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ABSTRACT
This dissertation consists of four topics that focused on investigating the
fundamental characteristics of chemical mechanical planarization (CMP) processes.
These are alternative and conventional pad conditioning technologies, inhibitor
characteristics of slurry additives, and pad stains in copper CMP.
A high pressure micro jet (HPMJ) technology was used to investigate pad
conditioning and evaluated as an alternative to conventional diamond disc pad
conditioning in copper and inter-layer dielectric CMP. Results showed that the HPMJ pad
conditioning system had the potential of removing slurry residues and polish by-products
inside pad grooves and pores on the pad surface, thus leading to improved pad life and
reduced wafer-level defects. In addition, a proposed conditioning scheme, namely a
combination of diamond and HPMJ pad conditioning, allowed for stable polish results in
terms of removal rate and coefficient of friction (COF).
The theoretical and experimental investigation of conventional diamond disc pad
conditioning was performed to explore the effects of conditioner design factors on
removal rate and COF in copper CMP. In this study, conditioning affected pad surface
topography and was also capable of modifying the removal rate of copper by changing
the COF and the reaction temperature. Both theory and experimental results showed that
friction and removal rate should both decrease as the conditioned surface became less
abrupt.

24

Ammonium dodecyl sulfate (ADS), an environmentally friendly surfactant, was
evaluated as an alternative inhibitor to benzotriazole (BTA) in copper CMP. Results
demonstrated that the inhibition efficiency of ADS was superior to that of BTA in terms
of coefficient of friction (COF), removal rate and temperature. Spectral analysis of shear
force showed the extent of the pre-existing stick-slip phenomena caused by the
kinematics of the process and collision event between pad asperities with the wafer.
The characterization of experimental and numerical formation of pad staining was
investigated. Pad staining was a result of material removal and it increased with polishing
pressure, wafer rotation rate and polishing time. Experimental results also indicated that
pad staining had no significant effect on removal rate. The experimental and simulated
pad staining images demonstrated that polish by-products were advected downstream
with the slurry flow, and deposited on the pad surface.
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CHAPTER 1 – INTRODUCTION
1. c

1.1.

Introduction to Chemical Mechanical Planarization
Everyday, we use integrated circuit (IC) based devices to improve the quality of

life: listening to music with an MP3 player, watching a movie with a DVD player,
driving a car equipped with navigation, using a computer to search the Internet, or a cell
phone to make a call. These technologies have dramatically evolved and developed from
the advent of the semiconductor. With demands for greater memory capacity, reliability
and faster performance, integrated circuits have required an increase in circuit complexity
in the form of multilevel wiring on a chip and the shrinking of minimum feature sizes. In
addition, the chips have become smaller and smaller. Figure 1.1 shows a general
representation of the modern IC1. The figure shows a thin cross-section of the chip on the
left and the details at the transistor level on the right. As seen in Fig. 1.1, modern chips
consist of several layers where transistors are linked to conducting, interconnecting plugs
and conductors are linked to transistors at different locations. As mentioned above, this
complex integrated circuit in the semiconductor industry has been developed to perform
more complex, reliable and integrated tasks. Figure 1.2 is an actual SEM image of an IC
cross-section. The image shows three white transistors at the bottom with carbon-doped
oxide (CDO), which is used for insulting the layer material between the copper
interconnects and plugs. Two of these transistors are connected to copper lines on the 6th
metal layer in the SEM image.
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Figure 1.1: General IC representation.

Figure 1.2: A typical cross-section of an IC (Source: Intel Corporation).
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Both Figs 1.1 and 1.2 clearly show the planar surface between layers in the
multilevel interconnections. The planarity of each layer becomes a critical factor in
creating a uniform thickness and width of the copper and insulating material. In addition,
this planarity plays a vital role for the lithographic step, where optical lithography can
create lines or features accurately on the wafer to make a circuit2,3. Therefore, global
planarization is an important step to meet the requirement, which is set by the depth of
focus in the lithographic step. Several technologies including spin on deposition (SOD),
reflow of boron phosphorus silicate glass (BPSG), and the etching process are being used
to achieve a local planarization, however none of them can achieve global planarization4.
Currently, chemical mechanical planarization (CMP) is the only technology that can
actually achieve both local and global planarization at the same time. Details of
planarization will be described in the next section.
Chemical mechanical planarization (CMP) is a process by which material is
removed from a substrate by chemical and mechanical effects5. CMP can achieve
planarization of the non-planarized surface topography resulted from the fabrication
process, where a film is deposited on a patterned surface. Figure 1.3 shows an example of
planarized and non-planarized surface topography in an integrated circuit (IC). Figure 1.3
(a) clearly shows that the non-planarized surface has a negative impact on the coating of
the photoresist and efficiency of pattern transfer onto the wafer. With the planarized
surface shown in Fig. 1.3 (b), it is possible to make several layers on a chip.
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Figure 1.3: Examples of (a) a non-planarized and (b) planarized MLM structure.

The current CMP process has its origins in grinding, which was first employed
during the Neolithic period, and lapping, which was first used during the 10th century3.
Grinding is a shaping process, where materials (i.e. stone) are shaped by grinding a fine
abrasive to give them a smoother cutting edge and greater strength. Lapping requires two
surfaces with liquid-containing abrasive particles between them being rubbed together.
The surfaces should be rotated or moved to remove material during lapping. Material is
removed by fracturing, and material removal largely depends on the hardness of the
abrasive particles or the material to be polished. This technique is very similar to modern
chemical and mechanical planarization.
Since the introduction of modern CMP by IBM in the mid-1980s, the method has
been extensively adopted in semiconductor manufacturing3,6. Figure 1.4 shows the
generalized CMP process. The surface of the wafer to be polished is placed face down on
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a polishing pad. Force is applied to the wafer. The polishing pad is covered with waterbased slurry, which contains abrasive particles. The wafer and pad rotate at the same or
slightly different speeds. The applied pressure on the wafer and the relative pad-wafer
speed are the two adjustable operating parameters for determining the removal rate
during the CMP process. As one can expect, a higher removal rate is caused by the higher
pressure or faster rotation of the wafer and the pad. A pad conditioner, which is not
shown in this figure, is placed at the other side on the polishing pad to restore the pad
surface. Here, the general CMP process is briefly described and details of the CMP
process and consumables (i.e. pad, slurry and conditioner) will be discussed later.

Slurry

P (PSI)

Wafer
Pad

Figure 1.4: Schematic of the generalized CMP process.
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Now that the general information regarding an IC and the CMP process have been
given, it is important to understand how ICs will evolve in the future. Figure 1.5 shows
the increasing number of transistor per die during the last 50 years7. Gordon Moore of
Intel Corporation made this prediction in 1970 after observing the tendency during the
first few years of IC manufacturing, and then announced that the number of transistors
per chip would roughly be doubled every 18 months. This is known as Moore’s Law. So
far, Moore’s Law has provided a good guideline for the development of the IC for over
40 years in the semiconductor industry. Furthermore, the number of transistors per chip
will increase continuously in the future. These results bring new challenges such as
defectivity, surface planarity, and types of dielectrics and metals. Another challenge in
this field is the increase in wafer size. Currently, 300 mm diameter wafers are used to
produce chips in IC manufacturing. As one can imagine, a large wafer can produce more
chips per wafer, possibly leading to a reduction of cost required to produce a chip.
Meanwhile, new challenges associated with tools and processing methods appear in IC
manufacturing. The development of novel and alternative methods can provide possible
solutions for the modern CMP challenges that will continue to arise as IC technology
advances.
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Figure 1.5: Growth in the number of transistors per die since 1960.
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1.2.

Modern CMP Challenges

1.2.1. Planarization
The goal of the CMP process is to achieve global (mm scale) and local (µm scale)
planarization through a combination of mechanical and chemical interactions8. Local
planarization is achieved when the higher points on the surface of the film are removed
more rapidly than the lower points. Global planarization associated with film pattern
density variations is related to a high degree of flatness across the wafer or across a die.
Figure 1.6 shows a side-view representation and a top-view microscope image of the
possible different pattern densities observed on a wafer. Ideally, CMP should remove the
material only at the high points on the surface to produce a perfectly flat surface. In
reality material is removed from both high and low points at the same time during the
CMP process.
As the figure demonstrates, there are low, medium and high patterns density
regions within a die and across the wafer surface. These topographical features have
different local removal rates due to different local pressures. Apparently, the removal rate
at low pattern density regions is higher than that of high pattern density regions due to
high local pressures over low pattern density regions. Therefore, patterns density affects
global planarization on the wafer scale. Figure 1.7 illustrates a more accurate and realistic
concept of planarization3. As seen in Fig. 1.7, step height refers to the vertical height of a
feature from its surface. As illustrated in Fig. 1.7, step height decreases as polish time
continues, thus leading approximately to zero when a nearly planar surface is achieved.
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Figure 1.6: Side and top views of various levels of pattern density on the surface of the
wafer.

No
planarization

Step height
Metal

Oxide

Smoothing

Complete
local
planarization
Complete
global
planarization

Figure 1.7: Concept of local and global planarization3.
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1.2.2. Dishing and Erosion in CMP
Two of the most critical topographic issues that can occur during CMP are known
as dishing and erosion. The difference between dishing and erosion is illustrated in Fig.
1.8. In an ideal CMP processes, polishing would stop as removed metal layers line up
with the collateral dielectric layers. In general, metal removal rate is much higher than
collateral dielectric removal rate. When polishing fails to stop at this point, metal removal
continues within the conducting line, here shown as a copper line, meanwhile the
dielectric is removed slowly. As a result, loss of material in the conducting line could
happen as illustrated in Fig. 1.8. This phenomenon is known as dishing. In addition,
dishing could be related to corrosion of the copper line. At low pH, copper dissolves
directly into solution in the form of copper ions when an insufficient amount of corrosion
inhibitor is used. While at near-neutral to high pH, oxidized copper dissolves directly into
solution when an overly aggressive complexing agent in the slurry is used.
Erosion differs from dishing in terms of dielectric material loss. Erosion is
defined as the recession of both the collateral dielectric material (SiO2) and inlaid
conducting material (copper) as shown in Fig. 1.8. In reality a thin barrier layer
consisting of tantalum nitride exists between copper and the inter-layer dielectric (ILD) in
order to prevent copper diffusion. This means that the barrier layer should be completely
polished in order to lose the collateral dielectric material.
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Figure 1.8: Dishing and erosion.

1.2.3. Other Defects in CMP
Except for dishing and erosion, the most common defects that can arise from
CMP are illustrated in Figure 1.10. The defects on the wafer could result in re-working or
discard, which obviously leads to an increase in the cost of ownership (CoO). Therefore,
it is a necessity to scrutinize the source of these defects. All the defects shown in Figure
1.9 are mainly related to mechanical issues, foreign objects, large abrasive slurry
particles, defective pads, embedded position of diamond disc fraction on the pad, etc.
There are several methods to eliminate these defects such as the use of novel groove
designs on the pad surface9, low abrasive content or abrasive free slurry formulations10,11,
and electrochemical planarization techniques12,13. In this study, a high pressure micro jet
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pad conditioning system, called an alternative pad conditioning system, is investigated to
clean the slurry residues on the pad surface and grooves in section 3.4.

Figure 1.9: Various CMP defects.

1.2.4. Cost of Ownership (CoO) and EHS Issues
As CMP has become an increasingly important component of IC manufacturing
fabrication, cost of ownership (CoO) and environmental concerns have become more and
more important issues. The best way to reduce CoO and the environmental issues in a
given process is to treat them simultaneously. Therefore, the development of the
semiconductor manufacturing industry must be on the principle of environmental
benignancy and cost control. However, in reality the CMP process has incurred high
operational costs (CoO) and environmental concerns (EHS).
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Figure 1.10: Major factors contributing to CoO.

CoO is defined as the total cost of implementing a specific process, including
capital and operating costs. It has been shown that the CMP module has one of the
highest CoOs among all other processes in IC manufacturing. Figure 1.10 illustrates the
approximate overall CoO including pads, slurry, equipment, labor, and other materials for
a typical CMP module14. As seen in Figure 1.10, roughly 45 and 16 percent of the total
CoO are associated with the slurry and pad, respectively. In addition, waste disposal
results in environmental issues that are directly related to the overall CoO. Mitchell et
al.15 have reported that slurry utilization efficiency for various types of pads ranges
between 2 and 25%. This implies that low slurry utilization efficiency not only increases
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total CoO for CMP but also negatively impacts the environmental effects of the process.
There are several efforts to re-use slurry and to reduce slurry consumption. A membrane
system has been studied for slurry recycling as a potential method of both reducing waste
treatment as well as reducing costs16. In addition, pad groove designs have been
intensively investigated to reduce slurry consumption9,17.
Another challenge associated with CoO and EHS issues is the CMP wastewater
treatment. A typical 200 mm wafer manufacturing factory, which processes about 40,000
wafers per month, consumes between 2 and 3 million gallons of water per day18. It has
been estimated that the CMP process can account for up to 40% of the total water
consumption in manufacturing19,20. This also implies that the CMP wastewater occupies
30 to 40 percent of the total wastewater generated in IC manufacturing. Usually, CMP
wastewater consists of complex mixtures containing abrasives particles, inorganic,
organic chemicals, complexing agents, corrosion inhibitors, surfactants, oxidizers,
buffers, etc20,21. Furthermore, CMP wastewater contains heavy metal ions and polish byproducts due to copper CMP. Currently, chemical coagulation and membrane separation
processes have been used to treat CMP wastewater20,22. In addition, electro-coagulation23
and bio-sorption processes21,24 have been investigated as suitable treatments of CMP
wastewater. While the development of CMP wastewater technology is critical, the most
important goal is to develop an environmentally benign CMP process in order to reduce
environmental concerns and, at the same time, allow for a reduction in CoO for future
CMP processes.
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1.3.

Equipment and Consumables in CMP

1.3.1. CMP Tools
With shrinking minimum feature sizes as well as the increase in the wafer size in
integrated circuits (ICs), sophistical CMP tools have been required. An ideal CMP tool is
one which experiences the same velocities and pressure, as well as a uniform distribution
of slurry at all points on the wafer surface during polishing3,8,25. Nowadays,
commercialized CMP tools typically utilize rotary or orbital kinematics. The primary
differences between these CMP tools are pad motion kinematics, carrier design, pad
conditioning methods, and slurry injection methods. However, this different kinematics
has been developed mainly to acquire the same average velocity at every point on the
wafer.
Figure 1.11 illustrates a typical rotary tool. Slurry is introduced at the center of the
pad and dispersed across the polishing pad by centrifugal force. The wafer is mounted on
the carrier, which rotates under a controlled load that applies pressure uniformly across
the wafer. The polishing pad mounted on the platen also rotates during the CMP process.
A pad conditioner, usually a diamond disc, is placed at the other side on the pad in order
to restore the asperities on the pad surface that collapse as polishing proceeds. A pad
conditioner rotates and sweeps simultaneously under a controlled load across the pad
surface in order to restore the asperities on the pad surface. In the rotary tool, some slurry
flows into the pad-wafer region to actually react with the wafer, while a large amount of
slurry flows directly without ever contacting the wafer. This results in low slurry
utilization efficiency15.
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Rotating Platen

Figure 1.11: Schematic of a rotary CMP polisher.

The typical orbital tool is shown in Fig. 1.12. There are several advantages and
disadvantages to use orbital tool compared to rotary tool. A polisher using orbital
kinematics has a ‘through-the-pad’ slurry distribution and injection system, which can
greatly reduce slurry usage and enhance slurry utilization efficiency as the slurry is
injected under the wafer. Furthermore, it is possible to rapidly change slurry formulations
on a multi-step process. In addition, each point on the wafer surface has the same relative
velocity. However, various effects can reduce or offset this advantage. For example, nonuniform slurry distribution, ring-pad interaction and sub-optimal pad grooving can lead to
by-product build-up on the pad surface and cause low, non-uniform and unstable
polishing rates. Additionally, in situ pad conditioning is not conducive to orbital polishers,
since the pad and platen are nearly covered with the wafer during CMP.
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Figure 1.12: Schematic of an orbital CMP polisher.

1.3.2. Pad
The polishing pad has a critical role in determining material removal rate and
CMP process stability. The polishing pad should have sufficient mechanical strength and
chemical tolerance since the CMP process combines the chemical and mechanical
processes8. The slurry consists of the aggressive particles and several chemistries.
Usually, the composition of the slurry depends on the materials to be polished. The
details about the compositions of the slurry will be discussed in the next section.
Mechanically, the polishing pad should have enough strength to resist tearing and an
adequate abrasion resistance to avoid excessive pad wear during polishing. In addition,
the pad should be subjected to high temperatures because temperature rise occurs as a
result of friction generated by the contact of three bodies (i.e, the slurry, wafer and pad).
It is reported that pad temperature will increase by approximately 20-30 °C during the
CMP process26. More specifically, it has been reported that only about 1% of the pad
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surface actually makes contacts with the wafer during the CMP process, suggesting that
the local pad temperature should be much higher than the ambient temperature27,28.

Figure 1.13: Cross-section SEM images of common Type I (a), II (b) and III (c) pads.

The polymers needed to satisfy the several criteria discussed above are
polyurethane based8. Nowadays, commercially available polishing pads in CMP can be
classified into three major types: polyurethane impregnated felts (Type I, Rohm & Hass
Suba® Series), Microporous synthetic leathers (Rohm & Hass Suba® Series) and a matrix
of polyurethane foam with filler material (Rohm & Hass IC1000® Series). The
concentration of segments is a major factor in determining the pad properties. In general,
harder pads (Type III) are used for CMP of oxide dielectric layers, copper, and tungsten.
Softer pads (Type I and II) are used to polish copper damascene features or for final
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buffing CMP step to remove defects from the earlier steps. Figure 1.13 shows scanning
electron microscope (SEM) cross-section images of common Type I, II and III pads.
Typically, the polishing pads have macro-topographical features on the surface
called grooves. Figure 1.14 illustrates the variety of commercial and experimental groove
features. Groove features are designed to prevent hydroplaning of the wafer, to improve
slurry transport underneath the wafer and to control the stiffness of the polishing pad.
Also, the grooves on the pad surface are intended to aid the transport of polish byproducts from the pad-wafer interface. In addition, the slant grooves on the pad
significantly affect CMP performance such as removal rate and coefficient of friction
(COF), as well as slurry flow distribution during polishing.

(a) Flat pad

(d) Concentric pad

(b) Perforated pad

(e) Logarithmic spiral
positive pad

(c) XY pad

(f) Leminscate

Figure 1.14: Various commercial and experimental groove features
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1.3.3. Conventional Diamond Disc Conditioning
Pad conditioning is thought to be an essential process to maintain rate stability
and uniform material removal rate across the wafer in the CMP process29. Surface
roughness and porosity on the pad surface are critical factors in determining the transport
of slurry and the contact areas between the wafer and the pad. During polishing, the
surface of the pad can undergo plastic deformation. As a result, the pad becomes flattened
or glazed with particles clogging the pores of the pad, leading to lower material removal
rates and higher defects on the wafer surface29-31. The SEM image for a glazed IC 1000
pad is shown in Fig. 1.15.
Pad conditioning is required to restore the microscopic roughness on the pad
surface by counteracting the degrading influences of abrasive wear and plastic
deformation on pad topography29-31. A diamond disc is widely used as a conditioner to
perform pad conditioning in order to achieve this function. On the other hand,
conditioning causes wear of the pad and excessive conditioning has been shown to
shorten the life of the pad and increase cost of ownership. Several reports have indicated
that removal rate decays approximately logarithmically with no pad conditioning and
recovers when the surface is refreshed by pad conditioning29-31. Conditioning performed
concurrently with polishing is called in situ pad conditioning while conditioning
performed between polishes is called ex situ pad conditioning. Figure 1.16 shows the
SEM image for the typical conditioned pad.
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Figure 1.15: SEM image of a glazed pad.

