‘pumping’ mechanism generated when the slanted groove
pads were used during copper CMP.
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7.1.1. Introduction
Functioning as a slurry holder and stable slurry supplier, grooves in CMP pads are design
to uniformly disperse slurry at the pad-wafer interface. The slurry film thickness developed at this
interface will highly affect the polishing mechanisms, by affecting either the transport of reactants
and by-products or the mechanical abrasion (i.e. contact mechanism between the pad and the
wafer) (Levert a, et. al., 1995, Cook c, 1990 and Levert b, et. al., 1997). Even though grooves on
the pad will significantly affect the slurry flow under the wafer, it is important to be aware of the
dependence of film thickness on other process parameters such as:
•

Pad surface roughness

•

Abrasive particle size

•

Polishing conditions (applied wafer pressure, pad-wafer sliding velocity and the
slurry flow rate)

•

Pad-wafer contact mechanisms

The slurry film at the pad-wafer interface results from a load balance due to the presence
of hydrodynamic and applied mechanical pressures. In typical CMP processes, the pad roughness
and abrasive particle diameter are in the order of micrometers and nanometers, respectively, and
the tribological mechanism is usually boundary lubrication (Olsen, 2002, Mitchell, 2002 and
Charns, 2003). The scale at which measurements need to be taken makes extremely difficult to
acquire information regarding the fluid film thickness at the pad-wafer interface during polishing.
In previous studies, a non-intrusive optical measurement technique called dual emission UVenhanced fluorescence (DEUVEF) has been used to study and quantify the film thickness of the
slurry entrained at the pad-wafer interface.
In 1995, Coppeta, Rogers, Philipossian and Kaufman studied this optical measurement
technique and adapted it to CMP (Coppeta b, et. al., 1997 and Coppeta c, et. al., 1999). Since then,
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DEUVEF or DELIF (if the light used to induce fluorescence comes from a laser) has been widely
used to measure different parameters in-situ and ex-situ during polishing. Lu, Rogers, et. al.
measured the slurry film thickness and wafer drag during CMP using the same method (Lu a, et.
al., 2004). Li, Lee, et. al. investigated via DEUVEF, the effect of conditioner disk design,
kinematics and pressure on the slurry distribution under the wafer during actual polishing (Li b,
et. al., 2006). Apone, Rogers, et. al. used this method to investigate the slurry mean residence
time, slurry temperature and film thickness using a laser instead of UV to enhance fluorescence
(Apone, 2005). Gray and Rogers also employed this method to analyze pad surface roughness and
asperity compression under the wafer (Gray, 2005). All of these previous studies have
contributed, in one way or another, to the bigger puzzle of investigating the actual mechanisms
involved at the pad-wafer interface during CMP. However, these studies were performed on
small-scale polishing tools, where the pad and wafer diameters were 304.8 and 76 mm
respectively. As reported before by Rosales-Yeomans, Borucki and Philipossian, there are several
implications of wafer-size scale-up on frictional, thermal and kinetic attributes of CMP (RosalesYeomans b, et. al., 2006). As such, it is essential to implement the DEUVEF method on
experimental platforms that are designed to mimic actual industrial scale polishers in order to
provide knowledge relevant to current CMP practices. In order to explore the process parameters
affecting, and affected by, slurry film thickness, the current study presents an extensive analysis
on the amount and distribution of the slurry under the wafer for an industrial-scale system. In
addition to investigating several process parameters such as wafer pressure, sliding velocity, and
slurry flow rate, the present study explores the effect of different degrees and directions of
concentric groove slanting on slurry film thickness during polishing.
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7.1.2. Theoretical Approach

7.1.2.1. Principles of DEUVEF
A detailed description of this optical measurement technique can be found elsewhere
(Coppeta c, 1999, Lu b, 2001, Cornely, 2003 and Hidrovo, 2001). DEUVEF is based on the photoexcitation and fluorescence of two dyes previously mixed with the CMP slurry to measure a
passive scalar such as slurry film thickness, temperature or pH. When photons from the UV
source strike the dyes molecules in the slurry, a fluorescence process sets off, where each dye will
emit fluorescent light at a different wavelength. Two high-resolution cameras are used to capture
the light emitted from the slurry and record the fluorescence intensity If . The intensity ratio can
then be related to fluid film thickness after proper calibration. Schematic representation of this
technique is presented in Figure 7.1.1. The complete DEUVEF method consists of several steps:
excitation, emission, intensity detection, normalization and calibration. It is important to mention
that the amount of light detected by each camera is proportional to several factors such as

1) The number of photons striking the molecules in the dyes
2) The degree of excitation and emission of the dyes
3) The amount of UV light absorbed
4) The concentration of the dye
5) The amount of dye exposed
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Figure 7.1.1: Representation of a general DEUVEF measurement system.

7.1.2.2. Fundamental Theory of Fluorescence
Florescence is a process consisting of three steps (excitation, excited state lifetime and
fluorescence emission) occurring generally in polyatomic hydrocarbons or heterocyclic molecules
called fluorphores or fluorescent dyes. During excitation, fluorphores absorb a photon of energy
hvE provided by an external source (UV or laser) rising electrons in these molecules from their
ground electronic state, S0, to higher vibrational level of excited electronic state, S1 or S2. Once
excited, the molecules will undergo conformal changes and will be subjected to multiple
interactions with its molecular environment, such as coalitional quenching, fluorescence energy
transfer and intersystem crossing. The excited state exists for a finite time; this step will
approximately take between 1 to 10 ns (Hidrovo, 2001). Finally in the third step (fluorescence
emission) the rest of the energy still present in the molecules is released by the excited electrons
returning to their ground electronic state, resulting in the emission of energy hvf .
The energy of the photon hvf is lower (higher wavelength) than the excitation photon hvE
due to energy dissipation during the excited state lifetime step. This discrepancy in energy or
wavelength (hvE – hvf) is known as Stokes shift and is fundamental to the sensitivity of
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fluorescence techniques because it allows the detection of emitted photons (Hidrovo, 2001). In
addition to fluorescence, another type of photoluminescence process, such as phosphorescence,
can occur. In this process the energy from absorbed photons undergoes intersystem crossing into
a state of higher spin multiplicity, usually a triplet state. Once the energy is trapped in the triplet
state, transition back to the lower singlet energy states is quantum mechanically ‘forbidden’. The
result is a slow process of irradiative transition back to the singlet state (sometimes lasting
minutes or hours) which is the basis for ‘glow in the dark’ substances (Hidrovo, 2001). Figure
7.1.2 presents a Jablonski diagram, which illustrates the processes involving the absorption and
emission of light for a diatomic molecule.
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Figure 7.1.2: Jabolnski energy level diagram for a diatomic molecule.
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When photons from the external source strike a fluorescent solution of thickness h, the
fluorescence intensity at any small differential element dx along the path of the photons can be
represented as

dIf = Ie ⋅ ε(λ ) ⋅ C ⋅ Φ ⋅ dx

(7.1.1)

where dIf is the incremental fluorescent intensity emitted from the dye; Ie is the intensity of the
excitation energy source; ε(λ ) is the molar absorptivity as a function of wavelength or pH; C is
the molar concentration of the flourphore dye in the solution; and Φ is the conversion or
quantum efficiency of the dye which represents the ratio of the energy emitted to the energy
absorbed.
By considering Lambert’s law, which takes into account the absorption of the excitation
light by the finite fluid trough which it travels, Ie in Eq. (7.1.1) can be described as

Ie (x ) = I0 ⋅ exp[− ε (λ ) ⋅ C ⋅ x ]

(7.1.2)