Figure 1.16: SEM image of a conditioned pad.
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The diamond grit size on the conditioner is an important consideration8,25,32. In
general, the higher the number of the grit size, the smaller the average size of the
diamond; coarse (16 ~ 24 grit), medium (36 ~ 60 grit), (80 ~ 120 grit) and superfine (150
~ 325). In general, the coarser grits yield fast and aggressive stock removal, while the
finer grits cause a smaller stock removal but with a better surface finish. The effect of
diamond grit size on removal rate, COF and pad temperature in copper CMP is examined
in section 4.1. In addition, diamond disc wear is investigated in section 4.2. The pattern
of the diamonds on the conditioner is another consideration in terms of contact area and
distribution of the slurry on the pad surface. Here, the effect of the conditioner pattern
was not specifically investigated.
In this dissertation, a High Pressure Micro Jet (HPMJ) pad conditioning system is
investigated as an alternative conditioning technology in Chapter 3. During conditioning,
the HPMJ system sprays high-pressure water droplets onto the pad to refresh the pad and
simultaneously clean the surface of slurry residues and other embedded particles33,34. The
advantage of the HPMJ technology is that it does not aggressively abrade the pad,
implying a capability of extending the pad life.

1.3.4. CMP Slurries
Slurry plays several important roles in the CMP process. CMP slurries are
complex mixtures typically consisting of abrasives, oxidizers, corrosion inhibitors and
surfactants3,8,25,35. During the CMP process, chemicals and abrasive particles in the slurry
provide chemical reaction and mechanical forces on the substrates simultaneously36.
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Firstly, the wafer surface reacts with chemical agents such as pH adjusters or oxidizers to
form a soft layer on the wafer. Subsequently, the abrasive particles attack the wafer
surface to abrade the chemically treated surface. Finally, new material is exposed for a
chemical attack. In addition, slurry acts as a lubricant between the wafer and pad,
transporting a polish by-product and controlling temperature rise resulting from
mechanical friction25.
As mentioned above, abrasive particles in the slurry are a key factor in
determining mechanical forces during CMP. To date, commercially available particles
used in CMP slurries are silica, alumina, and ceria8,25. The typical sizes of particles range
from 10 to 200 nm and 10 to 30 % (by weight) of the particle concentrations in the
slurries that are most frequently used. There are two types of silica particles, fumed and
colloidal silica (Fig. 1.17). Both types are amorphous in nature. Fumed silica are
produced by the following reaction:

SiCl4 + 2H2O → SiO2 + 4HCl.

(1.1)

This reaction occurs in gas phase to form small particles that are fumed into larger chain
particles. Meanwhile, colloidal silica is formed in solution. There are several precipitated
reactions to produce colloidal silica. One example reaction, where silicates are reacted
with an acid to precipitate silica particles, is followed by:

K2SiO3 + H2SO4 → SiO2 ↓ + 2K+ + H2O + SO4-2.

(1.2)
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The mean diameter of colloidal particles (10 to 20nm) is usually smaller than that of
fumed particles (90 to 200 nm). It has been reported that the removal rate is linearly
proportional to the concentration of abrasive particles when the particle concentration is
low and other parameters are held constant37.

(a) Fumed silica

(b) Colloidal silica

Figure 1.17: TEM images of silica slurry particles (Source: Degussa Corporation)
.
Ceria particle-based slurries provide a higher removal rate for ILD polishing
compared to silica particle-based slurries, however there are two issues regarding
colloidal stability8,38,39. The density of ceria is four-times greater than that of silica.
Therefore, ceria settles down more quickly compared to silica. In addition, ceria has a
point of zero charge (PZC) at an approximate pH 7 and a weak zeta potential above pH 7.
This implies that ceria is hard to stabilize in suspensions due to electrostatics.
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Abrasive suspension and shelf life are other significant considerations regarding
abrasive particles. Settling and agglomeration of abrasive particles during storage or
polishing is a critical issue since it can possibly cause defects on the wafer and an
unstable removal rate during the process. Electrostatics, referring to the repulsive
electrical fields between abrasive particles, is an important factor in determining the
stabilization of particles in solution. Figure 1.18 describes the electric double layers on a
single particle in an ionic solution40. By definition, the zeta potential of a particle is the
electrical charge of the particle at the surface of shear. Zeta potential is absolutely a
function of a solution’s pH and PZC is defined as the pH where the charge of a surface is
zero. Generally, the increase in the magnitude of zeta potential gives greater particle
dispersion within the slurry system due to the increase of repulsive force between
particles. In order to improve the stabilization of particles, an organic compound or
surfactant can be added into a solution.
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Figure 1.18: Representation of the electrostatic layer formation on an abrasive particle.

Some aspects of slurry compositions such as the characteristics of abrasive
particles, pH levels, and chemical buffers can be adjusted to fit their specific application.
However, the most important consideration is that slurry compositions mainly depend on
the materials to be polished. In this dissertation, since ILD (SiO2) and copper CMP are
performed, slurry chemistries will be explained to these substrates.
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1.3.4.1. ILD slurries
For ILD slurries, a solution’s pH plays a critical role and is adjusted with KOH or
NH4OH. Usually, a high pH (typically 9.5 to 11.0) is favorable for ILD polishing.
Figure 1.20 illustrates the Pourbaix diagram associated with the silicon-water system.
This diagram represents the most thermodynamically stable silicon species in water at
various applied potentials and pH levels. Since crystalline silica is not being polished,
only the metastable and unstable regions are considered. If one considers a constant
potential (above approximately -1.5 volts) during polishing, it is clearly apparent that as
the solution pH approaches around 11, unstable species of Si-H2O are formed and
dissolved into solution.

Figure 1.19: Pourbaix diagram of the silicon-water system (Courtesy of S. Raghavan –
University of Arizona).
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.

Figure 1.20: Proposed mechanism for silicon dioxide removal using silica.
ILD slurries’ viscosity is very close to water viscosity. Lower viscosity slurries
are more effective because slurry can be uniformly distributed across the wafer during
polishing. In addition, water plays an important role in aiding the removal mechanism by
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weakening the oxide structure. Figure 1.20 illustrates a schematic of the proposed
removal mechanism for SiO2 during the CMP process7. Figure 1.20 (a) indicates that the
oxide surface will have a termination arrangement since the polishing is performed in an
aqueous environment. Cook suggested that the water could diffuse into the oxide surface
to weaken its structure in a hydrolyzing process5. As this process continues, the silica
particles in the slurry eventually form hydrogen bonds with the surface of the wafer. This
results in the release of a water molecule and the formation of a Si-O-Si bond between
the slurry particle and the wafer surface. Finally, a Si atom is attached to the slurry
particle and abraded away, as seen in Fig. 1.20 (d).

1.3.4.2. Copper slurries
In broad concepts, copper CMP is quite similar to ILD CMP. It means that, except
for the slurry, the same type of tool, pad and conditioner used for ILD CMP can also be
used for copper CMP. Copper slurry does differ from ILD slurry since different materials
are being polished. Copper slurry contains abrasive particles and several chemicals such
as oxidants, inhibitors, chelating agents, surfactant, etc. First of all, copper slurry requires
oxidizing chemical agents3,8,25. Hydrogen peroxide is the most widely used oxidant in
copper CMP. Copper slurry containing the oxidizing chemical must balance between
etching and passivation resulting from oxidation. A copper ionic species can dissolve
directly into solution due to etching. In addition, a passivated layer (i.e. oxidation film) is
generated on the copper surface to protect from corrosion. Inhibitors are added into slurry
for the purpose of controlling the corrosion, or etching. Benotriazole (BTA) is commonly
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used as an inhibitor in copper CMP and covered on the surface in order to inhibit rapid
oxidation of copper and prevent corrosion41. Complexing agents are also added into
slurry to bind with partial or fully charged species in the solution or at the wafer interface.
Ethylenediaminetetra acetic acid (EDTA) is a common complexing agent in copper
slurry42. Besides this, the pH of copper and ILD slurry is different. As mentioned earlier,
a high pH solution requires an ILD CMP while neutral or slightly low pH solutions are
favorable in a copper CMP.
A Pourbaix diagram of the copper-water system shown in Figure 1.21 is used to
understand the most thermodynamically stable copper species as a function of various
applied potentials and pH levels. As seen in Fig. 1.21, depending on pH levels and
applied potentials, several forms of copper species could exist. The diagram provides the
information to aid in understanding the possible existing copper species at certain
conditions. For example, at a pH of 8, copper could exist in the Cu0 state, known as an
immunity state without a potential (E) under reducing conditions. When a potential is
applied, copper oxidizes into CuO. As potential levels are continuously increased, copper
oxidizes further into Cu2O. At a pH of 2, a different behavior is observed. Copper
dissolves directly into solution as an ionic form of copper (Cu2+) when an applied
potential is above 0.2 V. The Pourbaix diagram clearly indicates copper dissolution at an
acidic pH, while, oxidation or passivation at a near neutral to alkaline pH. Once again,
these diagrams show the changes of copper species in pure water. Since slurry consists of
several chemicals, the different behaviors would be expected in a copper-slurry system.
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Figure 1.21: Pourbaix diagram of a copper-water system constructed with a copper ion
concentration of 1 x 10-6 M (Courtesy of S. Raghavan – University of
Arizona).

1.4.

General Removal Mechanism
Before discussing the general material removal mechanism, it is important to

understand the wafer-pad-particles interaction at the pad-wafer interface. Figure 1.22
illustrates the macro and micro-scale components at the pad-wafer interface1. The dashed
oval in Figure 1.22 (a) is amplified in Figure 1.22 (b) to provide more details about the
wafer-asperity-particle interaction. Figure 1.22 (b) shows that asperities are not uniformly
distributed on the pad surface. This suggests that some asperities are physically in contact
with the wafer surface, while others are not. The non-uniformly distributed asperities on
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the pad surface result in the average slurry film thickness on the pad surface. This slurry
film thickness is dependent on pad conditioning, applied pressure on the wafer, sliding
velocity, the material of the pad as well as the groove features on the pad. Figure 1.22 (b)
illustrates the comparison of abrasive particle sizes. Usually, the average silica particle
size is between 10 to 200 nm.
The generalized concept for the removal mechanism is described in Figure 1.23.
A passivated layer is generated between two asperities, which are physically touching on
the wafer43. This film is relatively thin as well as easily removed by mechanical force.
Much research has attempted to characterize the formation of passivation, however, the
details regarding passivation layers of different substrates are not fully understood. As
seen in Fig. 1.23, passivation layers can be abraded by two possible mechanical removal
mechanisms. The first possible method is that asperities on the pad directly contact the
surface of the wafer to abrade the passivation film. The other way is that abrasive
particles captured by the pad asperities can possibly abrade the passivation film.
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(a)

(b)
Figure 1.22: Schematic of (a) macro-scale and (b) micro-scale of the pad-wafer interface.
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Figure 1.23: Generalized concept for removal mechanisms.

Several removal models have been proposed to explain various experimental
results and to provide a better understanding of the pad-slurry-wafer interactions.
Preston’s equation44 based on glass polishing theory was firstly adopted to explain the
experimental removal rate and is described as:

RR = k × P × V

(1.3)

Where RR is the material removal rate, k is Preston’s constant, P is an applied pressure
on the wafer and V is a relative pad-wafer velocity. As seen in Eq. 1.3, material removal
rate is directly proportional to the applied pressure and sliding velocity. Preston’s
equation provides a reasonably good agreement with experimental data, even though it is
essentially based on an empirical mechanically-based removal model.
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Several researchers have modified Preston’s equation to explain any observed
non-Prestonian behavior45-49. Luo et al47 developed a removal rate model considering the
static etching rate on Preston’s equation in a copper CMP to fit their experimental data, as
follows:

RR = (k × P + B) × V + Rc

(1.4)

where, B and Rc are constant and determined by the least squares procedure. This model
was basically developed to explain that a removal rate is not zero when a sliding velocity
and applied pressure are zero. In addition, sliding velocity is a more dominant parameter
in determining a removal rate compared to any applied pressure on a wafer.
Zhang and Busnaina studied the contribution of particle adhesion force and the
plastic deformation on the removal rate in a copper CMP48. They found that the removal
rate is proportional to the square root of pressure and rotational speed. This resulted from
the increase of particle adhesion force and larger contact plastic deformation when an
applied pressure increased.
Shi and Zhao developed a mechanical model after an observation that the
fundamental mechanism of the pressure dependence of a soft pad differed from that of a
hard pad49. With a soft pad, the increase of applied pressure on the wafer causes abrasive
particles to embed into the asperities on the pad surface, which was working like an
elastically soft spring and decreasing the contact pressure. Shi and Zhao’s removal model
with a soft pad became,
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2
3

RR = k × P × V .

(1.5)

Many studies pointed out that the elastic deformation of the polishing pad and
abrasive particles in slurry are very critical factors in determining a removal rate. Several
removal models have been proposed which have taken into account these
contributions36,37,50-52. For example, Castillo-Mejia et al50 proposed a model based on
polishing pad surface morphology, whereby a Greenwood-Williamson micro-contact
model is used to calculate an effective asperity layer on a polishing pad and to predict an
effective elastic modulus of this layer. Choi et al36,37 have studied the role of the dynamic
contact behavior of abrasive particles during ILD polishing and proposed an interfacial
contact model based on the interfacial interaction of abrasive particles between the pad
and the wafer. The model comprehensively explained the effects of size and
concentration of particles on a removal rate, as well as, the effect of an applied pressure
on the interfacial contact of particles between the pad and the wafer.
The elastohydrodynamic lubrication model has been intensely studied in an effort
to capture the fundamental fluid dynamics of the CMP process and to better understand
the variation of removal rate behaviors observed during oxide and metal CMP53-57.
Runnel and Eyman used the stress distribution on the wafer surface occurring during
CMP as an important factor in their proposed model53. The incompressible threedimensional Navier-Stokes equations were used to determine the pressure profile and
fluid film thickness. The model indicated that the wafer curvature, slurry viscosity and
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rotation speed were important parameters to determine fluid film thickness. Ng et al56
have developed a novel polishing head to measure real-time fluid pressure between the
pad and the wafer during CMP. The experimental data showed that both negative and
positive fluid pressures under different regions of the polishing head were observed.
Borucki et al57 developed a load- and memonet-balance hydromechanical theory based
on this data to explain these phenomena.
In order to account for the formation of a pasivation layer and mechanical
removal on a removal model, a two-step chemical-mechanical model was proposed and
developed by Borst, Gill and Gutmann58. Later, Dr. Borucki in collaboration with the
Innovative Planarization Lab (IPL) at the University of Arizona followed a similar
approach to develop a novel two-step chemical-mechanical Langmuir-Hinshelwood
model, where a flash heating model is used to predict the reaction temperature on the
surface of the wafer26,58. In this two-step model, the contribution of the chemical reaction
and mechanical force on the material removal is separated with its own form. The
material on the wafer reacts with an unspecified reactant in the slurry to form the oxide
film on the surface of the wafer by a rate: this step is called the chemical reaction step
(k1). The reacted layer is subsequently removed by mechanical abrasion at a rate: this
step is called the mechanical removal step (k2). The reaction temperature on the surface
of the wafer is one of the important parameters in determining the chemical rate. The
temperature rise occurs as a result of the mechanical friction due to the contact of three
bodies (pad-wafer-slurry). The average reaction temperature is estimated by a flash
heating model. Details of a flash heating model will be addressed in Chapter 4.
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A two-step L-H model has performed well in predicting removal rates as well as
in explaining observed removal rate behaviors during copper CMP, however there is one
more possible removal mechanism: the dissolution effect in copper CMP due to the
chelating agents in slurry. Figure 1.24 shows a three-step copper removal model43,60. The
mechanical force generated either from asperities or embedded abrasive particles on the
pad surface belongs to the mechanical removal step (k2), while the dissolution associated
with the chelating agents in slurry is related to the chemical removal step (k3). DeNardis
and Rosales-Yeomans modified a two-step L-H model by accounting for the dissolution
rate and proposed a novel three-step mechanism for copper CMP, where complexing
agents participate in the removal process by either dissolving mechanically removed
material, and/or directly removing copper from oxidized areas on the wafer. In this
dissertation, a two-step L-H model is used to explain the experimental data.

Passive Film Formation

Cu + OX

k1

Mechanical Removal

CuOX*

Dissolution

k2

CuOX

k3

CuOX
Figure 1.24: Three-step model proposed by DeNardis et al.
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1.5.

Motivation and Goals
The main motivation of this dissertation is to investigate and characterize various

aspects of the CMP technology in order to attempt to solve the modern CMP challenges
presented in Section 1.2. This dissertation consists of four independent topics each with
their own motivations.

•

An Alternative Pad Conditioning System: High Pressure Micro Jet (HPMJ)
Pad Conditioning (Chapter 3): An HPMJ pad conditioning system is investigated

as an alternative to conventional diamond disc pad conditioning in copper and
ILD CMP. During pad conditioning, HPMJ spays pressurized solution onto the
pad surface to clean the pad and to re-establish asperities. Furthermore, highpressure water can remove debris and polish by-products from the pores on the
pad surface and inside grooves, possibly leading to reduce defectivities on the
wafer. Pad life time could be extended using an HPMJ pad conditioning system
due to low pad cut rate and overall lower defectivity. For these reasons, it is
suspected that the overall CoO should decrease.

•

Characterization of Conventional Diamond Disc Pad Conditioning in Copper
CMP (Chapter 4): In this study, a theory of conditioning, friction, and material

removal is outlined that connects pad surface topography from conditioning with
removal rates. Experiments are performed with diamond disc conditioners
fabricated with different grit sizes to verify the theory. In addition, diamond disc
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wear characterization is studied, where optical interferometry is used to measure
changes in diamond on the conditioner.

•

Effects of Additives in Slurry on Removal Rate and Tribology (Chapter 5): An

environmentally friendly surfactant is investigated as an alternative to
benotriazole (BTA) for its inhibition and lubrication characteristics. This work
underscores the importance of real-time force spectroscopy in elucidating the
absorption, lubrication and inhibition properties of additives in slurries in CMP.

•

Experimental and Numerical Investigation of Pad Staining (Chapter 6):

Experimental investigation and numerical formation of pad staining in copper
CMP are investigated in this study. Experiments are performed with various
polishing conditions to characterize the stains formed on IC1000 XY grooved
pads and the effect of the stains on removal rate is investigated. In addition,
wafers are polished on plain pads to determine the effect of hydrodynamic
pressure on staining patterns. For simulation, a stain model is developed to
simulate stain formation on the pad surface in copper chemical and mechanical
planarization. The model consists of the incompressible Navier-Stokes equations,
the heat equation with advection, the material removal rate model, a model for
generation, transport and deposition of the polishing by-product that produces the
stain, and a load and moment balance.
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CHAPTER 2 – EXPERIMENTAL APPARATUS
2. ther

2.1

Analytical Instrumentation

2.1.1. Infrared (IR) Temperature Measurements
An Agema Thermovision® 550 infrared camera (IR) was used to record the
images of the pad, which allowed measuring the pad temperature during polishing. Figure
2.1 shows a schematic of the IR camera measurement and Fig. 2.2 shows one of the
recorded images. As seen in Fig 2.2, the IR camera cannot directly record the temperature
of the wafer due to the presence of a wafer carrier. Therefore, temperature is measured at
the leading edge on the pad surface. Five points located at the leading edge area on the
pad were selected to measure pad temperature and then averaged to obtain the mean pad
temperature. This measured mean pad temperature aided a flash heating model to
estimate the reaction temperature on the surface of the wafer. The camera was mounted
on an adjustable arm and positioned nearby a polisher to record the images of the pad
during CPM. A Therma CAM Researcher 2001® installed on the computer was used to
record the images and to analyze the temperature data. This technique provided the realtime temperature of the surface of the pad without interfering with the CPM process.
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Figure 2.1: Schematic of IR camera measurement.

Figure 2.2: An example of a recorded IR image for the temperature analysis.
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Figure 2.3 shows the interface connection of the IR camera to the computer by the
PC card. It must be noted that two computers are separately used. One to control the
polisher in order to measure friction force, and the other to control the IR camera to
record the images in order to measure the mean pad temperature. During polishing, the
camera recorded three thermal images per second with a temperature resolution of 0.1°C.

Figure 2.3: Schematic of IR camera connection.

2.1.2. Film Thickness Measurements
The ILD polishes performed in this research were analyzed using a Film
Thickness Probe (FTP) advance reflectometer manufactured by SENTECH® to determine
removal rates across the wafer. The basic principle of a reflectometer is that 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
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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.
Copper polishes performed in this research were analyzed using weight
measurements or four-point probe measurements to determine removal rates. An OHAUS
Analytical Plus® scale was used to determine the amount of material removal by
weighing the copper wafer before and after polishing. Four-point probe was used to
measure the sheet resistance of the substance on the wafer. The measured sheet resistance
was then divided by the resistivity to convert into film thickness.

2.1.3. Dynamic Mechanical Analyzer
TA instrument’s dynamic mechanical analyzer (DMA) 2980 was used to
determine the hardness of the pad (Chapter 3). More specifically, the DMA measures the
visco-elastic response of a pad sample as a function of a constant sinusoidal stress as a
function of temperature. Figure 2.4 shows the DMA apparatus used in this research.
Polishing pad samples were prepared as rectangles with a dimension of 17.2 mm × 13.3
mm × 1.3 mm (length × width × thickness) and placed into a single cantilever system
within an isolated chamber. A thermal ramping rate of 3 °C/min from – 80 °C to 80 °C
was used and mechanical responses were measured as a function of temperature.
Mechanical responses include the storage modulus, glass transition temperature and loss
modulus. In this work, the hardness of the pad is directly related to the storage modulus,
therefore the explanation of DMA results here will be limited to the storage modulus.

69

Figure 2.4: TA Instruments Dynamic Mechanical Analyzer 2980.

The storage modulus represents the quantification of the dynamic elastic energy
stored in a specimen as a function of temperature. In general, it is considered a measure
of a material’s bulk softening with changing temperatures and it is described in units of
MPa. The storage modulus has a flexural (E’) and shear component (G’), which are
dependent on the direction of the phase angle during testing. These parameters are
defined as the following equations:

E ' = 2(1 + ∑) ⋅ G ' ,

(2.1)

σ
cos δ ,
ε

(2.2)

G' =

0

0

where Σ is a poison ratio constant for isotropic materials, σo is stress, εo is strain, and δ is
the phase lag angle obtained from specific testing conditions. The storage modulus is
used to determine Young’s modulus, which refers to a material’s mechanical strength. In
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Eq. 2.3, Young’s modulus is defined as the ratio of normal stress (σ) to the corresponding
strain (ε) for tensile:

E=

σ
.
ε

(2.3)

2.1.4. Pad Flattening Ratio
The pad flattening ratio (PFR) apparatus was used (Chapter 3) to determine the
surface condition of the pad. The PFR apparatus is a novel non-destructive pad surface
monitoring tool that takes an image of the pad surface and calculates the degree of the
surface flatness. The working principle of the PFR apparatus is shown in Fig. 2.5. A
fiber-light guide is used to introduce a vertical incidence beam produced from the
halogen light source to the polishing pad surface as shown in Fig. 2.5 (a). A rough pad
surface results in highly scattered reflecting light while a flat surface leads to low
dispersed reflecting light as shown in Figs. 2.5 (b) and (c). A macro lens (magnification
0.5X) with a coaxial incident illuminator allows the light that is reflected from the pad
surface to be detected by the CCD camera. As the flat portion of the pad surface
generates a stronger reflecting light signal, it appears brighter in the pad image. The CCD
camera sends the pad image to the computer where the image is binarized. The computer
uses the Adobe Photoshop software to calculate the ratio of the bright area pixels (Abright)
to the total image area pixels (Atotal) to obtain the pad flattening ratio (PFR) as
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PFR =

Abright
Atotal

.

(2.4)

In the Adobe Photoshop software, the darkest area corresponds to the gray scale value of
zero while the brightest area corresponds to the gray scale value of 255. The mean gray
scale value (128) is selected as the threshold value to determine the PFR. For instance, if
the gray scale value of the pixel area is equal or above 128, it is counted as a ‘bright
area’, and if it is below 128, it is counted as a ‘dark area’. In this study, the PFR value is
used to indicate the extent of the pad surface that was flattened or glazed during the
polishing process.
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(a)

(b)

(c)

Figure 2.5: Working principle of the PFR apparatus.
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2.2

CMP Tools

2.2.1. Innovative Planarization Lab (IPL) 100-mm Scaled Polisher
2.2.1.1. Polisher Overview
Figure 2.6 shows a laboratory scale 100-mm CMP tool used in this research. This
tool was originally developed at Tufts University. A newer and improved version was
built at IPL in the University of Arizona to investigate the fundamental characterization
in the CMP process. Experiments were successfully performed using this tool by
researchers at IPL in the University of Arizona to provide a better understanding of the
thermal, tribological, and kinetic characteristics of the CMP process. The main body of
the tool consists of a Struers Rotopol-35® table polisher with a 12-inch diameter
aluminum platen. The drill press in Fig. 2.6 is used to control the rotation of the wafer
carrier with variable speed and to provide down force on the wafer. A sliding traverse
with a weighted carriage is positioned on top of the drill press. This allows the wafer to
be provided a variable down force by adjusting the carriage weight and the position of the
carriage on the traverse. It should be noted that in order to allow the down force to be
transferred to the wafer without generating a moment about the drill press itself, a
weighted traverse is placed such that the pivot point is positioned directly above the drill
press supporting column.
To measure the shear force generated between the pad and the wafer during the
polishing, a sliding table is placed beneath the polisher, as shown in Fig. 2.6. A sliding
table consists of two parallel plates, which allow the polisher to measure the friction force.
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The top plate is allowed to move in only one direction via two rods positioned between
the two plates, while the bottom plate is bolted to a 400 rigid table to ensure no
movement. As the wafer and the pad are engaged during polishing, the sliding table has
the tendency to slide with respect to the bottom plated in only one direction.

Figure 2.6: The scaled IPL 100-mm CMP system.
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However, this sliding tendency is prevented by a load cell, which is mounted to these two
plates. The load cell sends a voltage output to a data acquisition board. With the
LabVIEW interface, acquired data are converted to the shear force based on the
calibration equation. Using the normal force (defined as the product of the applied wafer
pressure and the wafer surface) and the shear force (measured during the polishing), the
coefficient of friction (COF) can be calculated by

COF =

Fshear
.
Fnormal

(2.5)

As mentioned above, the computer is actually acquiring the voltage output from a
load cell such that it is important to calibrate the load cell to measure the actuate shear
force. A pulley system shown in Fig. 2.7 is used to calibrate the load cell. For the
calibration step, the LabVIEW program first reads the voltage out as a zero when no
weights and pulley system are applied on the sliding table. With applied known weights
on the pulley system, the LabVIEW program read the voltage out. This step continues
with variable weights to obtain a linear relationship between the voltage out and weights,
and then the equation is put into the LabVIEW control interface.
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Figure 2.7: Pulley System

2.2.1.2. Polisher Scaling
In order to scale a laboratory polisher tool to an industrial polisher tool, scaling
factors such as wafer pressure, platen and wafer speed, the ratio of platen diameter to
wafer diameter, and slurry flow rate, were taken into consideration. Table 2.1 shows
these scaling parameters and the respective scaling factors used for each.
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Table 2.1: Apparatus scaling parameters

Parameters

Scaling Factor

Speedfam-IPEC
472

IPL 100-mm
Polisher

Down Pressure

1

4 PSI

4 PSI

Platen Speed

Reynolds
Number

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

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

Platen Diameter /
Wafer Diameter

D Platen / D Waf er

0.61 m / 0.20 m
(3.05)

0.31 m / 0.10 m
(3.33)

Slurry Flow Rate

Platen Surface
Area

0.292 m2
220 cc per minute

0.073 m2
80 cc per minute

The Reynolds number described in Eq. 2.6 is used to match the platen and wafer
rotation speed between the two polishers,

Re =

L ⋅U ⋅ ρ

µ

,

(2.6)

where L is the characteristic length, U is the sliding velocity and µ/ρ is the slurry
kinematic viscosity. It is assumed that the slurry kinematic viscosity and the fluid film
thickness between the pad and the wafer would be the same in the two systems. When the
pad and wafer rotate in the same direction and at the same rate, the sliding velocity can be
calculated using Eq. 2.7:
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U=

( Rotation Rate) ⋅ 2 ⋅ π
sec
60
min

rad
⋅R
rev
,

(2.7)

where U is the sliding velocity (m/sec) and R is 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 the platen to the 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.

2.2.1.3. Table-Top Polishing Platform
A Struers Rotopol® 35 rotary polisher is used as the table top polisher. This tool
uses the motor to control rotation speeds in the range of 40 to 600 RPM via a frequency
converter, which allows the computer to control the platen speed. The controlled speed
can be set within ± 1 RPM of the desired value. The rotation speed of the polisher was reverified using a tachometer.

2.2.1.4. Wafer Carrier and Polishing Head Mechanism
A modified industrial drill press is used to rotate the wafer carrier and the wafer
during polishing. A weighted carriage mounted on the sliding traverse is placed on the
top of the drill press to provide the down force on the wafer. Figure 2.8 shows a
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schematic of the traverse calibration used in the IPL 100-mm CMP tool. The jaws of the
drill chuck hold the post of the brass rod (or wafer carrier for polishing) tightly to make
sure that the carrier is positioned at a given height and that the traverse is perfectly
horizontal when the wafer makes contact with the pad. This step makes precise the down
pressure that is directly applied to the wafer.

Figure 2.8: Schematic of the traverse calibration.

For calibration, a stepper motor is mounted to the end of the traverse. This
motor turns the screws of the traverse to move the weighted carriage forward or
backward along the rails, thus providing variable down forces on the wafer. A stepper
motor is connected to the computer and controlled with the LabVIEW interface. A
transducer (the calibration step of a transducer will be described later) is used to measure
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the applied pressure during calibration. First, a weighted carriage is placed close to the
stepper motor and the applied pressure is measured using the transducer. Then, the
weighted carriage is slightly moved toward the right side and the applied pressure is
measured, again. This step continues, thus allowing one to obtain a linear relationship
between the applied down force and the position of the weight carriage on the sliding
traverse, and then the equation is entered into the LabVIEW control interface.
As mentioned above, a transducer is used to measure the applied pressure. For
this reason, it is important to calibrate the transducer to read the accurate down force
during the traverse calibration. Figure 2.9 shows the schematic of the force transducer
calibration. The computer receives the signals (i.e. voltage output) from the transducer.
During calibration, the whole apparatus is secured onto the rigid table to eliminate any
movements. The 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. Initially, the LabVIEW program records a
voltage output as zero when no weights are applied on the transducer. Different weights
are then placed on the plate to apply a down force rod onto the transducer and the
corresponding voltage outputs are recorded. Finally, the linear relationship between
voltage outputs and the applied force can be obtained, and then the equation is put into
the LabVIEW control interface.
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Weights
Support Plate
Securing Bolts

Brass Rod
Supporter

Force Transducer

Figure 2.9: Schematic of the force transducer calibration apparatus.

Figure 2.10: Wafer carrier.
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The wafer carrier shown in Fig. 2.10 consists of the brass post with a flat 114 mm
aluminum plate using a gimbal system. A porous backing film template manufactured by
PR Hoffman® is glued onto the plate. There is a retaining ring on the template that
excludes 6.35 mm of the total aluminum plate diameter, thus allowing 100 mm diameter
wafers to be fit within the template. Water was spread onto the porous backing film
template and the wafer was held onto the template by capillary force during tests. The
depth of the retaining ring should be less than the thickness of the wafer such that only
the surface of the wafer interacts with the pad during the polishing.

2.2.1.5. Pad Conditioning and Slurry Delivery Systems
Figure 2.11 shows the schematic of the conditioning system. This conditioner
consisted of a conditioner arm and a cam gear, which is a removable conditioner simply
bolted to the top of the polisher using screws such that it is possible to conduct in situ or
ex situ conditioning. A 100-grit diamond disc manufactured by TBW Industries is used
and fitted into a chemically and mechanically resistive PPS (polyphenylene sulfide)
carrier. Two stepper motors via the LabVIEW interface are used to rotate the conditioner
as well as sweep it across the pad to re-establish the asperities on the pad surface. During
calibration, a linear relationship between voltage outputs and corresponding rates is
achieved, and then the equation is input into the LabVIEW control interface. Before tests,
rotation rate and sweep frequency were re-verified by counting the number of rotations
and sweeps with a stopwatch. The conditioner uses a spring to provide the various down
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forces on the conditioner by adjusting the length or spring constant. Applied down force
was calibrated using a Tekscan® pressure mapping sensor.

Figure 2.11: Schematic of the pad conditioning system used in the IPL 100-mm CMP
system.

For the slurry delivery, a Masterflex® peristaltic pump was used to deliver the
slurry from the slurry storage onto the pad. In order to inject the slurry onto the center of
the pad surface, a Tygon® corrosion resistant tubing was fitted into a loc-line modular
hose. The pump is connected to the computer through an RS-232 cable such that the
LabVIEW interface can control the slurry flow rate. The relationship between the rotation
rate of the pump drive shaft and flow rate is acquired and input into the LabVIEW
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interface. The slurry flow rate was re-verified through a graduated cylinder and
stopwatch method.

2.2.2. IPL 200-mm Polisher
2.2.2.1. Polisher Overview
Figure 2.12 shows a laboratory scale 200-mm CMP tool built by IPL. This tool
was designed to investigate the fundamental characterization of the CMP process. This
polishing tool uses a Fujikoshi Machinery Corporation polishing turntable with a 20-inch
diameter platen. The wafer carrier, manufactured by EBARA® Technologies, is
positioned above the platen and connected to a DC motor to provide variable head
rotation from 0 to 180 RPM. A pneumatic system is adapted to the wafer carrier to
provide variable down force on the wafer during polishing.
To measure the shear force generated between the pad and the wafer during the
polishing, two-dimensional sliding tables are placed beneath the turntable as seen in Fig.
2.12. Two-dimensional sliding tables consist of three parallel plates, which allow the
polisher to measure the friction force in x- and y-directions. The direction shown in Fig.
2.13 is defined by the mechanical constraints of the plate. The bottom plate is bolted to
the ground and does not move.
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Figure 2.12: The IPL 200-mm CMP system.

A local cell is attached beneath the sliding table to secure between the sliding
friction tables shown in Fig. 2.13. As the wafer and the pad are engaged during polishing,
the sliding table has the tendency to slide with respect to the bottom plated in only one
direction (x- or y-direction). A load cell is mounted between the plates to prevent this
sliding tendency and to measure the friction force generated between the wafer and the
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pad. The force transducer resists the sliding movement of the top plate, generating a
voltage reading that is sent to a data acquisition board. With the computer software
program, the shear force is calculated based on the calibration equation and COF is
calculated from shear force divided by normal force. In this study, the shear force in the
x-direction was only measured during the polishing, since the shear force in the xdirection was much higher than that of the y-direction.
For calibration, a pulley system is required during the calibration of the friction
table. The calibration steps for the 200 mm polisher are exactly the same as that for the
IPL 100-mm polisher. The LabVIEW program first reads the voltage output as zero when
no weights and pulley system are applied on the sliding table. As known weights are
applied, the LabVIEW program read the voltage output again. This step continues with
variable weights to obtain a linear relationship between the voltage output and weight,
and then and then the equation is put into the LabVIEW control interface.
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x-direction

y-direction

Figure 2.13: The IPL 200-mm CMP system mounted on the two dimensional sliding
friction table.

2.2.2.2. Polisher Scaling
The same scaling factors used for the IPL 100-mm polisher described in Section
2.2.1.2 were applied for the IPL 200-mm polisher. As mentioned earlier, applied wafer
pressure, platen and wafer sliding velocities, the ratio of platen diameter to wafer
diameter and slurry flow rate are important scaling factors to match the two polishers.
Table 1 shows these scaling parameters and the respective scaling factors used for each.
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Table 2.2: Apparatus scaling parameters.

Parameters

Scaling Factor

IPL 200-mm
Polisher

IPL 100-mm
Polisher

Down Pressure

1

27.6 kPa

27.6 kPa

Platen Speed

Reynolds
Number

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

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

Platen Diameter /
Wafer Diameter

D Platen / D Waf er

0.20 m / 0.50 m
(0.4)

0.10 m / 0.30 m
(0.33)

D Platen

0.10 m / 0.50 m
(0.2)

0.05 m / 0.30 m
(0.16)

Platen Surface
Area

0.196 m2
220 cc per minute

0.073 m2
80 cc per minute

Conditioner disc
diameter / Platen
diameter
Slurry Flow Rate

D Cond. disc /

2.2.2.3. Turntable
The turntable shown in Fig. 2.12 was manufactured by the Fujikoshi Machinery
Corporation and sent to IPL at The University of Arizona to be used with the 200-mm
CMP tool. The dimension of turntable is approximately 800 × 800 × 800 mm and it
weighs approximately 800 kg. The turntable has a 500 mm in diameter platen made of
ductile cast iron (FCD-450) with a flatness precision of approximately 5-10 µm. The
platen is rotated through a control pane in the turntable in the range of 0 to 200 RPM. In
the course of this research, the rotation speed of the platen was verified routinely by using
a tachometer.
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2.2.2.4. Wafer Carrier and Polishing Head Mechanism
Similar to the IPL 100-mm polisher, a modified drill press was used to rotate the
wafer carrier and the wafer during polishing, and to provide down force on the wafer in
the IPL-FMC 200-mm polisher. In this system a pneumatic device is used to provide the
variable pressures on the wafer.
In the IPL 200-mm polisher, a polishing head assembly manufactured by
EBARA® Technologies is used. Figure 2.14 shows a polishing head assembly, which
consists of three parts: the shaft with a gimbal system, the ceramic head (wafer carrier)
and the retaining ring. The gimbal system with three pivot points on the ceramic head is
specially designed for maintaining a horizontal plane regardless of the motion of its
support during polishing. The pivot points consist of three stainless steel screws and three
springs of equal length in order to secure the head to the shaft. A porous backing film
template made by PR Hoffman® is attached on the ceramic head. A plastic retaining ring
that excluds 15 mm of the total ceramic head diameter is placed on the template, which
allows the wafer to be fit between the backing film and the retaining ring. A DC
controller connected to a drill press shaft by a timing belt is used to control the rotation
speed of a polishing head assembly. This is controlled through the dial setting of the
controller. A tachometer was used to calibrate the rotation speed.
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Figure 2.14: The EBARA® head assembly used in the IPL 200-mm CMP tool.

2.2.2.5. Pad Conditioning and Slurry Delivery Systems
Similar to the IPL 100-mm polisher, a removable conditioner shown in Fig. 2.12
is used to perform the diamond disc pad conditioning. A diamond disc is placed inside an
aluminum carrier that allows the diamond disc to rotate and sweep during conditioning,
as well as to provide down force uniformly on the conditioner. In order to make the
conditioner rotate and sweep, two stepper motors are mounted on a conditioner. Weights
are used to provide a specific down force on the conditioner during conditioning. The
computer uses the LabVIEW interface software to control the motion of the conditioner.
Rotation and sweeping were calibrated by counting the number of rotations and sweeps
with a stopwatch. Details of the conditioner are shown in Fig. 2.15.
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Figure 2.15: Weight carrier for the pad conditioning system used in the IPL 200-mm
CMP tool.

A Masterflex peristaltic pump is used to deliver the slurry from the slurry tank to
the pad. In order to inject the slurry onto the center of the pad surface, the tube is fitted
into a loc-line modular hose. The pump is connected to a computer through an RS-232
cable such that the LabVIEW interface can control the slurry flow rate. A relationship
between the rotation rate of the pump drive shaft and flow rate is acquired and input into
the LabVIEW control interface. The slurry flow rate was routinely re-verified through a
graduated cylinder and stopwatch method.
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2.3

High Pressure Micro Jet (HPMJ) Pad Conditioning System

2.3.1. Conditioner Overview
Since the HPMJ pad conditioning system was investigated as an alterative to
diamond disc conditioning (Chapter 3), it is important to describe the details of the HPMJ
system such as the HPMJ equipment and associated components, the principle of HPMJ,
and the characterization of droplets, in this section.