Equation (7.1.1) can then be written as:

dIf = I0 ⋅ exp[− ε (λ ) ⋅ C ⋅ x ] ⋅ ε (λ ) ⋅ C ⋅ Φ ⋅ dx

(7.1.3)

After integrating Eq. (7.1.3) from a fluid thickness of zero to a given thickness h and
solving for the total intensity collected If (h) results in:
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If (h) = I0 ⋅ Φ ⋅ {1 − exp[− ε (λ ) ⋅ C ⋅ h]}

(7.1.4)

for very small values of h, Eq. (7.1.4) can be simplified to:

If (h) ≈ I0 ⋅ Φ ⋅ C ⋅ ε(λ ) ⋅ h

(7.1.5)

The fluorescence dependence on film thickness is quasi-linear for optically thin systems,
while it is exponential for optically thick systems. What defines optically thick or thin systems
depends on the product ε(λ ) ⋅ C (Hidrovo, 2001). The system analyzed in this study is considered
as optically thin. However, the use of a single dye to correlate the fluorescence intensity to the
passive scalar of interest (film thickness in this case) can be sensitive to many parameters such as
fluctuations in the excitation source, light reflections, shadows, light uniformity, or any other
variation along the light path. In order to minimize all of these effects, the fluorescence intensity
of the passive scalar-dependent dye can be normalized by a non-passive scalar-dependent dye in
the fluorescent ratio:

Fluorescent Ratio =

If1 Φ 1 ⋅ ε1 (λ ) ⋅ C1
=
If2 Φ 2 ⋅ ε 2 (λ ) ⋅ C 2

(7.1.6)

However, the fluorescence ratio obtained in Eq. (7.1.6) is not dependent on film
thickness. Additional thickness information can be integrated into one of the dyes by taking
advantage of re-absorption of one dye by another, which is one type of spectral conflicts. There
are three types of spectral conflicts which should be considered before DEUVEF measurement
(Coppeta c, 1999). The first spectral error, or type I error, corresponds to the overlap of the
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emission spectra for a two dye system. This will make it impossible for the CCD cameras to
distinguish one dye from the other. Type II spectral error consists on the overlap of the emission
spectrum of one dye (dye 1) with the absorption spectrum of the other dye (dye 2). The
absorption spectrum remains unaffected by changes in the passive scalar being measured.
Therefore, in the overlapping spectral region, dye 2 will absorb the emitted light of dye 1, If 1 ,
before it is caught by the CCD camera. When the length of the light path through the fluorescent
solution increases, dye 2 has a greater probability to absorb the emitted light of dye 1, thus
causing the final fluorescence intensity of dye 2 seen by the camera to become larger, while the
fluorescence intensity of dye 1 seen by the camera to become smaller. Therefore, the fluorescence
intensity ratio is related to the light path length, which is the thickness to be measured. Finally, in
type III spectral error, the emission spectrum of one dye still overlaps with the absorption
spectrum of the second dye. However, this absorption spectrum changes with the passive scalar
being measured. Due to the dye independent response, type III errors cannot be corrected through
other normalization methods.
DEUVEF measurement technique takes advantage of the type II spectral error in order to
measure fluid film thicknesses. Due to the re-absorption properties of two dyes, the fluorescence
intensity ratio can be related to the film thickness. The relationship between the fluorescence ratio
and the film thickness can be written as follows (Jablonski, 1935):

Ratio =

If2 ε 2 ⋅ C 2 ⋅ Φ 2 ⋅ (ε ⋅ C + ε 2 ⋅ C 2 ){1 − exp[− (ε ⋅ C) ⋅ h]}
=
If1 ε 1 ⋅ C1 ⋅ Φ1 ⋅ (ε ⋅ C ){1 − exp[− (ε ⋅ C + ε 2 ⋅ C 2 ) ⋅ h]}

(7.1.7)

where ε is effective two-dye molar absorption coefficient, and C is effective two-dye molar
concentration. When the thickness is small, the ratio is linear with the fluid thickness h.
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7.1.2.3. DEUVEF Measurement Technique
In order to measure the slurry film thickness, two specific dyes, Coumarin 4 (4 MethylUmbelliferone) and Calcein at concentrations of 0.25 g/l and 1.0 g/l, were mixed into Fujimi PL7102 slurry for these experiments. The absorption and emission spectra of both dyes are shown in
Figure 7.1.3. The dyed slurry is excited by a 350 nm UV light source. The camera for Coumarin
emission detection was filtered at 450 to 500 nm, due to the direct overlap of the emission
spectrum of Coumarin with the absorption spectrum of Calcein in this region.

Figure 7.1.3: Emission and absorption spectra of Calcein and Coumarin.

As mentioned in the previous section, type II spectral error can be used to relate the
fluorescence ratio with fluid film thickness. When the film thickness increases, the emission of
both dyes increases. However, due to the Calcein absorption of a fraction of the fluorescence
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emitted by Coumarin at that bandwidth range, the Calcein's fluorescence If 1 increases and the
Coumarin’s fluorescence If 2 decreases before being viewed by the CCD cameras. This increases
the fluorescence ratio, ergo, as described by Eq. (7.1.4) to Eq. (7.1.7), the slurry film thickness
increases. The amount of fluoresced light by Coumarin that is absorbed by Calcein is therefore
used as an indicator of fluid film thickness. Similarly, the CCD camera used to detect Calcein's
emission is filtered between 550 nm and 600 nm, which minimizes the influence of the emission
tail of Coumarin's fluorescence. In this process, Coumarin is used as the emitter and Calcein is
used as the absorber.

7.1.2.3. DEUVEF Measurement Calibration
After proper calibration, a relationship between the collected intensity ratio and fluid film
thickness can be constructed. The calibration apparatus used during DEUVEF is shown in Figure
7.1.4. This apparatus consists of two microscope slides attached together with a layer of doublesided tape (80 microns thick) on one side along the longitudinal direction of the slide. The
addition of the tape creates a gap with a thickness variation across the width of the two slides.
Two essential assumptions are considered for this calibration technique: uniform thickness and
parallel cross gradient direction of the slides.
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Figure 7.1.4: Slurry film thickness calibration apparatus employed during DEUVEF.

During calibration, this apparatus is first placed on the focus area of the dry pad. With the
help of a micro-pipet, enough dyed slurry is transferred to fill the gap between the slides. The
slurry distribution in the gap is kept uniform and care is taken to minimize air bubble formation in
the gap, which can be a source of error during this measurement. Furthermore, the pad must be
completely dry to prevent transfer to the slides and to ensure that the intensity collected by
cameras is due only to the slurry in the gap region. Once the gap between the slides is filled,
several images are captured to establish the correlation between film thickness and intensity ratio.
In order to prevent photodegradation of the dyes in the slurry during the calibration process, the
exposure time of the slurry to light is minimized. Typical calibration images are shown in Figure
7.1.5. The left image corresponds to Calcein, and the right one to Coumarin. In these images, xaxis represents length in the form of a pixel count, which later is converted into physical length
by imaging a transparent ruler, as shown in Figure 7.1.6. The relationship between pixel and
length comes from the comparison of a certain length on the ruler with its corresponding pixel
range.
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Figure 7.1.5: DEUVEF images of Calcein (left) and Coumarin (right).