Figure 2.16: HPMJ system and its associated components.
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Table 2.3: Standard specification of the HPMJ system.

Pump Type

AF5400SC

Power Source

Compressed Air

Pressure Ratio

1 : 45

Maximum Output
Pressure

20 MPa

Cleaning Fluid

UPW, Various chemical agent and solvent

Overall Dimensions

600 x 554 x 1799 mm

Cylinder Material

SUS316L, Alumina Ceramic, Polyethlene, PFA

Weight

200 kg

The HPMJ pump unit shown in Fig. 2.16 was manufactured by Ashai-Sunac in
Japan and sent to IPL at the University of Arizona in order to perform this research. The
associated components of the HPMJ system are described in Fig. 2.16 and the standard
specifications of the HPMJ pump unit are summarized in Table 2.3. The HPMJ pad
conditioning system consists of a HPMJ pump unit, a control box, a nozzle, and a
conditioner arm. The control box is connected to both the computer and the HPMJ pump
unit such that the computer uses the SEL Language software to control the sweep
frequency of the conditioner arm and the pressure of the water. The nozzle shown in Fig.
2.17 is specially designed to create high-pressure miniature droplets, which are ejected
onto the pad surface to remove slurry waste particles and to condition the pad. The nozzle
is positioned on a traverse arm above the pad that allows the nozzle to move over the
surface of the pad such that the entire pad surface can be treated. Two adjustable
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parameters (Fan angle and Actuator angle) are described in Fig. 2.17. During pad
conditioning, the HPMJ system sprays ultra-pure water (UPW) or solution at pressures
ranging from 10 to 20 MPa onto the pad to clean the pad of slurry residue, remove
embedded slurry particles, and re-establish pad asperities.

Figure 2.17: Nozzle, fan angle, and actuator angle.

2.3.2. Theory and Device Specifics
Here, the principle behind the HPMJ conditioning system in which a special
nozzle pressurizes water into discrete miniature droplets with very high energies is
discussed. These droplets are sprayed on the pad surface at high pressures and velocities,
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thus allowing them to penetrate and clean fine surface features of the pad. Using
Bernoulli’s equation shown in Eq. 2.8, the fluid velocity can be calculated as follows:

u2 P
+ + gZ = constant
2 ρ

(2.8)

where u is the velocity, P is the pressure, ρ is the density of water, g is the gravitational
constant, and Z is the vertical distance from a reference plane. Due to the high pressures
employed in this system, the potential energy term, Z, can be neglected.
In the HPMJ system, it is assumed that the uniform velocity liquid film is broken
up by air resistance, thus creating small droplets that bombard the pad surface.
Conditioning efficiency can be assumed to be high at high droplet velocities. The kinetic
energy of a droplet when it contacts the pad surface can be calculated using Eq. 2.9 as
follows:

1
e= ⋅ m ⋅u2
2

(2.9)

where m is the mass of the water droplet, which in turn is related to its density and
diameter. The ‘cleaning’ or ‘conditioning’ ability of the spray per unit area, S, is related
to the sum of the kinetic energies of each droplet as shown in Eq. 2.10:
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S = ft

m=n

∑e
m =1

m

(2.10)

where ft is the time function of ‘cleaning’ or ‘conditioning’ and N is the number of
droplets. In order to modulate S, the following variables were employed:

•

Fluid pressure

•

Nozzle-to-pad distance

•

Fan angle of the nozzle

•

Conditioning time

•

Water flow rate

These variables indicate that, in theory, the conditioning effect will increase if pressure is
increased and the nozzle-to-pad distance is decreased. These factors are directly related to
kinetic energy, hence a larger kinetic has a greater conditioning potential. In order to
develop the conditioning system from the simple theory presented, special considerations
must be made in designing the HPMJ pump that pressurizes the UPW up to 20 MPa, and
in making the nozzle which creates and ejects tiny UPW droplets. In order to design the
optimum nozzle, several types of nozzles were investigated, including the ‘round’ nozzle,
the ‘oval’ nozzle and the ‘cat’s eye’ nozzle. The ‘round’ nozzle was designed to have a
narrow projected area on the pad. The ‘oval’ nozzle allowed higher amounts of UPW to
be ejected from the edges of the nozzle, thus resulting in the conditioning of a wider area
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on the pad. The ‘cat’s eye’ nozzle, which was used in this study, has a higher flow rate at
the center of its slit. Figure 2.18 shows the ‘cat’s eye’ nozzle with a fan angle of 25
degrees. Its length is 0.557 mm and its width is 0.340 mm. Its fan angle can be changed
by changing its aspect ratio.

Figure 2.18: Image of the 25 degrees cat’s eye nozzles.

2.3.3. Droplet Characterization
A Shadow Doppler Particle Analyzer (SDPA) was used to characterize water
droplets. The SDPA system uses a laser beam to slice through a jet of water droplets. A
photo-detector positioned downstream from the laser source is used to spatially detect in
real-time the ‘shadow’ of the tiny droplets, thereby allowing simultaneous determination
of their size and velocity during flight. Figure 2.19 shows examples of the UPW droplet
diameter distribution and the velocity distribution when a ‘cat’s eye’ nozzle with a fan
angle of 25, a fluid pressure of 10 MPa and a nozzle-to-pad distance of 100 mm is used.
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The laser beam was positioned such that it sliced the spray just underneath the nozzle (i.e.
at the point of exit). Results indicate a mean droplet diameter of 46 mm and an average
velocity of 18.1 m/s. Other data points (i.e. with varying pressures, distances from the
nozzle and fan angles) were obtained in a similar fashion.

(a)

(b)
Figure 2.19: Raw data of flying droplets by Shadow Doppler Particles Analyzer
(Pressure: 10 MPa, Distance: 100 mm, Nozzle type: 25°).
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Results are summarized in Fig. 2.20 in terms of the kinetic energy of the droplet
under various processing conditions using Eq. 2.9. Figure 2.20 indicates that an increase
in the kinetic energy (and therefore the conditioning potential) is attained when pressure
is increased, distance from the nozzle is decreased and the fan angle is decreased.
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Figure 2.20: Kinetic energy of a droplet under variable pressure (a) and distance (b).

Figure 2.21 shows the UPW flow rate as a function of longitudinal (i.e.
horizontal) distance under the spray. The point immediately below the center of the cat’s
eye is designated as 0 mm. In all cases, the vertical distance (i.e. distance from the
nozzle) is kept constant at 100 mm. Naturally, flow rate is highest at the point
corresponding to the center of the nozzle and decreases proportionately as one moves to
the edges of the fan. As expected, the larger the fan angle, the wider the flow rate
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distribution. From this flow rate distribution, the number of UPW droplets being ejected
during a fixed time interval were obtained and used to calculate the kinetic energy
distribution under the nozzle.
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Figure 2.21: Physically measured flow rate under the nozzle (Pressure: 10 MPa, Distance:
100 mm).

Figure 2.22 indicates that the kinetic energy distribution follows that of the flow
rate distribution. So far, this section has described the factors that influence the HPMJ
conditioning system. To apply this method to pad conditioning, one must take into
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account the fact that even though higher kinetic energy can yield higher conditioning
potential, it may cause unwanted damage to the pad surface. Furthermore, a narrower
spray fan angle promises a higher conditioning effectiveness, however it may be
capacity-limited. Therefore, in the application of this method to pad conditioning, process
optimization is critical.
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Figure 2.22: Calculated kinetic energy under the nozzle (Pressure: 10 MPa, Distance: 100
mm).

102

2.3.4. Integrated Pad Conditioning System
Figure 2.23 (a) is a schematic showing how the HPMJ pump unit can be
integrated with a CMP polisher, while Fig. 2.23 (b) shows the actual image of the
integrated system onto a scaled CMP polisher. As mentioned earlier, the HPMJ system
pressurizes UPW from 3 to 20 MPa and sprays it onto the pad surface from a nozzle
positioned on a traverse above the pad. The purpose of the traverse is to move the nozzle
over the surface of the pad so that the entire pad surface can be conditioned by the high
pressure jet. The pressured water is sent to an accumulator in which its pulsation is
absorbed, then to a high-pressure filter that removes any foreign particles before sending
it to the nozzle through an automatic valve. The sections of the pump that come into
contact with the UPW are made of SUS316L, an alumina-based ceramic, polyethylene
and perfluoro alkoxyl alkane (PFA).
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Figure 2.23: Schematic (a) and actual image (b) of an HPMJ system integrated with a
typical CMP polisher.
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Chapter 3 – CHARACTERIZATION OF ALTERNATIVE PAD
CONDTIONING SYSTEM
3. ther

3.1.

Pad Flattening Ratio, Coefficient of Friction and Removal Rate
Analysis during Silicon Dioxide Chemical Mechanical Planarization

3.1.1. Introduction
In CMP, the slurry reacts with the wafer surface to form a softened surface film
which is subsequently removed by mechanical abrasion among the wafer, the slurry
abrasives and the pad surface. Pad surface plays a crucial role in polishing, and pad
conditioning is required to restore the microscopic roughness on the pad surface to
achieve constant and uniform material removal rate across the wafer29,31,61-63. With
insufficient conditioning, the pad becomes flattened or glazed with particles clogging the
pores of the pad and forming a layer of slurry residue and wafer particulates, leading to
lower material removal rates and higher defects on the wafer surface29,31,61-63. On the
other hand, conditioning causes wear of the pad such that excessive pad conditioning
shortens pad life and increases cost of ownership64. Therefore, it is necessary to have a
technique to monitor the pad surface condition during the CMP process to achieve
desirable polishing performance with appropriate amount of pad conditioning. Currently,
stylus profilometry, atomic force microscopy (AFM), scanning electron microscopy
(SEM) and white light interferometry (WLI) are used as the primary techniques to
characterize the pad surface29,31,61-64. While stylus profilometry and AFM require tip
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contact with the pad surface, SEM and WLI provide non-contact pad surface analysis.
However, all these techniques are destructive methods that require samples to be cut from
the polishing pad for analysis and thus cannot be easily integrated into the polishing
process to provide real-time pad surface characterization.
In this study, a newly developed pad flattening ratio (PFR) tool is used to provide
convenient and non-destructive pad surface characterization during the CMP process65.
The principle of operation of the tool and its main constituents are described later. Fifty
thermally grown silicon dioxide wafers are polished on IC1000™ K-groove pad under
the ex-situ diamond disc pad conditioning, ex-situ high-pressure micro jet (HPMJ) pad
conditioning and no pad conditioning methods. PFR analysis is performed on the pad at
multiple intervals during the marathon runs and the results are compared. Real-time
friction force and silicon dioxide removal rate are also measured during the polishing
process, and the correlation among the PFR, the coefficient of friction (COF) and the
silicon dioxide removal rate is investigated.

3.1.2. Experimental Details
All experiments were performed using the IPL 100-mm polisher. Details of the
polishing apparatus as well as its unique ability to acquire real-time shear force data
critical for determining the coefficient of friction (COF) are described in Chapter 2.
IC1000™ K-groove pads (without subpad) were used to polish 100-mm silicon wafers.
The surface film of the silicon wafer consisted of 6,000 angstrom thermally grown silicon
dioxide. Fujimi PL-4217 slurry containing 12.5% by weight silica abrasives was used,
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and the flow rate was kept constant at 80 ml/min. The polishing pressure and the sliding
velocity was maintained at 3 PSI and 0.64 m/s, respectively. For each pad, 50 silicon
wafers were polished for 2 minutes each. Between wafer polishes, ex-situ diamond disc
pad conditioning, or ex-situ HPMJ pad conditioning, or no pad conditioning was
performed to investigate the pad surface under different conditioning methods. A 2-inch
diameter, 100-grit diamond disc was used for the ex-situ diamond disc pad conditioning,
with a rotation rate of 30 RPM and a sweep rate of 0.33 Hz. The conditioning pressure
was 0.5 PSI and the conditioning time was 2 minutes. The HPMJ pad conditioning
technique used a high-pressure micro jet to spray KOH solution (having a pH of ~ 11) for
10 seconds at a pressure of 10 MPa onto the polishing pad to clean the residual slurry off
the pad surface, remove embedded slurry particles and re-establish pad asperity heights.
Details of the HPMJ pad conditioning technique can be found in Chapter 2. The PFR tool
took the pad surface image after the wafer polishing and the pad flattening ratio was
calculated. A 7 × 8 mm2 pad sample under the wafer carrier center was selected for the
PFR analysis as shown in Fig. 2. An air gun attached to the PFR tool was used to dry the
selected pad surface before the PFR tool took the pad surface image. The pad sample
surface was also analyzed by a JEOL JSM-T300 scanning electron microscope.
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PFR image

6 inch

3 inch

Wafer carrier

Pad

Figure 3.1: Pad sample location for PFR analysis.

Prior to wafer polishing, the IC1000™ K-groove pads were conditioned at 0.5
PSI for 30 minutes using ultra pure water by the 100-grit diamond disc, which rotated at
30 RPM and oscillated at 0.33 Hz. After 30-minute pad seasoning, the PFR tool took the
initial pad surface image before wafer polishing. The pads were then polished by dummy
silicon wafers using Fujimi PL-4217 slurry until the measured shear force between the
wafer and the pad stabilized. The pads were then used to polish 50 silicon wafers under
the ex-situ diamond disc pad conditioning, ex-situ HPMJ pad conditioning and no pad
conditioning, respectively. During the polishing process, one thousand shear force data
were collected every second and their values were averaged and divided by the applied
normal force to obtain the average coefficient of friction (COF). The silicon dioxide film
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thickness was measure by a Filmetrics F20V15 optical instrument before and after
polishing to obtain the removal rate.

3.1.3. Results and Discussions
3.1.3.1. PFR Analysis
Figure 3.2 shows pad surface images and their corresponding pad flattening ratios
provided by the PFR tool under different pad conditioning methods during the 50-wafer
marathon. It should be noted that there are no bright areas in the initial pad surface
images, and their respective measured PFR values are zero, indicating a rough pad
surface before wafer polishing. Under ex-situ HPMJ pad conditioning and no pad
conditioning, the percentage of the bright area in the pad surface images increase
dramatically with the number of polished wafers. In comparison, during ex-situ diamond
disc pad conditioning, the percentage of the bright area in the pad surface image remains
almost unchanged after 31-wafer polishing, and it increases gradually after 40-wafer
polishes. The complete sets of the PFR values under different pad conditioning methods
during the 50-wafer polishing process are shown in Fig. 4. Under no pad conditioning,
the PFR value increases significantly from about 4% after 10-wafer polishing to 27%
after 19-wafer polishing and continues to increase to about 40% at the end of 50-wafer
polishing. The complete sets of the PFR values under different pad conditioning methods
during the 50-wafer polishing process are shown in Fig. 3.2.
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Figure 3.2: Pad surface image and corresponding PFR values under different pad
conditioning methods during 50-wafer polishing process.

Under no pad conditioning, the PFR value increases significantly from about 4% after 10wafer polishing to 27% after 19-wafer polishing and continues to increase to about 40%
at the end of 50-wafer polishing. This indicates the pad surface is glazed rapidly under no
pad conditioning. For the ex-situ HPMJ pad conditioning, the PFR values increases
gradually and stabilizes at about 24%, indicating part of the pad surface is flattened or
glazed at the end of 50-wafer polishing. During the first 15-wafer polishing, the PFR
values for both the ex-situ HPMJ pad conditioning and no pad conditioning increase
gradually, suggesting that the pad asperities collapse from the fresh pad surface under
both conditions. During the first 15-wafer polishing, the PFR values for the ex-situ HPMJ
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pad conditioning are slightly higher than no pad conditioning for some wafers. This is not
expected because the pad asperities are believed to be partially re-established by the exsitu HPMJ pad conditioning compared with no pad conditioning. Further study will be
carried out to examine the PFR behavior and pad surface at the beginning stage of
polishing under the ex-situ HPMJ pad conditioning. In Fig. 3.3, under the ex-situ
diamond disc pad conditioning, the PFR value remains below 5% after 37-wafer
polishing and increases to about 12% at the end of 50-wafer polishing, suggesting a
relatively rough and stable pad surface during the polishing process.
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Figure 3.3: PFR values for different pad conditioning methods during 50-wafer polishing
process.
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Figure 3.4: SEM images under no conditioning and ex-situ HPMJ conditioning methods
during 50-wafer polishing process.

Figure 3.4 shows the SEM images and corresponding pad flattening ratio values
under no pad conditioning and the ex-situ HPMJ pad conditioning. No pad sample was
taken for SEM analysis under the ex-situ diamond disc conditioning. Under no pad
conditioning, the SEM images indicate that part of the pad surface is glazed after 19wafer polishing and the corresponding PFR value is about 27%. The extent of glaze
continues to increase with the number of polished wafers as the PFR value increases to
about 36% at the end of 50-wafer polishing. In comparison, under the ex-situ pad
conditioning, the extent of glaze is less significant and the pad surface topography was
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similar after 40-wafer polishing. The corresponding PFR value reaches about 24% after
40-wafer polishing and remains relatively stable. The above results show that the PFR
analysis is qualitatively consistent with the SEM analysis. While the correlation between
the PFR value and the exact percentage of the pad surface that is flattened or glazed is to
be established in the future research, current PFR results have provided a good analysis
on the extent of flatness and glazing of the pad surface under different conditioning
methods.
The above PFR results are consistent with the previous studies on the pad surface
characterization

in

chemical

mechanical

planarization29,31,61-64.

Under

no

pad

conditioning, the pad asperities collapse rapidly and the pores in the pad surface are
quickly clogged by the slurry residues, resulting in a highly flattened or glazed pad
surface. In comparison, the diamond disc pad conditioning regenerates the pad asperities,
removes the slurry residues and breaks up the glazed area, maintaining the appropriate
surface roughness for polishing. While the pad surface under the ex-situ HPMJ pad
conditioning is not as rough as that under the ex-situ diamond disc pad conditioning, the
ex-situ HPMJ pad conditioning does provide a rougher pad surface compared with no pad
conditioning. Future research will be carried out to improve the HPMJ pad conditioning
technique to achieve the same pad surface generated by the diamond disc pad
conditioning.
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3.1.3.2. COF Analysis
Figure 3.5 shows the coefficient of friction (COF) results under different pad
conditioning methods during the 50-wafer marathon. With ex-situ diamond disc
conditioning, the COF decreases slightly in the initial polishing process and quickly
stabilizes after 5-wafer polishing around 0.23. In comparison, with ex-situ HPMJ pad
conditioning, the COF decreases significantly from 0.26 to 0.18 after 10-wafer polishing
and then stabilizes. This suggests that the pad asperities are partially revived under the
ex-situ HPMJ pad conditioning and a relatively stable pad surface is achieved during
polishing. Decreasing from 0.26 to 0.18, the COF under no pad conditioning is very close
to the ex-situ HPMJ pad conditioning during the first 25-wafer polishing. This is not
expected because the PFR values under no pad conditioning are significantly higher than
the ex-situ HPMJ pad conditioning from 17-wafer to 25-wafer polishing as shown in Fig.
3.3. The exact cause needs further investigation. On the other hand, different from the exsitu HPMJ pad conditioning, the COF under no pad conditioning continues to decrease
after 25-wafer polishing and fluctuates between 0.11 and 0.13 after 33-wafer polishing.
In this wafer number region, the trend of COF is consistent with the PFR trend shown in
Fig. 3.3.
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Figure 3.5: Coefficient of friction (COF) under different pad conditioning methods during
50-wafer polishing process.

Figure 3.6 shows the correlation between the COF and the PFR under different
pad conditioning methods during the 50-wafer marathon. While the data exhibit certain
extent of scattering when the PFR values are less than 25%, in general the COF is
inversely proportional to the PFR, indicating that the extent of pad flatness and glazing
has a significant effect on the COF during the polishing process. As the pad surface is
flattened or glazed, the number of pad asperities making mechanical contact with the
wafer decreases significantly, resulting in a low shear force and coefficient of friction.
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Figure 3.6: Correlation between COF and PFR under different pad conditioning methods.

3.1.3.3. Removal Rate Analysis
Figure 3.7 shows the silicon dioxide removal rate results under different pad
conditioning methods during the 50-wafer marathon. Removal rate behaves similarly to
coefficient of friction shown in Fig. 3.6. Under the ex-situ diamond disc pad
conditioning, the removal rate decreases slightly in the initial polishing process and
quickly stabilizes after 5-wafer polishing around 18 A/s. In comparison, under the ex-situ
HPMJ pad conditioning, the removal rate decreases significantly from 20 to 10 A/s after
30-wafer polishing and stabilizes. Under no pad conditioning, the removal rate decreases
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more significantly from 20 to 5 A/s after 33-wafer polishing and stabilizes. These results
are consistent with the previous reports that showed a logarithmic decay of removal rate
without pad conditioning and a stabilized removal rate with diamond disc pad
conditioning.
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Figure 3.7: Silicon dioxide removal rate under different pad conditioning methods during
50-wafer polishing process.

Figure 3.8 shows the correlation between the silicon dioxide removal rate and the
PFR under different pad conditioning methods during the 50-wafer polishing process.
When the PFR value is less than 10%, the removal rate data are relatively scattered. In
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this PFR region, the ex-situ diamond disc and HPMJ pad conditioning give a higher
removal rate compared with no pad conditioning, indicating that the extent of pad flatness
and glazing is not the only factor that can affect removal rate in this region. Stein et al.
pointed out that the replacement of old slurry inside the pores of the pad surface can also
affect the removal rate. When the PFR values are less than 10%, with the diamond disc
and HPMJ pad conditioning, the old slurry inside the pores of the pad surface is removed
or replaced with fresh slurry while under no pad conditioning, the old slurry stays inside
the pores and mixes with the fresh slurry leading to the drop in removal rate.
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Figure 3.8: Correlation between silicon dioxide removal rate and PFR under different pad
conditioning methods.

118

COF values associated with diamond disc and HPMJ conditioning are slightly higher
than that of no conditioning, which also contributes to their higher removal rates
observed in this PFR region. On the other hand, when PFR is larger than 10%, removal
rate decreases linearly with increasing PFR, indicating the extent of pad flatness and
glazing has a dominant effect on the removal rate in this region.
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Figure 3.9: Correlation between silicon dioxide removal rate and COF under different
pad conditioning methods.
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Figure 3.9 shows the correlation between the silicon dioxide removal rate and the
COF under different pad conditioning methods during the 50-wafer polishing process.
The silicon dioxide removal rate increases linearly with COF in the range of parameters
considered in this paper. This is consistent with previous studies on the interlayer
dielectric CMP using different groove pads66,67.

3.1.4. Conclusions
The PFR tool was used as a novel non-destructive pad surface analysis tool to
investigate the pad surface under the ex-situ diamond disc conditioning, ex-situ high
pressure micro jet (HPMJ) conditioning and no conditioning schemes during silicon
dioxide chemical mechanical planarization. Results showed that PFR increased rapidly to
about 40% under no pad conditioning, indicating the pad was flattened or glazed quickly
during the polishing process. Under the ex-situ diamond disc pad conditioning, the PFR
remained below 5% after 37-wafer polishing and increased to about 12% at the end of
50-wafer polishing, suggesting a relatively rough and stable pad surface during polishing.
PFR under the ex-situ HPMJ pad conditioning increased gradually and stabilized at the
value of about 23%, generating a surface that was less rough than that generated by the
diamond disc. Real-time friction force was measured during polishing and the general
trend showed that the coefficient of friction was inversely proportional to the PFR value.
When the PFR value was less than 10%, the ex-situ diamond disc and HPMJ pad
conditioning gave a higher silicon dioxide removal rate compared with no pad
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conditioning, suggesting that the extent of pad flatness and glazing was not the only
factor to affect the removal rate in this region. When the PFR value was larger than 10%,
the removal rate decreased linearly with the increase of the PFR, indicating the extent of
pad flatness and glazing had a dominant effect on the removal rate. A linear relationship
was observed between the silicon dioxide removal rate and the coefficient of friction,
which was consistent with the previous studies on the interlayer dielectric CMP using
different groove pads. The PFR technique provides a good qualitative analysis on the
extent of flatness and glazing of the pad surface and is consistent with the SEM analysis.
In future research, the correlation between the PFR value and the exact percentage of the
pad surface that is flattened or glazed during CMP processes will be investigated to
provide an accurate quantitative pad surface analysis.
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3.2.

Development of a Pad Conditioning Method for ILD CMP using a
High Pressure Micro Jet System

3.2.1. Introduction
Presently, polyurethane pads are widely used in CMP. The performance of these pads
becomes limited when pores on the surface are filled with slurry and other polishing byproducts. To revive the pad surface, diamond conditioning has traditionally been applied to
grind the pad surface as polishing progresses. This method, however, has several limitations
including reduced pad life (due to abrasion by the diamond) and the dislodging of diamonds
and diamond fragments from the conditioning disc, which can scratch semiconductor devices.
In addition, slurry residues and polish by-products can coagulate in the pores and grooves
during polishing, and if not removed by diamond conditioning, can cause defects. This
issue often forces IC production to stop in order to replace the pad and, or, the diamond
disc.
To possibly eliminate these issues, a High Pressure Micro Jet (HPMJ) pad
conditioning method has been proposed and tested such that high-pressure water, ranging
from 3 to 30 MPa, is atomized to very small droplets (micrometer in diameter) through a
special nozzle having an orifice of several hundreds of micrometers in diameter. The
droplets are highly accelerated and energized, and then sprayed onto the pad surface.
Unlike diamond conditioning, this is a non-intrusive method and is expected to prolonged
pad life. This method has the unique feature of cleaning the inside of the pores due to high
velocity of the spray and the penetration of water into the pores due to the small size of
the droplets. Since the HPMJ removes diamond fragments and eliminates the build-up of
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residue in the pad pores or grooves, it may potentially improve die yield by reducing
defectiveness.
The low pressure shower commonly used in pad cleaning equipment that is
installed in the CMP machine, with a rating of 0.5MPa or lower in output pressure, does
not have sufficient cleaning performance in the actual process. Therefore, the cleaning
ability of HPMJ is considered superior compared to that of the low pressure shower.
HPMJ technology has been evaluated previously on polyurethane (Rohm and
Haas IC1000™) as well as on soft pads (Rohm and Haas SUBA IV)33,34. These studies
have confirmed that HPMJ conditioning can clean the pad surface. Other studies have
further shown that HPMJ results in lower ILD removal rates (compared to diamond disc
conditioning) as a result of slurry dilution inside and on the pad68. When dummy wafers
of silicon are polished after each ex-situ HPMJ conditioning cycle, ILD RR results are
shown to be similar to diamond conditioning. The latter method is however difficult to
implement in a real production process due to its inherent low throughput.
This study evaluates (in two phases) various conditioning techniques using ILD
wafer marathon tests. Processes are evaluated on the basis of removal rate, COF and the
physical appearance of the pad surface through Scanning Electron Microscopy (SEM).
Phase I compares removal rate, COF and SEM results from conventional diamond and
HPMJ conditioning methods using IC1000™ K-groove pads. In this phase, conditioning
with a combination of diamond and HPMJ methods (both ex-situ and in-situ) is studied
and the most suitable process is identified. In Phase II, polishing efficiency is evaluated
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in terms of removal rate, COF and SEM analysis when ex-situ HPMJ conditioning is used
in conjunction with diamond disc conditioning to identify the most suitable process.

3.2.2. Experimental Details
This study is comprised of two phases. In both phases, experiments were
performed after diamond conditioning of Rohm and Hass IC1000™ K-groove pads with
UPW for 30 minutes and Fujimi’s PL-4217 fumed silica slurry (12.5 % by weight) was
used at a flow rate of 80 cc/min. COF was obtained at a sampling frequency of 1,000 Hz.
The sliding velocity and wafer pressure during polishing were held constant at 0.62 m/s
and 20.4 kPa, respectively. All polishes, 2 minutes in length, were done on 600 nm
thermally grown silicon dioxide films on 4-inch wafers. HPMJ conditioning was carried
out with a fluid pressure of 10 MPa, a fan angle of 25° and a nozzle flow rate of 1150
cc/min. To ensure that the droplets had high kinetic energies upon arrival on the surface
of the pad, the nozzle-to-pad distance was maintained at 10 mm at an actuator angle of
90° (i.e. normal to the pad surface). KOH solution, with a pH of approximately 11.6
(which was identical to the pH of the PL-4217 slurry) was used as the spaying fluid.
Details of the various conditioning methods are described in Tables I and II for Phases I
and II, respectively.
Wherever applicable, diamond conditioning consisted of using a 100-grit
perforated diamond disc at a nominal pressure 3.5 kPa, a disc rotational velocity of 20
RPM and a disc sweep frequency of 30 per minute with slurry flowing at all times.
During a specific marathon run, a 5 × 5 mm pad sample was taken after every 10 polishes
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and analyzed using a JEOL JSM-T300 scanning electron microscope for its surface
texture.

Table 3.1: Conditioning methods tested in Phase I.

Conditioning
Method

Description

I

Ex-situ diamond with slurry for 30 sec after every polish

II

Ex-situ HPMJ with KOH for 30 sec after every polish

III

No conditioning

IV

Ex-situ diamond with slurry for 20 sec after every polish followed
by ex-situ HPMJ with KOH for 10 sec

V

In-situ diamond with slurry

VI

Combined in-situ diamond with slurry and ex-situ HPMJ with
KOH for 10 sec after every polish
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Table 3.2: Conditioning methods tested in Phase II.
Conditioning
Method

Description

VII

In-situ diamond with slurry

VIII

Combined in-situ diamond with slurry and ex-situ HPMJ with
UPW for 10 sec after every 10 wafer polishes

IX

Combined in-situ diamond with slurry and ex-situ HPMJ with
KOH for 10 sec after every 10 wafer polishes

3.2.3. Results and Discussions
Removal rate and COF results corresponding to Phase I are shown in Figs. 3.10
and 3.11, respectively. The simple exponential approximation is used to quantify the
stability of each process in term of removal rate and COF, respectively.
Regarding removal rate, under Condition I, removal rate stays relatively constant
at above 19 A/s. After polishing 50 wafers, Conditions II and III the change is from 21.80
to 10.65 A/s, and 28.74 to 5.18 A/s, respectively. The high removal rate is kept with exsitu diamond conditioning in Condition I. Under Condition II, the removal rate curve
stays between that of Condition I and Condition III. Under condition III, COF decrease
with cumulative wafer number and reaches a low steady-state value.
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Figure 3.10: Removal rate results corresponding to the conditioning methods tested in
Phase I.
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Figure 3.11: COF results corresponding to the conditioning methods tested in Phase I.
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Table 3.3: Summary of resulting mathematical fits to data in Figs. 3.11 and 3.12.

Conditioning
Method

Initial Removal
Rate (A/s)

Removal Rate
after Polishing
50 Wafers (A/s)

Initial
COF

COF after
Polishing
50 Wafers

I

18.92

18.92

0.23

0.23

II

21.80

10.65

0.24

0.17

III

28.74

5.18

0.28

0.13

IV

18.09

12.19

0.23

0.25

V

22.10

20.92

0.23

0.24

VI

22.52

20.42

0.26

0.20

Regarding Conditions IV, V and VI, removal rate changes from 18.09 to 12.19
A/s for Condition IV, and from 22.10 to 20.92 A/s for Condition V. For Condition VI,
removal rate change is from 22.52 to 20.42 A/s. For Condition IV, removal rate decreases
for the first 10 wafers and is stable at about 13 A/s after polishing 10 additional wafers.
Removal rate of Condition VI, after polishing 50 wafers, is 6.73 A/s lower than that of
Condition II. This is due to the fact that conditioning time (20 second) of Condition IV
was 10 second shorter than that of Condition I by ex-situ diamond conditioning. Removal
rate of Condition VI is 1.54 A/s higher than that of Condition II.
Removal rate in both Condition V and Condition VI are high and stable since they
involved conventional in-situ diamond conditioning, also, in case of combined in-situ
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diamond conditioning and ex-situ HPMJ conditioning, almost the same results are
obtained as in case of in-situ diamond conditioning.
Regarding COF, after polishing 50 wafers, for Condition I, COF stays constant at
about 0.23, while for Conditions II, and III the change is from 0.24 to 0.17, and 0.28 to
0.13, respectively. Regarding Conditions IV, V and VI, COF changes from 0.23 to 0.20
for Condition IV, and from 0.23 to 0.25 for Condition V. COF indicates similar
characteristics to removal rate in expect Condition IV. Under condition I, II, III, COF
curve resembles removal rate curve in behavior. Under Condition I, a slight decrease in
COF is initially observed and is followed by rapid stabilization of COF. Under Condition
II, COF continuously decrease and then stabilized. Under Condition III, COF
significantly decrease with cumulative wafer number and reaches a low steady-state
value. COF in both Condition V and Condition VI are high and stable. COF in Condition
IV are slightly lower than in Condition V and VI and stable.
Figure 3.12 shows a linear relationship between removal rate and COF for all
conditions corresponding to Table 3.1. Similar linear behavior, suggesting the existence
of a universal curve between COF and removal rate, has been reported previously. Such a
relationship is quite useful since COF can be measured in real-time via a strain gauge setup (as in the case of this study) thus allowing the prediction of removal rate during
polishing without having to independently measure removal rate.
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Figure 3.12: Relationship between COF and RR corresponding to the conditioning
methods tested in Phase I.

Based on the results of Figs. 3.10 and 3.11, and Table 3.3, under Conditions I, V
and VI both removal rate and COF remain high and stable. This indicates that diamond
conditioning, by itself, or in combination with HPMJ, is quite efficient in grinding the
pad and ensuring a continuous supply of fresh pad asperities for polishing. On the other
hand, under Conditions II and IV, HPMJ alone does not effectively grind the pad surface
thereby causing removal rate and COF instability with extended polishing. Under
Condition IV, COF of Condition IV is similar to that of Condition I. Removal rate of
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Condition IV becomes lower than removal rate of Condition I. These phenomena can be
explained that abrasion of pad surface is lack because of 10 seconds shorter of ex-situ
diamond conditioning time in Condition IV than in Condition I. Furthermore, the slurry
abrasives are flushed out of the pad by spraying of HPMJ. As a consequence of it, the
slurry on the pad is dilute with UPW.
This observation is in good agreement with the kinetic and pad surface simulation
results reported elsewhere69,70, which indicated that HPMJ must have a much lower pad
cut rate in order to match the observed removal rate and COF trends.
Figure 3.13 shows SEM images of pad grooves after 50 polishes for each
condition tested in Phase I. Under Conditions I, III and V, where only diamond
conditioning was used, as well as Condition III, where the pad was not conditioned at all,
the images show slurry build-up within the grooves thus making the pad pores at the
bottom of the groove invisible. In cases where HPMJ was used alone or in conjunction
with diamond conditioning, residue-free pores can be easily distinguished. This means
that during diamond conditioning, diamonds (which in most cases protrude no more than
60 micrometers beyond the disc substrate) do not reach the bottom of the grooves (which
are typically 500 micrometers or greater in depth) and are quite ineffective in cleaning the
entrained slurry residues or polish by-products. During polishing, such remaining slurry
can harden, and occasionally dislodge from the grooves, thus causing micro scratches on
the devices.
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Figure 3.13: SEM images (200 Х magnification) of the inside of grooves, as well as
surrounding land area, corresponding to pads subjected to 50 ILD polishes under the
conditioning methods tested in Phase I.
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Figures 3.14 and 3.15 show removal rate and COF results corresponding to
various Phase II conditioning processes during a 250-wafer marathon respectively. Table
3.4 summarizes the results of mathematical fits using the simple exponential
approximation as applied to results of Figs. 3.14 and 3.15.
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Figure 3.14: Removal rate results corresponding to the conditioning methods tested in
Phase II.
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Figure 3.15: COF results corresponding to the conditioning methods tested in Phase II.

Table 3.4: Summary of resulting mathematical fits to data in Figs 3.14 and 3.15.

Conditioning
Method

Initial Removal
Rate (A/s)

Removal Rate
after Polishing
50 Wafers (A/s)

Initial
COF

COF after
Polishing
50 Wafers

VII

21.30

18.45

0.26

0.29

VIII

25.36

17.52

0.25

0.28

IX

22.34

19.68

0.26

0.27
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Regarding removal rate, after polishing 250 wafers, for Condition VII, removal
rate changes from 21.30 to 18.45 A/s, while for Conditions VIII and IX the change is
from 25.36 to 17.52 A/s, and 22.34 to 19.68 A/s, respectively.
Regarding COF, after polishing 250 wafers, for Condition I, COF changes from
0.26 to 0.29, while for Conditions VIII and IX the change is from 0.25 to 0.28, and 0.26
to 0.27, respectively.
After polishing 250 wafers, results indicated that removal rate slightly decreases
and COF increases with cumulative wafers number under Conditions VII, VIII, IX. These
results suggest that as polishing would go on, the pad surface would damage, thus the
slurry holding capability of the pad would weaken. Compared with Condition VIII and
IX, removal rate in Condition IX is higher than removal rate in Condition VIII. Results
indicated that KOH solution with the pH of approximately 11.6 keep high removal rate
compared with UPW. Compared with Condition V in Phase I with Condition IX in Phase
II (both of the conditions were in-situ diamond conditioning), both of removal rate and
COF corresponded exactly. This results indicates that relationship between experiment of
Phase I with that of Phase II is good repeatable.
Figure 3.16 shows SEM images of pad grooves after 250 polishes for each
condition tested in Phase II. Under Condition VII where only diamond conditioning is
used, the image shows large slurry build-up and pore coverage within the grooves.
Regarding Conditions VIII and IX, where HPMJ is used after every 10 wafer polishes,
conjunction with diamond conditioning, residue-free pores are attained thus making these
processes quite attractive for high-volume manufacturing.
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Figure 3.16: SEM images (200 Х magnification) of the inside of grooves, as well as
surrounding land area, corresponding to pads subjected to 250 ILD polishes under the
conditioning methods tested in Phase II.

3.2.4. Conclusions
Diamond conditioning was compared to HPMJ conditioning, through a series of
ILD CMP marathon tests. Results indicated that diamond conditioning alone was
effective in causing removal rate and COF stability during extended runs, but it could not
clean the slurry residues and other by-products from the surface of the pad (especially
inside the grooves). On the other hand, HPMJ conditioning was able to effectively clean
the pad surface, yet it did not provide enough energy to abrade the surface of the pad and
maintain constant removal rate and COF during extended polishing. Based on these
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findings, a new pad conditioning method based on a combination of diamond and HPMJ
conditioning was proposed. Results showed that this new method allowed for stable
polish results in terms of removal rate and COF during extended marathon runs and also
yielded substantially residue-free surfaces which could potentially cause an increase in
pad life and a reduction in wafer-level defects.
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3.3.

Thermal, Tribological, and Removal Rate Characteristics of Pad
Conditioning in Copper CMP

3.3.1. Introduction
Copper CMP has become an increasingly important process due to the lower
resistance and improved electromigration advantages that copper possesses relative to
aluminum in multi-level interconnects71. In CMP, pad conditioning is a critical process to
restore collapsed pad asperities and to break-up glazed areas on the pad surface8,69,71.
With insufficient pad conditioning, the pad becomes flattened or glazed with particles
clogging the pores of the pad and forming a layer of slurry residue and other foreign
particulates, resulting in lower material removal rates and higher wafer-level defects. To
date, diamond disc conditioning is a commonly adopted process for achieving constant
and uniform material removal rate across the wafer during CMP. However, there are
several issues with this process such as reduced pad life and generation of scratches on the
wafer due to some poorly mounted diamonds.
In an attempt to overcome these issues, a High Pressure Micro Jet (HPMJ) pad
conditioning method has been investigated as an alterative to diamond disc conditioning.
During conditioning, the HPMJ system sprays high-pressure water droplets onto the pad
to slowly wear and refresh the pad while simultaneously cleaning the surface of slurry
residues and other embedded particles. Details of characterization of HPMJ and
integrated HPMJ pad conditioning system are described in Chapter 2.
In this study, ex-situ diamond conditioning or ex-situ HPMJ pad conditioning was
performed using Rohm & Haas IC1000™ or Asahi-Kasei EMD Corporation
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(UNIPAD™) concentrically grooved pads in order to evaluate and compare the
performance of HPMJ pad conditioning in copper CMP. Results are discussed in terms of
scanning electron microscopy (SEM) images, pad wear rate, pad mechanical properties,
copper removal rate and COF.