Figure 7.1.6: Relationship between pixels in image and length along the horizontal direction of
the slide.
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In Figure 7.1.7-I the fluorescence ratio in area A (selected as the area of interest) is
shown. Figure 7.1.7-II indicates the variance of the intensity ratio along the gradient direction. It
can be seen that the intensity ratio gradually decreases with the narrowing of the gap from left
(pixel 100) to right (pixel 600) since in this range intensity ratio is strongly dependent on the fluid
film thickness. The calculation of the slope of this curve allows us to relate the measured intensity
ratio to the fluid film thickness. Due to an edge effect, at the initial and final ends of the gap,
intensity ratios do not change perfectly linearly with the thickness of the gap. During the
calibration calculation these areas were avoided. Figure 7.1.7-III shows how the intensity ratio
remains almost unchanged in the vertical direction compared to the significant variation of the
intensity ratio observed for the horizontal direction. Suggesting uniform dyed slurry distribution
across the entire area of interest inside the gap in the slides. Finally, Figure 7.1.8 shows a typical
calibration result where the variation in the intensity ratio and the fluid film thickness of area A is
clearly present. The intensity ratio and fluid film thickness gradually decrease along the gradient
direction of the microscope slides.

Figure 7.1.7: Relationship between slurry film thickness and
fluorescent light intensity within area A.
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Figure 7.1.8: 3-D variance of intensity ratio and film thickness of selected area A
during the calibration.
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7.1.3. Experimental Procedure, Consumables and Apparatus
Figure 7.1.9 presents the FMC-IPL 200-mm polisher equipped with the DEUVEF
measurement technique used for all experiments. A detailed description of the DEUVEF segment
of the apparatus can be found elsewhere (Coppeta c, 1999).

DEUVEF Setup on 200 mm Polisher

Figure 7.1.9: The 200-mm Fujikoshi Machinery polisher equipped with the DEUVEF
measurement technique.

Polishing was performed on five FX-9 foamed polyurethane pads manufactured by
Freudenberg with different groove designs: Minus 30°, Minus 20°, 0° (Zero), Plus 20° and Plus
30°. An ultra-precision pad grooving machine, CMP 1000S from Toho Engineering Co., was
used to create these patterns. In all cases, the grooves were 1 mm deep and 0.5 mm wide, having
a pitch of 1 mm. The pads were dyed gray in order to minimize the natural fluorescence of the
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polyurethane when exposed to UV light. It should be noted that fluorescence intensities emitted
form the grooves of the pad saturate as the groove depth increases. For this reason, the DEUVEF
measurement underestimates the film thickness in the grooves. Therefore the measurements were
only performed at the pad land areas.
Figure 7.1.10 illustrates the regions analyzed at the pad-wafer interface. Prior to data
acquisition, each pad was conditioned for 30 minutes with a 100-mm diameter, 100-grit diamond
disc at a pressure of 3.4 kPa, a rotational velocity of 30 RPM and a sweep frequency of 0.33 Hz
using ultra pure water (UPW). Immediately after break-in the pad was conditioned for another 5
minutes with the dyed slurry to allow soaking of the pad. Fujimi PL-7102 slurry was tagged with
Calcein and Coumarin. This was the slurry system use for the actual polishing experiments. The
slurry is composed of colloidal silica abrasive particles with an average diameter of 35 nm. The
slurry was prepared by adding 1 part of PL-7102, 9 parts of UPW, 0.25 g/l of Coumarin and 1.0
g/l Calcein. In all experiments, the conventional wafer carrier assembly containing an Ebara head
is replaced with a quartz plate with similar diameter (200-mm) and form factor as the wafer
carrier assembly. The slurry was supplied at the center of the pad at three different flow rates:
220, 165 and 110 cc/min. The quartz wafer was then polished using in-situ conditioning for 30
sec at applied wafer pressures of 6.8, 13.7 and 2.0 kPa (1.0, 2.0 and 3 PSI) and sliding velocities
of 0.3 and 1.20 m/s (24 and 96 RPM). The wafer and platen co-rotated counterclockwise at the
same rate during polishing, in order to keep a constant sliding velocity under the wafer.
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Figure 7.1.10: Regions under the wafer analyzed during polishing.

Real-time COF measurements were taken simultaneously along with the real-time film
thickness measurements. A personal computer equipped with National Instrument’s LabVIEW
5.1 is used to automate and control the entire apparatus (i.e. polisher, conditioner, optical system
and other ancillary equipment). For each operating condition, 10 to 15 consecutive images are
taken and then averaged to obtain the fluorescence intensity under the wafer for that particular
condition. For each image, the average intensity ratios of three points in four 1.4 × 2.1 cm areas
under the wafer are analyzed. These areas of interest (see figure 7.1.10) are referred to as regions
A, B, C and D. Regions A and C are located closer to the edge of the wafer and therefore closer to
the source of the slurry. Regions B and D are closer to the center of the quartz wafer and therefore
furthest from the slurry source. Figure 7.1.11 shows a real-time image captured during the
DEUVEF experiments. In this figure one can see the signals extracted from vertical and
horizontal line scans, as well as the difference between the signal measured at the land and
groove areas.
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Figure 7.1.11: Real-time image captured during DEUVEF. The figure shows the signals extracted
from vertical and horizontal line scans. The dashed oval shows the difference between signals
measured at the land and groove areas.
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7.1.4. Results and Discussion

7.1.4.1. Effect of Groove Design on Slurry Film Thickness
As mentioned earlier, one of the main functions of grooves in CMP pads is to assure
uniform slurry distribution across the pad and into the pad-wafer interface. In addition grooves
act as slurry holders and stable slurry suppliers for the land areas of the pad, where contact
between the wafer and the pad actually occurs resulting in material removal. It was hypothesized
that change in the degree and direction of groove slant in concentrically grooved pads would
significantly affect the hydrodynamics of the system. Figures 7.1.12-14 present the effect of
degree and direction of groove slanting on the mean slurry film thickness in regions A, B, C and
D during real-time polishing under three different wafer loads (1, 2 and 3 PSI), slurry flow rates
(220, 165 and 110 cc/min) and sliding velocity of 1.2 m/s. The results illustrate that regardless of
the wafer load and slurry flow rate, a positive degree of groove slanting (Plus 30° and Plus 20°)
results in higher slurry film thickness on the pad land area, than in the case of a negative degree
of groove slanting (Minus 20° and 30°) or no-degree at all (Zero Degrees).
As mentioned in Section 6.2 of this dissertation, regardless of the groove design, during
CMP the centrifugal forces of the system will cause slurry to be advected to the edge of the pad.
This inherent behavior of the system will facilitate the transfer of slurry from the grooves to the
pad land area. However, slanting the grooves towards the edge of the pad (i.e. positive direction)
appears to contribute even more to the flow of slurry on the pad surface, thus facilitating the
entrance of slurry into the pad-wafer interface. On the other hand, slanting the grooves towards
the center of the pad (i.e. negative direction) appears to reduce the overall net slurry flow. The
reason behind this behavior is assumed to be due to the loading cycle experienced by the area of
the pad in contact with the wafer during CMP. In the case of the pad with zero degrees of slant,
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the majority of the wafer load will be supported by the pad land areas, where some asperities will
be compressed depending on the extent of the wafer load. In the other case, when the grooves are
slanted by certain degree in either direction, the effect of the applied load will result in partial
collapse of the unsupported land areas in a fashion illustrated in Figure 6.2.2. This partial collapse
will create a wedge, generating the wafer load will to be partially supported by the pad land areas
and by the slurry. This will create a ‘pumping’ mechanism allowing slurry to continuously flow
into the wedge of the land area to balance hydrodynamic forces.
Following this theory, it is presumed that the grooves in the positive direction will
generate a ‘pumping’ mechanism in the same direction as the centrifugal forces of the system
(from center to edge of the pad), which will increase the amount of slurry transferred from the
grooves to the pad land areas (see Figure 6.2.2). In the mean time, the grooves with a negative
degree of slant will generate a ‘pumping’ mechanism opposite to the inherent forces of the
system, reducing the overall net slurry flow if the negative degree of slant is high enough to
partially overcome the effect of the centrifugal forces of the system. (see Figure 6.2.2). Our
results support this theory since the pads Plus 30° and Minus 30° show the highest and lowest
mean slurry film thickness, at the pad land areas analyzed, respectively.
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Figure 7.1.12: Effect of groove slanting on the slurry film thickness in regions A, B, C and D
during polishing under slurry flow rate of 220 cc/min, wafer loads of 1.0(left), 2.0(center) and
3.0(right) PSI and pad-wafer rotational velocity of 1.2 m/s.
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Figure 7.1.13: Effect of groove slanting on the slurry film thickness in regions A, B, C and D
during polishing under slurry flow rate of 165 cc/min, wafer loads of 1.0(left), 2.0(center) and
3.0(right) PSI and pad-wafer rotational velocity of 1.2 m/s.
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Figure 7.1.14: Effect of groove slanting on the slurry film thickness in regions A, B, C and D
during polishing under slurry flow rate of 110 cc/min, wafer loads of 1.0(left), 2.0(center) and
3.0(right) PSI and pad-wafer rotational velocity of 1.2 m/s.
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7.1.4.2. Effect of Wafer Load and Slurry Flow Rate on Slurry Film Thickness
The measured film thickness between the pad land area and the wafer is also a function of
various kinematic parameters of the system. Figures 7.1.15-19 show contour plots for each
groove design, illustrating the effect of wafer load and slurry flow rate on the mean slurry film
thickness in regions A, B, C and D during polishing with a sliding velocity of 1.2 m/s. These
plots are constructed by triangulating the individual (pressure, flow rate) measured points and
using this triangulation to linearly interpolate the slurry film thickness data. This method permits
a deeper analysis of slurry film thickness as a function of pressure (wafer load) on one axis and
slurry flow rate on the other. Regardless of groove design and the region analyzed under the
wafer, the contour plots indicate that the mean slurry film thickness augments with increasing
slurry flow rate and decreases with increasing pressure. The effect of flow rate on the mean slurry
film thickness suggest that the higher flow rates approach the volume necessary to completely fill
the gap between the pad and the wafer. In the case of pressure, a higher wafer load will compress
the pad asperities more, diminishing the slurry flow. On the other hand, a lower wafer load will
compress the pad asperities less allowing the slurry to flow more freely on the pad land area.
Similar effects of wafer load and slurry flow rate on the mean slurry film thickness has been
reported in previous studies at smaller-scale systems (Coppeta b, et. al., 1997, Coppeta c, 1999, Lu
a