3.3.2. Experimental Procedure
Experiments were performed on the IPL 100-mm polisher. Rohm and Haas
IC1000™ and Asahi-Kasei EMD Corporation (UNIPAD™) concentrically grooved pads
were used. For each experiment, 50 copper wafers were polished for 2 minutes each at a
constant pressure of 1.5 PSI and a sliding velocity of 1.1 m/s. Fujimi PL-7102 slurry
containing hydrogen peroxide as the oxidant was used at a flow rate of 80 cc/min.
Pad conditioning during polishing was performed ex situ using diamond disc or
HPMJ pad conditioning methods. Ex-situ diamond conditioning was performed in
conjunction with UPW for 15 seconds. A 2-inch diameter, 100-grit diamond disc was
used at a pressure of 0.5 PSI, a rotation rate of 30 RPM and a sweep frequency of 0.33
Hz. Ex-situ HPMJ conditioning was conducted for 10 seconds with Fujimi PL-7102
containing hydrogen peroxide. A fluid pressure of 10 MPa, a fan angle of 25°, flow rate
of 770 cc/min, an actuator angle of 90° (i.e. normal to the pad surface) and nozzle-to-pad
distance of 15 mm were used.
During the polishing process, one thousand shear force data points were collected
per second and their values were averaged and divided by the applied normal force to
calculate the average coefficient of friction (COF). Removal rates were calculated by
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determining the weight of the copper wafer prior to and after polishing using a
microbalance with an accuracy of 0.01 mg. The loss of pad mass was divided by total
conditioning time to calculate pad wear rate. A TA Instruments 2980 dynamic
mechanical analyzer was used to measure pad storage modulus. After each marathon run,
a 5 × 5 mm pad sample was analyzed using a JEOL JSM-T300 scanning electron
microscope.

3.3.3. Results and Discussions
3.3.3.1. Pad Wear, Storage Modulus and Surface Texture
Pad wear rates and pad storage moduli are summarized in Table 3.5. Results
indicate that UNIPAD™ has higher pad wear rate compared to IC1000™ for both pad
conditioning methods, implying that UNIPAD™ is much softer than IC1000™. For both
pads, wear rates are reduced by about two-thirds when HPMJ conditioning is used,
suggesting that pad life can be extended due to the lower pad wear rate. Regarding pad
storage modulus as a function of temperature, IC1000™ gives a value of 296 and 210
MPa at 20 and 40 °C, respectively. While UNIPAD™ yields a value that is more than 1.5
times larger (i.e. 45% of drop in storage modulus at given temperature) implying that
UNIPAD™ becomes significantly softer as pad temperature is increased.
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Table 3.5: Summary of pad wear rate and storage moduli for IC1000™ and UNIPAD™.

Pad

Pad Wear Rate (µm per min)

Storage Modulus (MPa)

Diamond Conditioning

HPMJ Conditioning

20 °C

40 °C

IC1000TM

0.53

0.27

296

210

UNIPAD

1.15

0.78

1665

915

Pad surface images of IC1000™ and UNIPAD™ after both conditioning methods
are shown in Fig. 3.17. In the case of IC1000™, SEM images reveal pad asperities on the
surface to be partially collapsed under diamond conditioning and significantly collapsed
under HPMJ conditioning, implying that the pad conditioning methods adopted may not
be enough to re-establish pad asperities. By contrast, the UNIPAD™ SEM images show
that the fibrous surface is restored under both conditioning methods. This is likely due to
higher pad wear rate of UNIPAD™ compared to IC1000™. SEM images of UNIPAD™
also show the fibrous surface to be worn with diamond conditioning compared to HPMJ
conditioning possibly due to the higher wear rate for diamond conditioning.
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Figure 3.17: SEM images of IC1000™ (upper) and UNIPAD™ (bottom) after (a & c)
diamond conditioning and (b & d) HPMJ conditioning.
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3.3.3.2. Removal Rate and COF
The results of COF and removal rates for IC1000™ using diamond and HPMJ
conditioning methods are shown in Fig. 3.18. Fig. 3.19 summarizes the results of COF
and removal rates for UNIPAD™ under diamond conditioning and HPMJ conditioning.
Results indicate that with HPMJ conditioning, COF and removal rate decrease
significantly from 1.0 to 0.4 and from 120 A/s to 70 A/s respectively for IC1000™.
Diamond conditioning with IC1000 showed instability from wafer to wafer for both COF
and removal rates. These observations are believed to be partially due the fact that
IC1000™ has lower wear rate than UNIPAD™, suggesting that pad cut rate is not
enough to re-establish asperities that have collapsed during polishing. SEM images also
show that pad asperities did not re-establish with IC1000™ using both conditioning
methods, causing COF and removal rate to drop. By contrast, COF and removal rate were
stable from wafer to wafer using both conditioning methods when UNIPAD™ was used.
SEM images indicate that the fibrous surface was restored under both conditioning
methods due to high pad wear rate compared to IC1000™.
1

These results are consistent with previous reports showing a logarithmic decay of

removal rate with insufficient pad conditioning and a stabilized removal rate with proper
pad conditioning8,30,69,71. With UNIPAD™, COF and removal rates are higher with
HPMJ compared to diamond conditioning due to differences in pad temperature
discussed below.
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Figure 3.18: COF (a) and removal rate (b) results for IC1000TM.
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Figure 3.19: COF (a) and removal rate (b) results for UNIPAD™.
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3.3.3.3. Average Pad Leading Edge Temperature and Correlations with COF
and Removal Rate
Average pad leading edge temperature results for diamond and HPMJ
conditioning using IC1000™ and UNIPAD™ are shown in Fig. 3.20. In the case of
IC1000™, temperature decreases by as much as 4 °C with HPMJ conditioning, whereas
with diamond conditioning, temperature change is around 2 °C. In the case of
UNIPAD™, average pad temperatures are lower and less variable (only by 1 to 2 °C) for
both diamond and HPMJ conditioning methods. The larger thermal stability associated
with the UNIPAD™ is likely due to the fact that its surface microstructure is maintained
during conditioning whereas IC1000™ undergoes significant asperity collapse
throughout the 50-wafer marathon.
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Figure 3.20: Average surface temperature for IC1000™ (a) and UNIPAD™ (b).
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Figure 3.21: Correlation between COF and pad average temperature (a) and COF and
removal rate (b) under pad conditioning method adopted and the type of pad used.
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The effect of average pad temperature on COF is shown in Fig. 21 (a). Results
indicate a direct correlation between temperature and COF regardless of the type of pad
or the method of conditioning. In a previous work72, it is shown that under constant
sliding velocity and slurry viscosity, the viscous shear contribution to COF is

µvisc ∝ E −0.36 R −0.19λ−0.17 ,

(3.2)

where E is the pad modulus, R is the mean asperity tip radius of curvature and is a
characteristic length that measures how abruptly the rough surface of the pad terminates.
While sufficient information is not available in this paper on how R and vary with the
type of pad or the method of conditioning, it is obvious that softening of the pad (and
hence its modulus) due to an increase in temperature would increase COF. The softening
factor necessary to account for the changes in COF observed in this study is about a
factor of 2-3. While not a reasonable change given the values of the moduli at various
temperatures summarized in Table I, and the observed pad temperature changes of only
about 4 °C, this much softening over such a small temperature change in pad temperature
may be possible if the reaction temperature T at the asperity tips,

T = Ta + cb µ k pV + ( β / V 1 / 2 + e ) µ k pV ,

(3.2)
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is responsible for the softening. In Equation (2), the additional term represents the
asperity flash heating increment. A feedback mechanism whereby fluctuations in Ta
increase the COF (µk), which in turn increases the second and third terms in Equation (2),
thus further increasing the COF, may be at work here.
Figure 3.21 (b) also shows the correlation between COF and copper removal rate
under different conditioning methods during the 50-wafer polishing marathon. The
dependence of removal rate on COF can be clearly understood given the fact that higher
values of COF cause an increase in the reaction temperature, in turn increasing the
chemical rate constant associated with material removal.

3.3.4. Conclusions
A series of comparative 50-wafer marathon runs were performed to investigate
HPMJ pad conditioning as an alternative to diamond disc conditioning for copper CMP
for IC1000™ and UNIPAD™ pads. Relatively stable COF and removal rates values were
achieved with both diamond and HPMJ conditioning of the UNIPAD™. However, with
IC1000™, COF and removal rate decreased significantly with HPMJ conditioning and
was somewhat unstable with diamond conditioning. Differences in pad wear rate and
insufficient asperity recovery issues associated with IC1000™ were speculated as the
causes of removal rate instability. Results also indicated good correlations between
temperature and COF as well as COF and removal rate.
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3.4.

Characterization of Slurry Residues in Pad Grooves for Diamond
Disc and High-Pressure-Micro-Jet Pad Conditioning Processes

3.4.1. Introduction
Chemical mechanical planarization (CMP) has been widely used in the integrated
circuit manufacturing industry to achieve local and global surface planarity through
combined chemical and mechanical means. Presently, commercially available polishing
pads in CMP consist of either a matrix of polyurethane foam with filler material or
polyurethane impregnated felts8. Typically, polishing pads have macro-topographical
features on the surface called grooves. Groove features are designed to prevent
hydroplaning of the wafer, to improve slurry transport underneath wafer and to control
the stiffness of the polishing pad8,67.
With insufficient conditioning, the pad becomes flattened or glazed with particles
clogging the pores of the pad and forming a layer of slurry residue and other particulates,
leading to lower material removal rates and higher wafer-level defects3,29. Currently,
diamond discs are widely used to condition the pad. However, there are several issues with
diamond disc conditioning such as reduced pad life due to abrasion by the diamond and the
dislodging of diamond fragments from the conditioning disc, causing scratches on the wafer.
In addition, slurry residues and polish by-products can coagulate in the pores and grooves
during polishing, and if not removed by the diamonds, can cause defects.
Recently, a High Pressure Micro Jet (HPMJ) pad conditioning method has been
developed for ILD CMP33,34. Details of the HPMJ pad conditioning technique can be
found in Chapter 2. During conditioning, the HPMJ system sprays high-pressure water
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droplets ranging from 3 to 30 MPa onto a pad to clean the pad of slurry residue and
remove embedded slurry particles.
Usually, the fluorescence properties of two dyes are utilized to measure the fluid
film thickness, pH or temperature with Dual Emission UV-Enhanced Fluorescence
(DEUVEF) technique to minimize errors caused by fluctuations of factors such as
excitation source intensity, surface reflectivity and background noise73-75. Here, a single
dye (Calcein) is used to characterize the slurry residue inside grooves. When excited by
UV light, the dye emits fluorescent light at a wavelength of 550-600 nm. A Photometrics
Sensys high-resolution camera equipped with 768 × 512 pixel CCD array is used to
capture the light emitted from the slurry. The camera is filtered to record only a narrow
bandwidth of emission specifically selected based on calcein’s fluorescence properties.
In this study, after intentionally causing the build-up of dye-soaked slurry residues
in pad grooves, two different pad conditioning methods (i.e. diamond disc conditioning
and HPMJ pad conditioning) are employed to evaluate the efficacy of removal of slurry
residues in pad grooves using UV-Enhanced Fluorescence (UVEF) technique with a
single dye compound (calcein).

3.4.2. Experimental Procedure
The UVEF equipment is shown in Figure 3.22. Experiments were conducted on a
IPL 100-mm polisher with concentrically grooved FX-9 pads manufactured by
Freudenberg. The bulk of the pads was dyed gray in order to eliminate the natural
fluorescence of polyurethane when exposed to UV light. Polishing was performed for 10
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hours on 100 mm silicon wafer at wafer pressure of 3 PSI and sliding velocity of 0.62
m/s. FX-9 K-groove pad was used in conjunction with Fujimi PL-4217 slurry containing
25 % by weight silica abrasives and 2.0 g/l of Calcein. Slurry flow rate was kept constant
at 80 ml/min. A 2-inch diameter disc with 100-grit diamond was employed for pad
conditioning with a rotation rate of 30 RPM, a sweep frequency of 0.33 Hz and
conditioner pressure of 0.5 PSI. After 10 hours of silicon wafer polishing, the pad was
allowed to completely dry in a dark room for 24 hours in order to drive artificially dyed
slurry residue to settle inside pad grooves. Two pad conditioning methods, diamond disc
conditioning and HPMJ pad conditioning method, were employed to investigate the
removal efficiency of dyed slurry residues from inside the pad grooves. Fluorescence
intensity of Calcein was measured at 20 different locations in pad grooves for every 30
seconds of conditioning and their values were averaged. UVEF technique was used to
quantify the slurry residue in pad grooves, for both diamond disc conditioning and HPMJ
pad conditioning, by measuring the emitted fluorescence. During conditioning, a glass
wafer was used at wafer pressure of 3 PSI and sliding velocity of 0.62 m/s. For diamond
disc conditioning, a 2-inch diameter disc with 100 grit diamond was used at a rotation
rate of 30 RPM, sweep frequency of 0.33 Hz and conditioning pressure of 0.5 PSI. Fujimi
PL-4217 slurry containing 25% abrasive particles was used at a slurry flow rate of 80
ml/min. Pad conditioning time was 180 seconds. For HPMJ pad conditioning scheme,
UPW was used at a fluid pressure of 10 MPa. A nozzle with 15 degree of fan angle, 90
degree of actuator angle was selected and the distance between pad and nozzle was 10
mm. The conditioning time was 180 seconds for both the conditioning schemes. All
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experiments were conducted in dark to eliminate the effect of light on fluorescence
intensity.

UV light source

Cameras

Dyed slurry

Figure 3.22: Schematic of UV-enhanced Fluorescence measurement technique.

3.4.3. Results and Discussions
Figure 3.23 shows pad surface images as a function of conditioning time for both
diamond disc conditioning and HPMJ pad conditioning methods. Pad surface images
show different fluorescence intensity from pad surface between diamond disc
conditioning and HPMJ pad conditioning methods.
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Figure 3.23: Images of pad surface as a function of conditioning time under diamond disc
conditioning and HPMJ pad conditioning methods.

The complete sets of the fluorescence intensity of Calcein inside pad grooves
under different pad conditioning methods during 180 seconds of conditioning is shown in
Fig. 3.24. It should be noted that the dark noise values recovered by the cameras from
dyed Freudenberg pads have an intensity value of roughly 18076. With HPMJ pad
conditioning method, fluorescence intensity dramatically decreases and stabilizes after 60
seconds of conditioning to an intensity value of around 180, indicating that HPMJ pad
conditioning method works well for removing slurry residues from inside pad grooves.
However, under diamond disc conditioning, the fluorescence intensity decreases
gradually and reaches an intensity of around 180 after 120 second of conditioning. In
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order to remove slurry residues within the grooves of the pad, diamond disc conditioning
takes twice as long as HPMJ pad conditioning.

330
Diamond conditioning
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Conditioning time (sec)

Figure 3.24: Fluorescence intensity of Calcein emitted from the pad surface as a function
of time for diamond disc conditioning and HPMJ pad conditioning methods.

This is partially due to the fact that concentric grooves are non-communicative by
design (i.e. there is no connection between adjacent grooves). Hence, with diamond disc
conditioning, it takes a long time to remove slurry residues from inside pad grooves.
However, the HPMJ pad conditioning method has a unique pad cleaning feature, due to the
ability of small droplets (mean droplet diameter of 45 µm and average velocity of 18 m/s)
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to get inside the pores and the grooves of the pad to eliminate the build-up of slurry
residues.

3.4.4.

Conclusions
Removal of dyed slurry residues inside pad grooves under different pad

conditioning methods using UV-Enhanced Fluorescence (UVEF) technique is
investigated. Results indicate that intentionally built-in dyed slurry residue inside pad
grooves is removed after 60 seconds conditioning time using HPMJ pad conditioning
method. However, it takes 120 seconds conditioning time to remove dyed slurry residue
inside pad grooves when diamond disc conditioning method is used. Therefore, the
removal efficiency of dyed slurry residue inside pad grooves is two times faster with
HPMJ pad conditioning than with diamond disc conditioning, implying that it has greater
potential to improve pad life and reduce wafer-level defects.
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CHAPTER 4 – THEORICAL INVESTIGATION OF DIAMOND DISC
PAD CONDTIONING SYSTEM
4. th

4.1.

Causal Analysis of Conditioner Design Factors on Removal Rates in
Copper CMP

4.1.1. Introduction
It is well known that conditioning is necessary to maintain rate stability in
chemical-mechanical polishing. Diamond conditioners are thought to accomplish this
function by counteracting the degrading influences of abrasive wear and plastic
deformation on pad topography and by preventing the buildup of debris and byproducts
from wafer polishing3,8,30. However, the main features of the physics connecting
conditioning disc design with polishing have not been worked out. Therefore, the
mechanisms by which factors such as grit size, active diamond count, diamond
morphology and conditioning load affect polish rates are not theoretically understood,
and so the design and use of the conditioner has been largely an empirical science.
In this study, three related theories are outlined that connect conditioning with
material removal by way of the coefficient of friction (COF). The conditioning theory is
used to make a specific prediction about how the number of active diamonds, the cut rate,
and the geometry of the furrows that are cut affect a measure of pad surface abruptness.
This same abruptness parameter appears in both the COF and removal rate theories. The
copper polishing experiments are performed to measure the rate, the COF, the pad
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temperature, and the pad surface topography as a function of grit size and load. Theory
predictions are then compared with actual rate, COF and topography data.

4.1.2. Theory
The central thesis is that conditioning affects the pad surface topography and
modifies the copper removal rate by changing the COF and reaction temperature. The
relevant topographical measures are the asperity density, mean asperity tip curvature, and
surface abruptness. The theory consists of three main parts: a theory of conditioning69, a
theory of COF77, and a removal rate theory26,43. In this section, the way in which
conditioning is connected with removal rates is summarized.

4.1.2.1. Conditioning
The conditioning theory applies when pad material is removed by cutting. The
theory utilizes a topography function q(z) that provides the probability of finding a visible
point on the surface at or above height z and a function w(z) that describes the width
versus height of the mean furrow cut by the active diamonds. The function q(z) is
determined from the visible surface height probability density function (PDF) φ (z ) by
integrating φ (z ) and subtracting the result from 1. Topography information is generated
first in the theory for a solid pad and the results are then translated to foamed pads. The
conditioning theory predicts that
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Ω zz
⎛
⎞
q ( z ) = exp⎜ −
w(u ) du ⎟
∫
⎝ 2πcl 00
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∫

(4.1)

steady state at cut rate c on a solid pad rotating at Ω radians/sec, where z=0 is at the
current location of the diamond tips. In Eq. 4.1, l is given by

l = ∆s / a ,

(4.2)

where ∆s is the center-to-center length of the conditioning sweep and a is the total
number of actively cutting diamonds. Both c and a depend on the conditioner load L.
Various considerations suggest a linear dependence, c(L)=c1L and a(L)=a0+a1L at a
sufficiently low load L. The intercept of a(L) is not zero because even at very light loads
some active diamonds are necessary to support the conditioner. By contrast, the cut rate
should approach zero as L approaches zero since the furrows should become shallower.
Measurements also suggest that w(z) maintains a constant value wmax for z exceeding a
level zmax, such that

zz

∫∫0

w(u )du =

z mzmax
ax

∫∫ 0
0

w(u )du + wmax z .