, et. al., 2004 and Apone, 2005).
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Figure 7.1.15: Effect of wafer load and slurry flow rate on the mean slurry film thickness in
regions A, B, C and D during real-time polishing with a sliding velocity of 1.2 m/s for Plus 30°.
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Figure 7.1.16: Effect of wafer load and slurry flow rate on the mean slurry film thickness in
regions A, B, C and D during real-time polishing with a sliding velocity of 1.2 m/s for Plus 20°.
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Figure 7.1.17: Effect of wafer load and slurry flow rate on the mean slurry film thickness in
regions A, B, C and D during real-time polishing with a sliding velocity of 1.2 m/s for Zero
degrees.
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Figure 7.1.18: Effect of wafer load and slurry flow rate on the mean slurry film thickness in
regions A, B, C and D during real-time polishing with a sliding velocity of 1.2 m/s for Minus 20°.
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Figure 7.1.19: Effect of wafer load and slurry flow rate on the mean slurry film thickness in
regions A, B, C and D during real-time polishing with a sliding velocity of 1.2 m/s for Minus 30°.
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7.1.4.3. Effect of Sliding Velocity on Slurry Film Thickness
The effect of sliding velocity on the mean slurry film thickness was also investigated by
the use of contour plots. This time, the plots show the mean slurry film thickness as a function of
sliding velocity in one axis and slurry flow rate on the other for regions A and B during polishing.
Figures 7.1.20-24 show higher mean slurry film thickness when the pad-wafer sliding velocity
increased in both regions. As expected, the higher the sliding velocity of the pad, the higher the
kinetic energy transferred to the slurry flowing on it, and the larger the area in the pad-wafer gap
the slurry can cover. Referring to Figure 6.2.2, the slurry will have more energy to travel farther
from the bow wave at the leading edge of the wafer into the pad-wafer gap. Similar to the contour
plots presented in the previous section, Figures 7.1.20-24 show an increase in the mean slurry
film thickness when the slurry flow rate increased.
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Figure 7.1.20: Effect of sliding velocity and slurry flow rate on the mean slurry film thickness in
regions A and B during real-time polishing for Plus 30°.
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Figure 7.1.21: Effect of sliding velocity and slurry flow rate on the mean slurry film thickness in
regions A and B during real-time polishing for Plus 20°.
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Figure 7.1.22: Effect of sliding velocity and slurry flow rate on the mean slurry film thickness in
regions A and B during real-time polishing for Zero degrees.

402

220

A

220

B

9.5

200

200

180

180

4.5

Flow Rate (cm3)

Flow Rate (cm3)

4.0
8.0
160
6.5
140

3.5
3.0

160

2.5
2.0

140
1.5

120

120

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2

Pad-wafer Sliding Velocity (m/s)

Pad-wafer Sliding Velocity (m/s)

Figure 7.1.23: Effect of sliding velocity and slurry flow rate on the mean slurry film thickness in
regions A and B during real-time polishing for Minus 20°.
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Figure 7.1.24: Effect of sliding velocity and slurry flow rate on the mean slurry film thickness in
regions A and B during real-time polishing for Minus 30°.
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7.1.4.4. Effect of Groove Design on Uniform Slurry Distribution under the Wafer
Under the same operating conditions, all pad groove designs tested present higher slurry
film thickness in regions A and C than regions B and D. During polishing, the slurry is injected at
the center of the pad (see Figure 7.1.10), where it forms a small puddle. Due to pad and wafer
rotation, the slurry enters a bow wave at the wafer is leading edge, from which some of it enters
the gap between the pad and the wafer. Figure 7.1.10 shows that regions A and C closer to this
leading edge where the mean slurry film thickness is expected to be higher. However, it is
important to analyze how different groove designs affect the slurry uniformity under the wafer at
the same operating conditions (pressure, pad-wafer sliding velocity and flow rate) among all
regions analyzed. This can help to qualitatively illustrate the effect of each groove design in terms
of distributing the chemical reactants, as well as the variation in the contact mechanism due to the
differences in film thickness. In other words, it could give an indication of what to expect in
terms of within wafer non-uniformity (WIWNU).
Table 7.1.1 presents the results of the evaluation of the film thickness in regions A, B, C
and D for all groove designs tested at a wafer load of 10 kPa (~1.5 PSI), slurry flow rate of 120
cc/min and pad-wafer sliding velocity of 1.2 m/s. Three values are reported for each pad: ∆AB,
∆CD and ∆AVG. ∆AB represents the film thickness difference between region A and B, while, ∆CD
represents the difference between regions C and D. Finally, ∆AVG represents the average of ∆AB
and ∆CD for each pad. The results show higher variation between regions A and B than between
regions C and D for all groove designs except for the pad Minus 30°. Table 7.1.1 also shows that,
on average, the pads with less slurry film thickness gradient under the wafer are the ones with a
negative direction of groove slanting. This may be due to the fact that, as previously shown, most
of the slurry is held inside the grooves for these pads. Although, the film thickness gradients
reported are less than 5.0 µm for all pads, this variation could be more than enough to
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significantly affect polishing uniformity. On the other hand, considering other factors (such as
pad asperities height, contact area fraction, asperities distribution and abrasive particle sizes),
becomes critical in the evaluation of the impact of a difference in film thickness of about 5 µm on
WIWNU.

Table 7.1.1: Comparison of film thickness among all regions (A, B, C and D) for all groove
designs tested at a wafer load of 10 kPa (~1.5 PSI), slurry flow rate of 120 cc/min and pad-wafer
sliding velocity of 1.2 m/s.

Pad Type

∆AB (µm)

∆CD (µm)

∆AVG (µm)

Plus 30°

4.5

3.0

3.8

Plus 20°

4.5

1.5

3.0

Zero Degrees

4.5

1.5

3.0

Minus 20°

4.5

1.0

2.3

Minus 30°

1.5

2.5

2.0

7.1.4.5. Effect of Slurry Film Thickness on COF
Up to this point the parameters believed to influence, in one way or another, the
measured slurry film thickness under the wafer have been analyzed. However, the mean slurry
film thickness can also affect the mechanical phenomena by altering the degree of contact
between pad, wafer and abrasive particles. In order to evaluate some of these effects, real-time
shear force data ( COF ) were taken simultaneously, with real-time slurry film thickness
measurements. Figure 7.1.25-26 illustrates COF as a function of mean slurry film thickness at
sliding velocities of 1.2 and 0.3 m/s (under similar polishing pressures and flow rates) for each of
the groove designs evaluated.
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In both cases, results indicate a downward linear correlation between these two
parameters (see Figure 7.1.25). This effect becomes more evident at the highest sliding velocity
(1.2 m/s). COF shows a linear trend with mean slurry film thickness (again, this relationship is
more evident at the highest pad-wafer sliding velocity of 1.2 m/s). COF decreases by
approximately 25%, while mean slurry film thickness increases by approximately 80%, when
polishing with the pads with positive degree of groove slanting (Plus 30° and 20°), compared to
the pad with higher negative degree of groove slanting (Minus 30°). The other pads (Minus 20°
and Zero degrees) fall in between this linear trend. In the case of the lower sliding velocity (i.e.
0.3 m/s), the downward trend is less pronounced. The decrease in COF is approximately 10%
when moving from negative to positive degrees of groove slanting, while the increase in film
thickness is approximately 80% (see Figure 7.2.26).
In analyzing these results it is important to remember that the system investigated differs,
in terms of the material being polished, form the one used during copper CMP. This explains why

COF results presented here for the slanted groove pad do not match the ones previously
presented in Section 6.2.5.4 where copper wafers were used during the polishing experiments.
However, the overall effect of the slanted grooves on the fluid dynamics of the system can still be
considered the same and the observations made in terms of the transport of slurry from the
grooves to the pad land areas are still valid.
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Figure 7.1.25: COF as a function of mean slurry film thickness at a sliding velocity of 1.2 m/s
for each of the groove designs.
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Figure 7.1.26: COF as a function of mean slurry film thickness at a sliding velocity of 0.3 m/s
for each of the groove designs.
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7.1.4.6. Effect of Slurry Film Thickness on EHS and COO
In CMP the slurry and pad play the role of major consumables in terms of performance,
cost of ownership (COO) and environmental impact (EHS). In this study the effect of process
parameters on slurry film thickness, as well as the effect of slurry film thickness on the process
performance have been presented. Finally, in this section contour plots of slurry film thickness
previously presented for three different pads are analyzed from an EHS and COO point of view.
Figure 7.1.27 presents again the contour plots for the pads Plus 20°, Zero degrees and
Minus 20°. Results indicate that reducing flow rate by nearly 2 times, lowers slurry film thickness
by nearly 15 percent with Plus 20°, Minus 20° and Zero degree grooves. The Plus 20° pad shows
higher slurry film thickness on the land areas than the other two pads (~15.5 µm), thereby
opening the possibility of greater flow rate reduction without affecting the chemical and
mechanical mechanisms during copper CMP (as shown in Section 6.3.1). Needless to say, this
hypothesis needs to be corroborated in the near future. However, the potential impact on EHS and
COO is believed to be high enough to justify future studies.
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Figure 7.1.27: Effect of wafer load and slurry flow rate on the mean slurry film thickness in
region A during real-time polishing with a sliding velocity of 1.2 m/s for Plus 20° (left), Zero
degrees (center) and Minus 20° (right).
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7.1.5. Summary and Conclusions
The effect of different pad groove designs, wafer load, sliding velocity and slurry flow
rate on the slurry distribution under the wafer during actual polishing has been presented. The
DEUVEF measurement technique was successfully transferred and applied to a large-scale
polishing tool. The results confirm that different degrees and direction of groove slanting generate
variations in the slurry film distribution under the wafer. The previously assumed ‘pumping’
mechanism of the concentric slanted groove pads was corroborated. Slanting the grooves toward
the edge of the pad (positive direction) facilitate the transfer of slurry from the groves to the land
areas. While slanting the grooves in the negative direction reduces the overall net flow of slurry
from the grooves to the pad land areas. All pad groove designs tested presented an increase in
slurry film thickness with increasing slurry flow rate, as well as pad-wafer sliding velocity. In
addition, higher wafer loads appear to further compress pad asperities, thus diminishing slurry
flow at the pad land area. This was also observed for all pads regardless of groove design.

COF shows a downward linear correlation with respect to mean slurry film thickness;
this correlation becomes more evident at the highest pad-wafer sliding velocity (1.2 m/s). The
Plus 20° pad shows higher slurry film thickness on the land areas than any other pad under low
slurry flow rate (110 m/s) polishing conditions, opening the possibility of slurry flow rate
reduction without compromising satisfactory results during CMP.
The primary objective during CMP is the effective film removal which involves polishing
the wafer to a desired thickness and planarity that is free of surface defects. The major defects
associated with CMP are micro- and macro-scratches, dishing, erosion, film delamination, and
particle residues. The presence of these defects will depend on the 3-body wafer-slurry-pad
contact and the chemical reactions that take place in that region. Results have shown that certain
groove patterns tend to lubricate the system more effectively than others by increasing the slurry
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film thickness under the wafer, thereby potentially reducing the chance of having catastrophic
encounters between the three bodies during mechanical abrasion. Certain other groove patterns
have shown that greater 3-body contact can be achieved. These two findings have therefore paved
the way towards understanding of how to strike a balance between high lubrication and extreme
contact, such that the number of defects may be reduced without significantly affecting removal
rates.
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CHAPTER 8 – CONCLUSIONS AND FUTURE WORK.

8.1. Conclusions
Several studies were conducted in this dissertation in the search of possible solutions to
overcome the problems that modern CMP processes have to face. The topics treated are related to
the fundamental understanding of the effect of novel pad groove designs on the chemical and
mechanical mechanisms of CMP. The major conclusions reached in each study are presented
below.

• Effect of Novel Pad Groove Designs on the Frictional and Removal Rate
Characteristics of ILD CMP (Section 4.1):
The effect of parameters such as groove design, wafer pressure, and sliding
velocity, were shown to have a significant impact on COF and ILD removal rates.
Combined grooving patterns, consisting of spiral and logarithmic grooves, were shown to
impact several key attributes of ILD polish in terms of slurry retention, lubrication
mechanism, and material removal rates. This suggests that ILD removal rates can be
controlled by adopting novel groove designs that affect (i.e., either increased or
decreased) the slurry distribution on the wafer-pad interface during CMP, thus indicating
a potential new approach for designing pad surface textures compatible with next
generation process requirements. The study also confirmed that spectral analysis of realtime friction data can be used effectively to elucidate the lubrication mechanism of the
process in terms of stick-slip phenomena. This method appeared to be capable of
distinguishing between slurry-starved and slurry-rich processes.
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• Spectral Fingerprinting of ILD Chemical Mechanical Planarization Processes (Section
4.2):
Fast Fourier Transform analysis of real-time friction force data was used to
successfully quantify the total amount of mechanical interaction in the pad-slurry-wafer
interface, as a function of various pad types and textures, fumed silica concentrations,
sliding velocities and applied wafer pressures. In 85 % of the cases investigated, values
for the variance of the force ( σ 2 ) extracted from individual force spectra quantitatively
agreed with the tribological information obtained from Stribeck curve analysis over a
wide range of operating conditions. The newly developed method was remarkable from
the standpoint of its potential to eliminate having to perform a multitude of experiments,
needed for constructing and interpreting Stribeck curves. Another important feature of
this method is that it allows a fundamental analysis of the effect of pad grooving on stickslip phenomena, which can eventually lead to improved pad designs.