(4.3)

Because of the term proportional to z in Eq. 4.3, it follows from Eq. 4.4 that the
surface height distribution has an exponential tail for z > zmax. Within the tail, q(z)
decreases by a factor of 1/e over the distance
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λ ( L) =

2π∆s c( L)
.
Ωwmax a ( L)

(4.4)

This is the measure of surface abruptness. For the above linear functions, c(L), a(L), the
surface becomes more abrupt (smaller λ) as the conditioning load decreases.
For a foamed pad conditioned at the same cut rate as the solid pad, the
conditioning theory predicts that the visible surface height distribution qf(z) is related to
the solid pad q(z) by a convolution integral,

00

q f ( z ) = ∫ Φ( z − u )q(u )du .
zzz

(4.5)

The kernel ( Φ (z ) ) can be measured by slicing a pad sample along a plane and analyzing
the exposed surface with interferometry. For IC-1000 pads, Φ (z ) varies approximately
exponentially with height and has a delta function at the surface whose strength is a
fraction of the solid area on the cut plane. For this scenario, a direct integration of Eq. 4.5
indicates that qf(z) also has an exponential tail and the decay length is the same as the
solid pad. Therefore, Eq. 4.4 also applies to IC-1000 foamed pads.

4.1.2.2. Friction
The contribution to the coefficient of friction from a thin lubrication layer
between the wafer and contacting pad asperity tips is investigated. Starting with a
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compact formula for the lubrication layer thickness to the COF from the
elastohydrodynamic lubrication (EHL) theory, it is shown that the viscous contribution
from contacting asperities is approximately

µ visc ≈ 0.9 ⋅ ( µ 0V (1 − ν 2 ) / E ) 0.36 κ s 0.19 λ−0.17 ,
1
µ visc ≈ µ visc
κ s 0.19 λ−0.17 ,

(4.6)
(4.7)

where κs is the mean asperity summit curvature, V is the sliding speed, µ0 is the fluid
1
is the value of
viscosity, E is the pad Young’s modulus, v is the Poisson ratio, and µ visc

µ visc when κs and λ are both unity. Equations 4.6 and 4.7 apply when the pad summit

height PDF has an exponential tail. Equation 4.6 and 4.7 are generalized by adding a
contribution to the overall COF µk from slurry particle mechanical plowing and adhesion,

µ k = µ pa + µ visc .

(4.8)

The plowing and adhesion term µpa in Eq. 4.8 can be modeled in several ways. An
example model has been previously illustrated that depends on the slurry particle size,
hardness of the wafer surface and particle/wafer energy of adhesion78. Herein, µpa is the
fitting parameter.
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4.1.2.3. Removal Rates
A two-step model is used with a chemical rate k1 and mechanical rate k2, in which
the material removal rate is

RR =

M w k1k 2
,
ρ Cu k1 + k 2

(4.9)

where Mw is the atomic weight of copper and ρCu is the density. The individual rates are

k1 = A exp(− E / kT ) ,

(4.10)

k 2 = c p µ k pV ,

(4.11)

where A, cp are empirical constants, E is the activation energy of the rate limiting
chemical step and p is the applied polishing pressure. The reaction temperature T is the
sum of the measured mean leading edge pad temperature Tp and a mean flash heating
increment,

T = Tp +

β
V

1 / 2+ e

µ k pV ,

(4.12)

where β and e are empirical parameters. It is shown that for an exponential summit height
distribution79,
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(4.13)

where ζ is a tool constant which depends on polisher geometry, γ 1p is the proportion of
frictional heat transferred to the pad at a unit sliding speed, κρC p is the product of the pad
thermal conductivity, density and heat capacity, and η s is the summit area density. The
complex expression in parentheses in Eq. 4.13 is the ratio of the mean real asperity
contact pressure to applied pressure. To emphasize the relevant dependencies, Eq. 4.13 is
written as

β = β 1κ s3 / 4 λ−1 / 4η s−1 / 2 ,

(4.14)

where β1 is the value of β when κs, λ and ηs are unity. Thus, the reaction temperature
may be written as

T = Tp +

β 1κ s3 / 4 λ−1 / 4η s−1 / 2
V 1 / 2+e

µ k pV .

(4.15)

The overall scheme of the theory is as follows. For different grit sizes and loads,
Eq. 4.4 is used to model the pad surface abruptness parameter λ and it is entered into the
COF via Eqs. 4.7 and 4.8. The removal rate is affected by the surface abruptness through
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dependence of the mechanical rate on the COF in Eq. 4.11 and the flash heating
increment on the COF in Eq. 4.15. The flash increment contains an additional
dependence on λ through β in Eq. 4.15. Similarly, the mean summit curvature affects the
removal rate via the COF and β and the summit density affects the rate via β. In the
analysis, parameters A, E, cp, and e are used from a previous copper polishing experiment
using the same slurry and pad material. However β1, and the COF parameters µpa and
1
µ visc
are treated as fitting parameters.

4.1.3. Experimental Procedure
Three Mitsubishi Materials Corporation TRD (triple ring dot) 100 mm diameter
diamond discs (Fig. 4.1), fabricated with 60, 100 or 200 grit diamonds, were used for all
experiments. The conditioner sweep in all cases had a 6-inch center-to-center length and
was executed at 20 Hz with a sinusoidal velocity variation. The conditioner rotation rate
was 30 RPM. The platen rotation rate was selected by first performing a series of
furrowing simulations using the actual disc design. The rotation rate for polishing (96
RPM) was then chosen to avoid resonance with the sweep period and to produce the most
uniform conditioning achievable. The result is shown in Fig. 4.2.
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Figure 4.1: Mitsubishi Materials Corporation100 mm TRD conditioner design.

96 RPM

Figure 4.2: Pad/conditioning sweep resonance spectrum for the TRD design on the 200mm IPL polisher.
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In situ polishing experiments were performed on an IPL 200-mm polisher using a

single Rohm and Haas IC-1000™ K-groove pad with a Suba IV subpad. Details of the
IPL 200-mm polisher are described in Chapter 2. Conditioning was performed using the
TRD 60, 100 and 200 grit discs at loads of 2.4, 4.8 and 9.0 lb using the sweep and platen
rotation rate described above. For each disc and load, the conditioner was first applied to
the pad using water as the lubricant for sufficient time to reach a steady state. Initial
conditioning times were 3 hr at 2.4 lb, 2 hr at 4.8 lb and 1 hr at 9 lb. Following this, the
pad was seasoned by performing 30 min of in situ 200 mm copper disc polishing at 2.5
PSI and a carrier rotation rate of 96 RPM (1.22 m/sec sliding speed). The slurry used
consisted of 11.9 volume parts of Cabot Microelectronics Corp. iCue-5001 with 1 volume
part of 30% H2O2. The slurry flow rate was constant at 220 ml/min. Following seasoning,
200 mm silicon wafers with a 1.52 µm layer of blanket PVD copper over barrier and
oxide layers were then polished for 90 sec each at 2.5 PSI and 1.22 m/sec. At least two
wafers were polished to confirm COF and rate stability. During wafer polishing, shear
force data and infrared pad temperature data at the wafer leading edge were acquired in
real time. Removal rates were then determined using a four point probe (Kokusai Electric
VR-70 Resistivity Test System) with a 49 point pattern. Initially, and after polishing at
each grit size and load, a small (approximately 2 cm2) coupon was cut from the pad in the
center of the wafer track for later surface profilometry with a Tencor Alpha-Step 500.
During the experiment, conditioner loads were randomized for each grit size.

168

4.1.4. Results and Discussions
The combined theory predicts a priori that for a fixed grit size, the pad surface
will become less abrupt as the conditioning load increases. Simultaneously, the theory
predicts a decrease in the COF and in the flash heating temperature rise that occurs when
a pad asperity transiently contacts a point on the wafer. Reductions in both the chemical
and mechanical rates then cause a drop in the overall rate.
Figures 3, 4 and 5 show, respectively, the COF, copper removal rate, initial pad
temperature and mean pad leading edge temperature measured for each conditioner and
load combination. It can be seen from Figs. 3-5 that COF, rate and average pad leading
edge temperature are highly correlated.
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Figure 4.3: Mean COF for each grit size and load.
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Figure 4.4: Mean removal rate for each grit size and load.
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Figure 4.5: Initial and mean leading pad edge temperature for each grit size and load.

The removal rate model parameters A, E, cp and e for Eqns. 4.10, 11, and 12 were
extracted using data from a previous copper polishing experiment performed on the same
tool with the same slurry. The prior experiment differed in that it used a Rohm and Haas
IC-1000™ M-groove pad and a Mitsubishi Materials Corporation 100 grit Mosaic
conditioner applied at a 7 lb load. Polishing was done at 1.0, 2.0 and 3.0 PSI at speeds of
0.81, 1.22 and 1.63 m/sec. The extracted model parameter values are E=0.65 eV,
A=3.69x107 moles/m2-sec, cp=2.28x107 moles/J and e=0.43. A comparison between the

model and rate data is shown in Fig. 4.6. The model describes this data with an RMS
error of 186 A/min.
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Figure 4.6: Comparison of the removal rate model and experimental data.

Following the polishing experiments, the extracted pad coupons were measured
with surface profilometry. Three 5 mm scans were taken parallel to the grooves for each
sample and the data were leveled and combined for further analysis. Figures 4.7 and 8
show the pad surface PDFs and complementary cumulative functions q(z) measured for
the 100 and 200 grit conditioners at each load. As seen from these figures, the surface
becomes less abrupt as the conditioner load increases, in agreement with Eq. 4.4. For the
60 grit tool, Figure 4.9 indicates that λ was found to be roughly constant. Figure 10
shows that measured abruptness values varied between 1.5 and 4.1 µm.
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Figure 4.7: Surface profilometry data of the 100 grit conditioner at each load.

Figure 4.8: Surface profilometry data of the 200 grit conditioner at each load.
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Figure 4.9: Surface profilometry data of the 60 grit MMC TRD conditioner.
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Figure 4.10: Measured surface abruptness λ as a function of load.
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Profilometry data was also analyzed to measure the peak density, which should be
proportional to η 1s / 2 , and to measure the mean peak curvature κ s . These were found to be
approximately constant independent of load. Measured values for each grit size are listed
in Table 4.1.

Table 4.1: Measured or extracted parameters in which the units of β1 are oC/Pa-(m/sec)1-e.

Grit

κs µm-1

η 1s / 2 mm-1

1
µ visc

β1

Error %

60

0.261

63.8

3.19e-3

4.27e-4

11.1

100

0.309

65.0

4.21e-3

4.12e-4

6.9

200

0.292

73.6

3.20e-3

4.41e-4

11.4

Using the measured values of λ, κ s and η 1s / 2 , the three free parameters µpa,
1
µ visc
and β1 in the theory were varied using the downhill simplex algorithm in order to

minimize the RMS percentage error80. The RMS error included the percentage error in
both the removal rate and the COF with equal weighting. For all grits, the optimum value
of µpa was found to be effectively zero (<10-7). It is not known why the data in all cases
force the particle abrasive and adhesive contribution to the COF µpa to be zero. It is
possible that particle effects could be a multiplicative factor in the EHL formula. It is
1
are considerably larger than what one would
noted that the extracted values of µ visc
1
obtain from µ visc
= 0.9( µ 0V (1 − v 2 ) / E ) 0.36 for normal values of the material parameters. It
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is possible that the lubrication layer is only a few molecules thick, or that the viscosity µ0
is pressure-sensitive due to the presence of additives, factors that are known to
dramatically increase the viscosity81. Further investigation may clarify this question.
1
Optimum values of µ visc
and β1 were found to be consistent across grit sizes and are listed

in Table I. Fitting errors were less that 11.4%. The agreement of the model with rate and
COF data is shown in Figure 4.11 and 12.
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Figure 4.11: Comparison between measured removal rate and optimized theoretical
predictions.
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Figure 4.12: Comparison between measured COF and optimized theoretical predictions.

4.1.5. Conclusions
Experiments have confirmed a key a priori qualitative prediction, namely that for
a fixed grit size, pad surface abruptness, COF and copper removal rate all decrease as the
conditioning load increases. Using empirical parameters from previous experiments with
the same slurry, and applying optimization only to the parameters that are indicated to
vary with conditioning (β and µk), we also obtain solid quantitative agreement with the
measured friction coefficients and rates using measured values of λ, κ s and η 1s / 2 .
Variations between grit sizes are accounted for partly by differences in the extracted
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1
parameters µ visc
and β1 and partly by measured differences in asperity density and

curvature. It was shown that a causal connection involving pad surface abruptness can be
traced theoretically between a conditioner design feature (grit size) and operating mode
(load) and the resulting copper removal rates and friction coefficients. It is believed that
the theory and methodology can be beneficial for investigating other conditioner design
features as well.
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4.2.

Diamond Conditioner Wear Characterization for Copper CMP
Process

4.2.1. Introduction
It is well-known that pad conditioning is necessary to prevent removal rate decay
in the CMP processes3,8,30. However, depending on the process kinematics, the ionic
strength of the slurry and the concentration and nature of slurry abrasive particles,
chemical or abrasive wear of the conditioner itself may be sufficient to require
replacement of the disc within a few tens of hours. It is therefore critical to develop
materials and designs for diamond conditioning discs that resist corrosion and abrasive
wear while effectively refreshing the surface of the pad during CMP.
In this study, two novel Mitsubishi Materials Corporation diamond conditioners
with different designs were used in a copper CMP process. The surface of each
conditioner was coated with a polytetrafluoroethelene (PTFE or Teflon) film to reduce
substrate wear and chemical attack. Each diamond disc was used to condition multiple
IC1000™ flat pads in a wear-test comparable in duration (30 hrs) to commercial disc
lifetimes. Periodically during the wear experiments, the conditioner was installed on a
separate polishing tool for in situ polishing of copper wafers. Real time shear force, pad
temperature and copper removal rate were measured. Optical interferometry and optical
microscopy were performed on selected areas of the conditioner surfaces before and after
wear-testing in order to characterize changes. Relationships between the coefficient of
friction, temperature, removal rates and changes in the discs are then explored
theoretically.
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4.2.2. Experimental Procedure
Figures 4.13 and 4.14 show the two novel Mitsubishi Materials Corporation 100
mm diameter 100-grit blocky type diamond conditioners used in this study. Figure 4.13 is
the Mosaic design, in which diamonds are distributed randomly at 34/mm2 except in
roughly circular diamond-free zones that are arranged in a hexagonal close-packed
pattern. Figure 4.14 is the triple ring dot, or TRD design. In this design, diamonds are
randomly placed at 35/mm2 on three concentric circular rings of raised circular dots or
pillars and on a raised outer ring punctuated by eight flow channels. Both conditioner
surfaces were coated with 10 µm of PTFE to protect them from corrosion and abrasive
wear.
For each conditioner, the experiment consisted of an initial copper wafer
polishing phase on a IPL 200-mm polisher followed by ten 3-hour cycles of accelerated
wear-testing on a IPL 100-mm polisher. Each wear cycle was followed with a copper
wafer polishing measurement on the IPL 200-mm polisher.
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Figure 4.13: Mitsubishi Materials Corporation Mosaic design.

Figure 4.14: Mitsubishi Materials Corporation TRD design.
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During the initial copper wafer polishing phase, the conditioner was used to break
in an IC1000™ K-grooved pad for 30 min at 0.4 PSI using deionized (DI) water as the
lubricant. The same pad and the same conditioner kinematics were subsequently used for
all copper polishing experiments. Pad break-in was followed by 10 minutes of pad
seasoning using 200 mm, 99.99% pure copper discs. The shear force was monitored to
insure that stable values were achieved prior to copper wafer polishing. The metal stack
of the 200 mm copper wafers that were used consisted of 1.5 µm of electroplated copper
on top of a 0.1 µm PVD copper seed layer and a 0.025 µm TaN barrier. Each copper
wafer was polished for 1 minute at 2.5 PSI and a sliding velocity of 1.2 m/s. An Ohaus
Analytical Plus balance was used to weigh wafers before and after polishing to determine
the mean removal rate. The polishing slurry in all phases of the experiment consisted of
11.9 volume parts of Cabot Microelectronics Corporation iCue 5001 slurry and 1 volume
part of 30% H2O2 applied at 220 ml/min on the 200 mm tool and 80 ml/min on the 100
mm tool. The pad temperature was measured using an infrared camera with accuracy of
0.1 °C at a frequency of 3 Hz. During all polishing runs, shear force measurements were
taken at 1000 Hz and the average COF was obtained by dividing the average shear force
by the applied normal force.
After the initial wafer polishing phase, the conditioner was attached to the wafer
carrier of the 100 mm polisher and used to abrade an IC1000™ flat pad at 2 PSI and 0.62
m/sec for 3 hours. No polishing was performed during this accelerated wear phase, but
Cabot Microelectronics Corporation iCue 5001 slurry was applied as in a normal copper
process. The conditioner was then reinstalled on the Fujikoshi polisher and used to polish
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200 mm copper wafers on the original pad to complete the cycle. Polishing was preceded
by dressing of the pad at 0.4 PSI with DI water for 5 minutes, followed by 5 minutes of
copper disc polishing with in situ conditioning. The shear force was again monitored until
stable values were achieved. Wafer polishing conditions were identical to the initial
polishing phase.
Optical interferometry was performed on the diamond conditioner surface both
before and after the 30-hour conditioner wear and polishing process using a Veeco NT3300 optical profiler. A template was used to select the analysis regions to ensure that the
same areas were imaged before and after the extended wear test. Optical microscopy
photographs were also taken of the analysis regions before and after testing.

4.2.3. Results and Discussions
4.2.3.1. Copper Polishing Results
Figure 4.15 shows the mean COF measured when the Mosaic design was used
increased monotonically from 0.37 to 0.54 during the first five cycles, and then fluctuated
around 0.5 for the remaining cycles. As seen in Fig. 4.16, while the initial temperature
showed no trend with time, a gradual increase in the difference between the mean and
initial pad temperatures can be seen in Cycles 0-5. This increase is related to the increase
in the COF during the same cycles. Variations in COF also can be seen to follow
variations in the pad temperature. Figure 4.17 shows the measured copper removal rate.
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Except for the initial polish, the removal rate follows the same trend as the COF and the
mean pad temperature.
In Fig. 4.18, there was a gradual upward trend in the COF from about 0.25 to
about 0.37 except for dips at Cycles 2 and 6 when the TRD design was used as the
conditioner. The COF induced by the TRD design is less than that of the Mosaic design,
indicating that the conditioners produced different pad surface topography and
mechanical contact conditions with the same accelerated wear process. As for Mosaic,
the initial temperature results shown in Fig. 4.16 do not show a systematic increase or
decrease with time, but there is a slight increase in the temperature rise with the number
of cycles that is consistent with the gradual rise in the COF. Similar to the Mosaic design,
there is a correlation between the measured temperatures (Fig. 4.19) and the COF (Fig.
4.18) for the TRD design. The mean pad leading edge and initial temperatures induced by
TRD are about the same as for Mosaic even though the COF is considerably lower. There
is again a strong correlation between the copper removal rate results shown in Fig. 4.20
and both the pad temperature and the COF.
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Figure 4.15: Mean COF during copper wafer polishing using the Mosaic conditioner.
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Figure 4.16: Pad temperatures measured during polishing using the Mosaic conditioner.
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Figure 4.17: Copper polish rates measured using the Mosaic conditioner.
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Figure 4.18: Mean COF during copper wafer polishing using the TRD conditioner.
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Figure 4.19: Pad temperatures measured during polishing using the TRD conditioner.
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Figure 4.20: Copper polish rates measured using the TRD conditioner.