• Implications of Wafer-size Scale-up on the Frictional, Thermal and Kinetic Attributes
of ILD CMP (Section 5.1):
ILD CMP was characterized using frictional forces, material removal rates,
thermal measurements and theory. A novel FMC-IPL 200-mm polisher was constructed
for the fundamental analysis of the CMP process. Removal rate results showed that at
low pressure and velocity, where the ILD removal process should be extremely
mechanically limited, the FMC-IPL 200-mm and the IPL 100-mm polishing tools
generated similar removal rates. As pressure and velocity were increased, the removal
rate in the FMC-IPL 200-mm tribometer became higher compared to that obtained in the
IPL 100-mm tool. This was correlated with a higher pad temperature observed when
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polishing in the FMC-IPL 200-mm tool. A 2-Step Langmuir-Hinshelwood model
previously developed was used to successfully captured the removal rate behavior and
suggested that the ILD process on the FMC-IPL 200-mm tribometer is more
mechanically limited over a wider range of power densities ( pxV ) than on the IPL 100mm tool. This was attributed to higher temperatures caused by the larger wafer size used
in the FMC-IPL 200-mm polisher.

• Design and Evaluation of Logarithmic-Spiral Groove Pads for Copper CMP (Section
6.1):
The combination of logarithmic and spiral grooves positively affected copper
removal during CMP by effectively controlling the transport of slurry into, and the
discharge of spent slurry and debris out of, the pad-wafer interface. The groove
combination resulting in the highest removal rate, average pad leading edge temperature
and COF was Logarithmic (-) Spiral (+). This novel pad resulted in a 24% increase in
removal rate and 28% increase in COF compared to the concentrically grooved pad.
Even though, an increase in COF might indicate an increase in pad wear, an increase in
removal rate may result in lower slurry consumption and short polish times. A novel 3Step copper removal rate model was used to successfully predict the removal rate
behavior during copper polishing for different groove designs. In all cases, the model
RMS error fell in the range of 322 to 674 Å/min, while the experimental repeatability
error was in the range of 118 to 1100 Å/min. The relative values of the rate constants
extracted from the model showed that the process was more limited by film removal
through mechanical abrasion, especially at low values of pxV . However, as pxV
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increased this limitation was reduced and there was a transition to a more balanced
process.

• Analysis of Pads with Slanted Grooves for Copper CMP (Section 6.2):
Concentrically grooved pads with different degrees and directions of groove
slanting (Zero, 20° and 30°) were analyze during copper CMP. The pad Plus 20°
appeared to enhance more the chemistry of the system, while the pad Minus 20° appeared
to be more mechanically active resulting (both groove designs) in higher removal rates.
The pads Plus 30° and Zero degrees presented similar performance in terms of copper
removal. The lowest removal was obtained with the pad Minus 30° where the grooves
negatively affected the chemical, as well as, the mechanical mechanism of the process.
These findings were supported by the results obtained from the application of a novel 3step model, in combination with a previously developed Flash Heating (FH) temperature
model, to the analysis of removal rates during copper CMP. The 3-Step model
successfully predicted the removal behavior of different groove patterns. The model RMS
error fell within the range 350 to 450 Å/min, whereas, the experimental repeatability
range was 150 to 590 Å/min for all cases. Similarly to the logarithmic-spiral groove pads,
the process was found to be more limited by film removal through mechanical abrasion at
low values of pxV . As pxV was increased the chemical and mechanical limitations of
the process appeared to be equal.
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• Evaluation of Novel Groove Designs under Reduced Slurry Flow Rate Conditions
during Copper CMP (Section 6.3):
This study confirmed that ‘smart’ groove design can reduce of COO and EHS
issues. Copper removal was increased by, 47% in the case of Plus 20° and 17% in the
case of LNSP, when these groove designs are used to polish with a 50% reduction in
slurry flow rate. The effects of the evaluated process conditions and groove designs on
the chemical and mechanical mechanism of CMP are well captured by the measured
experimental parameters ( T p and Fshear ). Results from the application of the 3-Step
model to the analysis of copper removal rates support the observations made, based on
the experimental data. The results also indicated that reducing slurry flow rate, also
decreased the amount of slurry at the pad-wafer interface. This effect might be even more
pronounced when the novel groove designs are used to polish, which can lead to higher
degree of contact between the pad and the wafer. Even though this effect can be related to
higher RR, the possible increase in the number of surface defects post-CMP must also be
considered. Slanted groove designs appeared to be a possible solution for this issue, if a
good balance between sufficiently high contact (higher RR) and lubrication (lower
surface defects) during polishing can be obtained.

• Effect of Concentric Slanted Groove Patterns on Slurry Flow during Copper CMP
(Chapter 7):
DEUVEF optical technique was successfully transferred and applied to a largescale polishing tool (FMC-IPL 200-mm polisher). The results confirmed that different
degrees and directions of groove slanting generate variations in the slurry film
distribution under the wafer. The assumed micro- and macro-effects of slanted grooves
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on slurry flow from the grooves to the land were corroborated. Slanting the grooves
toward the edge of the pad (positive direction) facilitate the transfer of slurry from the
groves to the land areas. While slanting the grooves in the negative direction reduces the
net flow of slurry from the grooves to the pad land areas. All pad groove designs tested,
presented an increase in slurry film thickness with increasing slurry flow rate, as well as
pad-wafer sliding velocity. In addition, higher wafer loads appear to further compress pad
asperities, thus diminishing slurry flow at the pad land area. This effect was observed for
all pads regardless of groove design. Results showed that certain groove patterns tend to
lubricate the system more effectively than others by increasing the slurry film thickness
under the wafer, thereby potentially reducing the chance of having catastrophic
encounters between the three bodies during mechanical abrasion.
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8.2. Future Work
Given the variety of work conducted in this dissertation, several future studies are
proposed:

• Effect of Novel Pad Groove Designs on Wafer Defectivity
The effective performance of the novel groove designs in terms of increasing
removal during copper and ILD CMP, which can eventually lead to the overall reduction
of polish time, increase tool availability and positively affect COO and EHS, has been
well established in several studies of this dissertation. However, due to the lack of
capabilities at the IPL the effect of the novel pad groove designs on wafer defectivity was
not explored in this dissertation. The effect of groove designs on wafer surface defects
becomes critical when designing ‘smart pads’, which optimize CMP in terms of slurry
and pad consumption. Also, addressing this issue can accelerate the possible
incorporation of the novel pad groove designs to CMP tools at a manufacturing level.

• Effect of Micro-texture and Novel Pad Groove Designs on CMP
In this dissertation the effect of pad macro-texture (i.e. groove design) during
ILD and copper CMP has been investigated in depth. However, it is important to
remember that only Type III pads (i.e. filled polymer sheets), specifically Rohm and Hass
IC-1000 pads, were grooved with these novel groove designs and evaluated in several
studies. Even thought, the effects of pad grooves on the kinetic, thermal and frictional
attributes of CMP have been confirmed, the material removal actually occurs at the pad
land area-wafer interface. Then, it is important to also evaluate different micro-textures in
combination with novel groove designs. This might not only provide means to solve the
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modern challenges in CMP, but also generate optimal micro-textures for next generation
CMP pads.
Another area of interest related to the study of novel materials for next generation
pad micro-textures, is the analysis of asperity-wafer interactions and the events by which
these interactions add to the net removal rate, uniformity, and defect count measured on a
post-CMP wafer. The major issues to be considered include, size and shape of pad-wafer
contact points, sites of both material removal and defect formation and asperity flow
resistance among others. Experimental and theoretical evaluations of contact and fluid
mechanics will be necessary in the development of next generation CMP pad textures. An
experimental technique that has been incorporated recently to fundamental studies of
pad-wafer interactions is Confocal microscopy (Borucki b, et al., 2007; Muldowney g, et
al., 2007; Muldowney h, et al., 2006; Elmufdi, et al., 2006). This technique allows the
quantification of pad-wafer contact area, critical in the development of optimal pad
textures, where higher contact areas, improved contact uniformity and reduced contact
pressures can be achieved. Investigating the effect of different micro- and macro-textures
on the chemical and mechanical mechanisms of CMP will contribute to create a more
robust and reliable process.

• Applicability of the Novel Pad Groove Designs during CMP of Alternative Substrates
In this dissertation novel groove designs were explore during ILD and copper
CMP. Pads grooved with a combination of logarithmic and spiral designs were applied
during ILD and copper polishing. Also, concentric slanted pad groove designs were
investigated during copper polishing. As the semiconductor industry migrates to future
technology nodes, the number of new materials incorporated to IC manufacturing has
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been continuously increasing (Economikos, 2007). The CMP process must also be kept
up to date, by addressing any possible issues related to these novel materials. ‘Smart pad’
design could be a path to follow to solve some of these issues. A proposed area of interest
for future studies is the evaluation of these novel pad groove designs during CMP of new
substrates, where there is little to none knowledge related to polishing these materials.

• Incorporation of DEUVEF for Fundamental Characterization of CMP Process
As future technologies are developed, new challenges must be faced. In order to
address some of these issues, novel methodologies and metrologies are incorporated to
existing conventional analytical methods. As an example of this, in Chapter 7 a novel
non-intrusive optical technique (DEUVEF) was introduced. The major advantage of
incorporating DEUVEF technique to the fundamental study of CMP, is that it can be use
to accurately measure the film thickness of the slurry entrained at the pad-wafer interface.
However, this technique can also be applied to the study of other aspects of the process.
For example, a possible area to be explored is the application of DEUVEF to the analysis
of the effect of different retaining rings on the slurry distribution under the wafer.
Retaining rings usually made of polyphenylene sulfide (PPS) and polyetheretherketone
(PEEK) are used in the wafer carrier assembly to hold the wafer in place during
polishing. The rings typically have grooves on them to facilitate the transport of slurry
into the pad-wafer interface. DEUVEF can be applied to the study of different retaining
ring groove designs via the construction of a quartz retaining ring (with different groove
designs) that could be mounted on a wafer carrier. This study coupled to conventional
Residence- Time-Distribution (RTD) analysis, could possibly lead to a better
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understanding of how this component of the process affect the fundamental aspects of
CMP.

420

REFERENCES

Apone, D.: Masters Thesis, Tufts University, (2005).

Bird, R. B., W. E. Stewart and E. N. Lightfoot: Transport Phenomena. Jhon-Wiley & Sons
Inc., 2nd edition (2002).

Borst, C., D. Thakurta, and R. Gill: Journal of the Electrochemical Society, 149, G118-G127
(2002).
Borucki a, L., J. Sorooshian, Z. Li, Y. Sampurno, Y. Zhuang, and A. Philipossian, in
Proceedings of the CMP-MIC Conference, Marina Del Rey, CA (2005).
Borucki b, T. Sun, Y. Sampurno, F. Sudargho, X. Wei, Y. Zhuang, S, Anjur and A.
Philipossian, in 12th International CMP Symposium, Lake Placid, NY (2007).

Brigham, E. and H. Oren: The Fast Fourier Transform and Its Applications, Prentice-Hall,
Inc., Inglewood Cliffs, NJ (1988).

Brown, S., J. Maze and B. Heid: Micro Magazine, 6: 1-7, (2002).

Cabrera, N. and N. F. Mott: Reports on Progress in Physics, 12, 163 (1949).

Chang, C. Y. And S. M. Sze: ULSI Technology, McGraw-Hill Co., Inc., NY, (1996).

Charns, L.: M.S. Thesis, Department of Chemical and Environmental Engineering,
University of Arizona (2003).
Cook a, L.M.: Semiconductors and Semimetals, Vol. 63, Chapter 6, Academic Press (2000).
Cook b, L.M., J. Roberts, C. Jenkins and R. Pillai, US Patent 5,489,233 (1996).
Cook c, L.: Journal of Non-Crystalline Solids, 120, 152-171, (1990).

421

REFERENCES - Continued
Coppeta a, J., C. Rogers, L. Racz, A. Philipossian, and F. Kaufman: Journal of the
Electrochemical Society, 147, 1903 (2000).
Coppeta b, J., C. Rogers, A. Philipossian, and F.B. Kaufman, in CMP-MIC Conferecne
Proceedings, Marina del Rey, CA, (1997).
Coppeta c, J.: Ph. D Dissertation, Tufts University, (1999).

Cornely, J.: Master Thesis, Tufts University, (2003).
DeNardis a, J. Sorooshian, M. Habiro, C. Rogers and A. Philipossian, in Proceedings of the
CMP-MIC Conference, Marina Del Rey, CA, (2003).
DeNardis b, D.: Ph.D. Thesis, Department of Chemical and Environmental Engineering,
University of Arizona (2006).
DeNardis c, D., D. Rosales-Yeomans, L. Borucki, A. Philipossian: Thin Solid Films, (in
press).
DeNardis d, D., D. Rosales-Yeomans, L. Borucki, A. Philipossian: Thin Solid Films, (in
press).
DeNardis e, D., J. B. Hiskey, K. Ichikawa, D. Ichikawa, T. Doi, and A. Philipossian: Journal
of the Electrochemical Society, 152, G824 (2005).
DeNardis f, D., D. Rosales-Yeomans, L. Borucki, and A. Philipossian: Thin Solid Films,
513(1-2), 311-318 (2006).

Doi. T., K. Seshimo, K. Suzuki, A. Philipossian, and M. Kinoshita: Journal of the
Electrochemical Society, 151, G96 (2004).

Dorinson, A. and K.C. Ludema: Mechanics and Chemistry in Lubrication, Elsevier (1985).

422

REFERENCES - Continued
Economikos, L., personal communication (2007).

Elmufdi, C.L. and G. Flaherty, T and G. O’Connor: Proceedings of SPIE, 4876, 976-983,
(2003).

Gray, C.: Masters Thesis, Tufts University, (2005).

Hernadez, J., P. Wrschk, and G.S. Oehrlein: Journal of the Electrochemical Society, 148(7),
(2001).

Hidrovo, C., and D. Hart: Measurement Science Technology, 12, 467-477, (2001).

Hollingsworth, J., R. Sierra-Alvarez, M. Zhou, K. L. Ogden, and J. A. Field: Chemosphere,
59, (2005).

Homma, Y., K. Fukushima, S. Kondo, and N. Sakuma: Journal of the Electrochemical
Society, 150, G751 (2003).

Jablonski, A.: Z. Phys. 94, 38-46, (1935).

Kaufman, F.B., D.B. Thompson, R.E. Broadie, W.L. Guthrie, D.J. Pearson, and M.B. Small:
Journal of the Electrochemical Society, 138, 3460-3465 (1991).
Kreyszig, E: Advanced Engineering Mathematics, John Wiley & Sons, Inc., 8th Edition
(1999).

Krishnamoorthy, P.K. and S.C. Sircar: Oxidation of Metals, 2, 349 (1970).
Lawing a, A. S., in Proceedings of SEMICON Technology Symposium, Shaighai, March 1719, 2004.

423

REFERENCES - Continued
Lawing b, A. S., in Chemical Mechanical Planarization V, S. Seal, R. L. Opila, C. Reidema
Simpson, K. Sundaram, H. Huff, and I. I. Suni, Editors, PV 2002-1, p. 46, The
Electrochemical Society Proceedings Series, Pennington, NJ (2002).
Levert a, J., F. Mess, L. Grote, D Mykola, L. Cook, and S. Danyluk, in Proceedings of the
International Tribology Conference, Yokohama, Japan, (1995).
Levert b, J., R. Baker, F. Mess, R. Salant, and S. Danyluk, in Proceedings of the Annual
Meeting of the Society of Tribologists and Lubrication Engineers, London, England, (1997).
Li a, Z: Ph.D. Thesis. Department of Chemical and Environmental Engineering, University of
Arizona, (2005).
Li b, Z., H. Lee, L. Borucki, C. Rogers, R. Kikuma, N. Rikita, K. Nagasawa, and A.
Philipossian, Journal of the Electrochemical Society, 153, G399-G404, (2006).
Li c, S. H. And R. O. Miller: Chemical-Mechanical Polishing in Silicon processing
Semiconductors and Semimetals: Vol. 63 (Academic Press, NY, 2000).
Lu a, J., C. Rogers, V.P. Manno, A. Philipossian, S. Anjur, and M Moinpour: Journal of the
Electrochemical Society, 151, G241-G247, (2004).
Lu b, J.: Master Thesis, Tufts University, (2001).

Ludema, K., Friction, Wear and Lubrication: A Textbook in Tribology, CRC Press, Inc.,
Boca Raton, FL (1996).

Luo, Q., R.A. Mackay, and S.V. Babu: Chemistry of Materials, 9, 2101 (1997).

Mitchell, E.: M.S. Thesis, Department of Chemical and Environmental Engineering,
University of Arizona (2002).

Muijderman, E.A: Spiral Grooves Bearings, Springer (1966).

424

REFERENCES - Continued
Muldowney a, G.P., in 10th International CMP Symposium, Lake Placid, NY (2005).
Muldowney b, G.P., in CMP-MIC Conference Proceedings, Marina del Rey, CA (2005).
Muldowney c, G.P. and D.B. James: Materials Research Symposium Proceedings, Vol. 816
(2004).
Muldowney d, G.P. and D.P. Tselepidakis, in CMP-MIC Conference Proceedings, Marina del
Rey, CA (2004).
Muldowney e, G.P. Muldowney: Materials Research Symposium Proceedings, Vol. 816
(2004).
Muldowney f, G.P: Materials Research Symposium Proceedings, Vol. 867 (2005).
Muldowney g, G.P., C.L. Elmufdi, B. Jiang and R. Palaparthi in CMP-MIC Conference
Proceedings, Marina del Rey, CA (2007).
Muldowney h, G.P., in 11th International CMP Symposium, Lake Placid, NY (2006).

Mullany, B. and G. Byrne: Journal of Material Processing Technology, 132, 28-34 (2003).

O’Connor, J.J., J. Boyd and E.A. Avallone: Standard Handbook of Lubrication Engineering,
McGraw-Hill (1968).

Oliver, M.R: Chemical-Mechanical Planarization of Semiconductors, Springer (2004).

Olsen, S: M.S. Thesis, Department of Chemical and Environmental Engineering, University
of Arizona (2002).
Philipossian a, A. and S. Olsen: Jpn. J. Appl. Phys., Part 1, 42, 6371 (2003).

425

REFERENCES - Continued
Philipossian b, A. and S. Olsen: Journal of the Electrochemical Society, 151, G436 (2004).
Philipossian c, A. and E. Mitchell: Jpn. J. Appl. Phys., 44 (2005), 30-33.
Philipossian d, A. and S. Olsen, in CMP-MIC Conference Proceedings, Marina del Rey, CA,
(2003).
Philipossian e, A. and E. Mitchell: Micro 20, 85, (2002).

Preston, F. J: J. Soc. Glass Technol., 11, 214 (1927).

Rajan, K: Journal of Electronic Materials, 25(10), 1581 (1996).

Ring, T. A, P. Feeney, J. Kasthurirangan, S. Li, D. Boldridge, and J. Dirksen in Proceedings
of CMP-MIC Conference, Marina del Rey, CA, (2006).

Roberts, M. W.: Quart. Rev. (London) 16, 71 (1962).
Rosales-Yeomans a, D., T. Doi, M. Kinoshita, T. Suzuki, and A. Philipossian: Journal of the
Electrochemical Society, 152, G62 (2005).
Rosales-Yeomans b, D., L. Borucki, L. Lujan, and A. Philipossian: Journal of the
Electrochemical Society, 153, G272 (2006).
Rosales-Yeomans c, D., D. DeNardis, L. Borucki and A. Philipossian. Journal of the
Electrochemical Society, (in press).
Rosales-Yeomans d, D., H. Lee, T. Suzuki and A. Philipossian. Journal of the
Electrochemical Society, (in press).

Runnels, S. R. and L. M. Eyman: Journal of the Electrochemical Society, 141(6), 1698-1701
(1994).

426

REFERENCES – Continued
Shan, L: Ph.D Thesis, Georgia Institute of Technology, (2000).

Shi, F. and B. Zhao: Applied Physics A – Materials Science and Processing, 67, 249-252
(1998).

Sikder, K., P. Zantyel, S. Thagellal, A. Kumarl, B. Vinogradov, and N. Gitis, in Proceedings
of CMP-MIC Conference, Marina del Rey, CA, p. 120 (2003).
Sorooshian a, J., D. DeNardis, L. Charns, Z. Li, F. Shadman, D. Boning, D. Hetherington, and
A. Philipossian: Journal of the Electrochemical Society, 151, G85 (2004).
Sorooshian b, J. L. Borucki, D. Stein, R. Timon, D. Hetherington, and A. Philipossian:
Journal of Tribology, 127, 639 (2005).
Sorooshian c, J: Ph.D. Thesis. Department of Chemical and Environmental Engineering,
University of Arizona (2005).

Steigerwald, J.M.., S.P. Murarka, R.J. Gitmann, D.J. Duquette: Materials Chemistry and
Physics, 41, 217 (1995).

Sun, L., Y. Chen, L. Zhu, R. Jackson, W. Hsu, and K. Smekalin, in Proceedings of Eurocon
Semiconductor, (2003).

Sundararajan, S., D. G. Thakurta, D. W. Schwendeman, S. P. Murarka and W. N. Gill:
Journal of the Electrochemical Society, 146(2), 761-766 (1999).

Szeri, A: Fluid Film Lubrication: Theory and Design, Cambridge University Press, New
York, (1999)

Thakurta, D., C. Borst, W. Schwendeman: Thin Solid Films, 366, 181-190 (2000).

Tseng, W. and Y. Wang: Journal of the Electrochemical Society, 144, L15-L17 (1997).

427

REFERENCES – Continued
Zantye, P.B., A. Kumar, and A.K. Sikder: Material Science and Engineering: Reports: A
Review Journal, 45, 89-220 (2004).

Zhang, F. and A. Busnaina: Electrochemical and Solid-State Letters, 1, 184-187 (1998).

Zhao, B. and F. Shi: Electrochemical Solid-State Letters, 2, 145-147 (1999).