187

4.2.3.2. Analysis
Firstly, the temperature data are discussed. The mean pad temperature Tp is the
sum of the initial temperature Ta and an increment proportional to the COF,

T p = Ta + cb µ k pV ,

(4.16)

where µk is the COF, p is the pressure, V is the sliding speed and cb is a constant. For
both conditioner designs, variations in the mean pad temperature can be accounted for by
Eq. 4.16. However the data suggest that the COF not only causes variations in
temperature but also is affected by it.
This is one possible explanation. In a previous study75, it was shown that the
viscous shear contribution to the COF is

µ visc ∝ ( µ 0V / E ) 0.36 R −0.19 λ−0.17

(4.16)

where µ0 is the slurry viscosity, E is the pad modulus, and R is the mean asperity tip
radius of curvature. The parameter λ is a characteristic length that measures how abruptly
the rough surface of the pad terminates. A surface with asperities of more uniform height
corresponds to a smaller λ. R and λ should be affected by conditioning. A theoretical
analysis indicates that when the pad cut rate is low, λ should vary inversely as the
number of diamonds participating in cutting69. According to Eq. 4.16, softening of the
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pad modulus E due to an increase in temperature would increase the COF. The softening
factor necessary to account for the initial increase in the COF in the Mosaic experiments
is about a factor of 3. While not a reasonable change given the observed mean pad
temperature, this much softening may be possible if the reaction temperature T at the
asperity tips,

T = Ta + c b µ k pV + ( β / V 1 / 2+ e ) µ k pV

(4.17)

is responsible for softening. In Eq. 4.17, the additional term represents the asperity flash
heating increment79. A feedback mechanism is involved: fluctuations in Ta increase the
COF, which increases the second and third terms in Eq. 4.17, further increasing the COF.
For the TRD design, there is in addition to the temperature-induced variations in
COF (which are weaker than for Mosaic) a slow increase of COF with time. To explain
the overall COF increase, we hypothesize that the PTFE layer is quickly smoothed in the
early stages of accelerated wear-testing. Following this, the layer is slowly thinned by
abrasion, gradually exposing more diamonds. This increases the frequency of cutting of
each contacting asperity, decreases both R and λ, and increases the viscous contribution
to the COF. In the Mosaic design, the COF initially increases due to the exposure of
individual diamonds resulting from the wear of the PTFE, which similarly decreases R
and λ,. This process then either saturates or is compensated for by an increase in the
number of diamonds partly or totally covered by migration of the PTFE from the
unpopulated areas.
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The difference in the total number of active diamonds on the two designs, a factor
of 2.5 in favor of Mosaic, explains why Mosaic produces a higher COF than TRD. The
larger active diamond count produces lower values of both λ and R for Mosaic. If each of
these parameters is decreased by a factor of 2.5 in Eq. 4.16, then the viscous contribution
to the COF increases by a factor of 1.4. The ratio of the Mosaic to TRD COF for the last
5 wear cycles is, in fact, about 1.5.
The pad temperature for TRD is also comparable to that for Mosaic in spite of a
generally lower COF. A larger value of R for TRD, driven by the lower diamond count,
increases the mean contact area per asperity according to the Greenwood and Williamson
contact theory82. Finite element simulations of lubricated heat transfer to the asperity tips
then indicate that a larger fraction of the total frictional energy should be partitioned to
the pad. This compensates for the lower COF.
For both conditioners, variations in the removal rate are controlled by both the
mechanical shear force and by the reaction rates that control the slurry behavior. The
chemical rates depend on the temperature, which in turn depend on the mechanical shear
force. Thus, removal rates for both conditioners follow the trends in COF and
temperature.

4.2.3.3. Conditioner Wear Analysis
The method for matching and analyzing new and used interferometry images is
described elsewhere83. Figures 4.21 and 4.22 show matched new and used images of the
Mosaic conditioner in a region near the disc center. Coating material from the diamond-
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free zones appears to have been laterally displaced by shear forces and plastic
deformation, partly or totally covering some of the adjacent diamonds. Contours around
several diamonds taken at the same level can also be seen to tighten on the used
conditioner, indicating that the PTFE coating immediately surrounding some of the
diamonds has also been displaced and that these diamonds are active.
Matched images of one of the pillars in the TRD design are shown in Figs. 4.23
and 4.24. After the wear-test, the pillar surface is flat except for a few protruding
diamonds. There are two possibilities for this: either the diamond-containing layer has
been largely worn away, or the PTFE coating has simply been smoothed over. Figures.
4.25 and 4.26 show new and used optical microscopy images of the same pillar. These
pictures show that all of the diamonds present at the beginning of testing remain after the
wear-test. Therefore, the smooth pillar surfaces are due to plastic deformation and
smoothing of the PTFE by shear forces. The appearance of a flat surface is due to a
difference in the wavelength of light used by the interferometer (80 nm) and the optical
microscope. The PTFE coating is opaque at 80 nm but transparent to visible light, so only
the coating surface is visible by interferometry. This interpretation is consistent with
partial or total obscuration of some diamonds on the Mosaic disc due to movement of
coating material from the diamond-free areas.
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Figure 4.21: Interferometry image of an area of a new Mosaic disc.

Figure 4.22: Matched interferometry image of the same area as in Fig. 4.21 after Mosaic
disc wear testing.
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Figure 4.23: Interferometry image of a new TRD pillar.

Figure 4.24: The pillar in Fig. 4.23 after wear testing.
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Figure 4.25: Optical image of the new pillar in Fig. 4.23.

Figure 4.26: Optical image of the used pillar in Fig. 4.24.
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4.2.4. Conclusions
Conditioner wear, copper polish rates, pad temperature and coefficient of friction
(COF) were measured for two novel Mitsubishi Materials Corporation designs during an
extended wear and polishing test. Both designs were coated with a Teflon film to reduce
substrate wear and chemical attack. The changes in the coating that resulted in gradual
changes in diamond exposure were successfully measured using optical interferometry.
Theories of the COF, conditioning, and polishing were applied to explain the observed
performance differences between the designs. After 30 hours of testing, there was no
indication of a decline in performance. For the TRD design, the coating not only reduced
the overall COF but also provided a mechanism for gradually exposing more diamonds to
the pad.
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CHAPTER 5 – STUDY OF INHIBITION CHARACTERISTICS OF
SLURRY ADDITIVES IN COPPER CMP USING FORCE
SPECTROSCOPY
5. r

5.1.

Introduction
Chemical Mechanical Planarization (CMP) of copper has emerged as a critical

component for the fabrication of integrated circuits. Several studies have been carried out
to study the effect of inhibitors on copper CMP84-87. Deshpande et al84 examined the
effect of benzotriazole (BTA) as an inhibiting agent in the presence of hydrogen peroxide
and glycine at low pH. Attempts have been made to elucidate the mechanism of copper
removal in the presence of an oxidizer, a complexing agent and an inhibitor. Recent work
has shown that the inhibition characteristic of copper dissolution by sodium dodecyl
sulfate (SDS) was better than that of BTA88. It has been demonstrated that ammonium
dodecyl sulfate, an environmentally friendly surfactant, can be used as an efficient
corrosion inhibitor for Electrochemical Mechanical Planarization of copper in solutions
containing hydrogen peroxide and glycine solutions85. Surfactants have also been
investigated for their effect on dishing and polishing speed87.
In this study, using a reference slurry, ammonium dodecyl sulfate (ADS), an
anionic and environmentally friendly surfactant, was investigated as an alternative to
BTA for its inhibition and lubrication characteristics. Measured parameters included the
real-time mean and fluctuating component of frictional force (both in terms of average
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shear force and variance) at the pad wafer interface, pad surface temperature and average
copper removal rate. Spectral analysis (in frequency domain) of the shear force data was
employed to determine the inhibition and lubrication of the additives in the slurry.

5.2.

Experimental Procedure
Three different types of slurries were tested, which were based on a reference

slurry to which a 3.0 mM concentration of ADS or BTA was added. The reference slurry
was comprised of 1 percent by weight glycine, 5 percent by weight H2O2 and 3 percent
by weight fumed silica at a solution pH of 4.0. The pH of the slurry was adjusted by the
addition of dilute perchloric acid (HClO4). Slurries, prepared with UPW and reagent
grade chemicals, were tested for copper removal rate, as well as thermal and frictional
characteristics. In all cases, a Rohm and Haas IC1000™ K-groove pad was used to polish
the 200 mm electroplated blanket copper wafers. The copper removal rate was calculated
by measuring the wafer weight before and after polishing using a microbalance. The pad
surface temperature was recorded by an infrared camera (Agema 550 infrared thermal
imaging camera), which took three thermal images every second. Pad temperatures at
five locations outside the leading edge of the wafer carrier were averaged throughout the
polishing process to report the mean pad leading temperatures. The polisher and
associated accessories are described in Chapter 2. Shear force was measured with a
precision of ± 10 percent using load cells which were attached to strain gauge amplifiers
that would send voltage to a data acquisition board. The experimental procedure
consisted of 30-minute initial diamond conditioning (100-grit TBW diamond disc) with
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UPW at a pressure of 0.4 PSI, rotational velocity of 30 RPM and oscillation frequency of
20 per minute. Conditioning was followed by a 5-min pad break-in with the reference
slurry. The same rotational velocity and oscillation frequency were used for in-situ pad
conditioning. Two sliding velocities, 0.31 and 0.94 m/s, were used in the study. Both
wafer and pad rotated in a counter-clockwise direction during polishing. Polishing
pressure was kept constant at 2 PSI. Slurry was injected at the center of the pad and the
flow rate was maintained constant at 200 cc/min. Two wafers were polished at each
polishing condition and average values are presented.

5.3.

Results and Discussions

5.3.1. Removal Rate Analysis
The effectiveness of ADS in suppressing copper removal by mechanical polishing
is compared with that of BTA as a function of polishing power. Figure 5.1 (a) illustrates
the mean removal rate of copper for reference slurry with and without BTA or ADS at an
additive concentration of 3.0 mM. This representation is followed in all the figures. The
reference slurry exhibits the highest removal rate as expected. The addition of ADS or
BTA reduces the removal rate thereby confirming the inhibition characteristics of the
additives. The removal rate with an ADS containing slurry is lower than that of BTA for
both concentrations and polishing conditions establishing ADS to be a superior inhibitor
than BTA. It has been reported that the adsorption of ADS, which exhibits adsorption
properties on metals very similar to those of SDS, is expected to follow the simple
Langmuir or Frumkin-type behavior on copper89 and an electrostatic physisorption
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mechanism is likely to dominate over the chemisorption process90. The ionic head group
of ADS ensures strong interaction with the copper and the hydrophobic tail acts as an
effective barrier to the diffusion of oxidants to the reacting surface. BTA, being a nonlinear molecule may not form a complete closed-packed adsorbed layer as ADS and
hence provides a deeper interaction zone. Based on removal rate results it appears that at
a 3.0 mM concentration of ADS the surface coverage is complete and there is sufficient
availability of species for adsorption on the metal/metal oxide surface which results in
significant suppression of copper removal from the surface.

5.3.2. Frictional and Thermal Analysis
Figure 5.1 (b) shows the mean coefficient of friction (COF) vs. V/p, a
representative of the Sommerfeld number, where V is the sliding velocity and p is the
polishing pressure66. Results indicate that COF remains relatively constant for reference
and ADS-containing slurry, indicating boundary lubrication, and decreases for the slurrycontaining BTA where a transition from boundary lubrication to partial lubrication may
be taking place66. It is possible that at lower velocity where boundary lubrication exists
and pad-wafer interface is devoid of a BTA containing liquid layer, the adsorbate films
cannot equilibrate under sliding conditions. Therefore the COF determined is not the true
COF of adsorbed BTA. At some higher transition velocity, the fluid film thickness
increases which ensures the availability of BTA to replenish a friction-damaged
adsorbate film under the conditions of repetitive sliding contact, as observed at a 3.0 mM
BTA concentration, causing the COF to drop.

199

Removal Rate (A/min)

6000
5000
4000
3000
2000
1000
0
0

2000 4000 6000 8000 10000 12000 14000
p× V (Pa-m /sec)
p× V (Pa-m /sec)

(a)

COF

1

0.1
1.0E-05

V/p (m /sec-Pa)

1.0E-04

(b)

Figure 5.1: Removal rate (a) and COF (b). Open circles represent reference slurry, filled
circles represent reference slurry with 3.0 mM ADS concentration and squares denote
reference slurry with 3.0 mM BTA.
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The key point to note is the reduction in COF with the addition of a 3.0 mM
concentration of ADS. This suggests that adsorbed ADS provides lubricating action at the
pad wafer interface by reducing the shear force and protecting the wafer and pad from
chemical and mechanical wear. This lubricating effect is probably caused by the
formation of low shear strength interface between the opposing surfaces91. On the other
hand, at lower velocity, the addition of BTA to the reference slurry increases the shear
force between the pad and the wafer surface and therefore results in higher energy
dissipation due to friction. At higher velocity some benefits are observed with BTA but
not as significant as with ADS. It is obvious that the molecular structure or shape of the
adsorbate has a strong influence on the effectiveness of lubrication. The presence of a
polar group, as in ADS, ensures strong adhesion to the metallic copper surface and a long
linear hydrophobic chain provides closed-packed monolayers.
Figure 5.2 shows the measured mean pad leading temperature for slurries at
different polishing conditions. As one can notice, the mean pad leading temperature
increases with the polishing power as expected. It is interesting to note that the ADS
containing slurry shows the lowest mean pad leading temperature. Therefore the addition
of ADS lowers the friction force at the pad wafer surface due to its lubricating effect and
consequently offers relatively lower temperature rise during polishing. This confirms the
consistency in removal rate, COF and temperature results for ADS which exhibits its
effect by the formation of an adsorbed barrier layer supplemented by a reduction in both
mechanical and chemical (by lowering the temperature) contributors to the removal rate
of copper. In the case of BTA at lower velocity, it appears that the inhibition
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characteristics of BTA are the result of preventing the diffusion of chemicals and
oxidizers through the formation of a barrier layer at the reacting surface and not by a
reduction in mechanical or thermal effects. Borucki et al72 have discussed the effect of
viscous shear forces on the total shear force in the nanolubrication layer which may exist
for the ADS-containing slurry. It was hypothesized that the thermal softening of the
asperity tip can increase the viscous element of the COF by decreasing pad modulus. The
viscous contribution to the COF may therefore not only be partially contributory in
creating a temperature increase but will also be affected by it. This effect may, to some
extent, be observed in our case of reference and ADS-containing slurry where we observe

Pad Leading Tempearure (0C)

a slight increase in COF with increasing velocity.
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Figure 5.2: Pad leading temperature. Open circles represent reference slurry, filled circles
represent reference slurry with 3.0 mM ADS concentration and squares denote reference
slurry with 3.0 mM BTA.
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5.3.3. Shear Force Variance and Spectra
In addition to removal rate, COF and temperature data, the variance of the shear
force as well as its spectral characteristics may be used to further explore the adsorption,
lubrication and inhibition of additives during CMP. The unidirectional shear force can be
separated into two components, a mean component and a fluctuating component. Figure
5.3 summarizes the mean variance corresponding to all process conditions based on
measured values of shear force (a total of 50,000 measured values per run). Results
indicate that at higher sliding velocity, the addition of BTA increases the variance of the
shear force. On the other hand, the addition of ADS reduces the extent of irregularity in
the shear force. This signifies the dynamic nature of adsorption during the polishing
process. The rate limiting step in the formation of an adsorbate film under sliding
conditions is believed to be re-adsorption and typical uniqueness of the additive is
required for this process to occur within the time available between successive sliding
contacts91. ADS reduces this unsteady condition and hence lowers the variance of shear
force in the polishing process. However, in the case of BTA it appears that it is the
intrinsic characteristic of the molecule itself that creates the instability in the process.
Hence BTA-containing slurry exhibits large oscillations in the friction force
demonstrating higher variability and unevenness of the system. Similar trends are noticed
for BTA at a lower polishing condition. At this condition, the variance of shear force for
reference slurry is sufficiently low and therefore the addition of ADS does not produce
any further benefit. Variance has also been demonstrated to be a useful parameter in
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determining the lubrication regime as suggested from consistency in trends in COF and
variance results92.
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Figure 5.3: Variance of shear force. Open circles represent reference slurry, filled circles
represent reference slurry with 3.0 mM ADS concentration and squares denote reference
slurry with 3.0 mM BTA.

The Fast Fourier Transform function is then utilized to convert measured shear
force from time domain to frequency domain93. Normalized spectral amplitudes plots for
different slurries at lower polishing power are shown in Fig. 5.4. The slurries at lower
polishing power exhibit dominant peaks between 0-12 Hz and 40-60 Hz. Some of these
peaks are assumed to be associated with stick-slip phenomena occurring due to
fundamental processes at the microscopic (such as adsorption or desorption of surface
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active agents at an interface) and macroscopic (such as a collision of a wafer’s advancing
edge with neighboring grooves) level. Though these peaks normally signify elementary
occurrences in the process, growth of these peaks can stipulate enhanced vibrations in the
polishing process causing increased friction, wear and instability. On the other hand,
suppression of these peaks suggests subdued vibrations thus resulting in smoother
polishing. The emergence of peaks at lower frequencies (less than 12 Hz) is caused by the
kinematics of the process including the rotational velocity of the platen, wafer and
conditioner as well as by the collision event of groove and pad asperities with a polished
wafer. The other frequencies with lower spectral amplitude may be considered as noise of
the polish process that have no significant implication.
The high frictional characteristic of the BTA is evident from Fig. 5.4 where the
addition of BTA transforms high frequency spectral peaks. In the presence of BTA these
spectral peaks (40-60 Hz) grow and become outsized indicating high variance, shear
force and unsteadiness in the process. Conversely, the addition of ADS does not
significantly alter the spectra. However, one can notice development of low amplitude
peaks at different frequencies which may be reflective of different mechanistic
microscopic behavior exhibited by ADS, due to its inherent surface active characteristics.
Currently there is not enough information to predict these phenomena and further
investigation will be required to explore the details. Normalized spectral amplitudes plots
at higher polishing power are shown in Fig. 5.5. Increasing polishing power shifts the
spectral peaks from a higher frequency to lower frequency regime. Therefore, on
comparing spectral peaks at the two different polishing powers, one can observe an

205

increase in population of peaks at a frequency lesser than 12 Hz at higher polishing
power. As mentioned earlier, these peaks below 12 Hz, are caused by the kinematics of
the process and therefore it is typical to detect an increase in peak masses with an
increase in the polishing power or relative pad wafer sliding velocity. However,
unfortunately these lower frequency high amplitude peaks restrain the appearance of
other peaks at higher frequency. Therefore the spectral peaks which were present at
higher frequency in lower velocity spectra disappeared in higher velocity spectra.
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REFERENCE AT 4275 Pa-m/s

(a)
3 mM ADS AT 4275 Pa-m/s

(b)
3 mM BTA AT 4275 Pa-m/s

(c)

Figure 5.4: Stick-Slip phenomena distribution in frequency domain for investigated
slurries at relative pad wafer sliding velocity of 0.31 m/s.
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REFERENCE AT 12965 Pa-m/s

(a)
3 mM ADS AT 12965 Pa-m/s

(b)
3 mM BTA AT 12965 Pa-m/s

(c)

Figure 5.5: Stick-Slip phenomena distribution in frequency domain for investigated
slurries at relative pad wafer sliding velocity of 0.94 m/s.
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5.4.

Conclusions
Results demonstrate that the inhibition efficiency of ADS is superior to that of

BTA. COF obtained from frictional force measurement is the lowest when the slurry
contains ADS. This suggests that adsorbed ADS on the surface provides lubricating
action thereby reducing the wear between the contacting surfaces. ADS-containing slurry
shows the lowest temperature rise again confirming the softening effect of the adsorbed
surfactant layer, thereby resulting in less energy dissipation due to friction. Spectral
analysis (in frequency domain) of the shear force data is employed to determine the
inhibition of the additives in the slurry. It is noticed that increasing the pad-wafer sliding
velocity at constant wafer pressure shifts the high frequency spectral peaks to lower
frequencies and also increases the variance of the frictional force at the pad-wafer
interface. The addition of ADS reduces the fluctuating component of the shear force and
the extent of the pre-existing stick-slip phenomena caused by the kinematics of the
process and collision event between pad asperities with the wafer. By contrast, in the case
of BTA, there are no such observed benefits but instead undesirable effects are seen in
some polishing conditions. This work underscores the importance of real-time force
spectroscopy in elucidating the adsorption, lubrication and inhibition of additives in
slurries in CMP.
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CHAPTER 6 – EXPERIMENTAL INVESTIGATION AND NUMERICAL
SIMULATION OF PAD STAIN IN COPPER CMP
6. r

6.1

Investigation of Pad Staining and Its Effect on Removal Rate in
Copper CMP

6.1.1.

Introduction
Chemical mechanical planarization (CMP) has been widely used in integrated

circuit manufacturing to achieve local and global surface planarity through combined
chemical and mechanical effects3,8. Commercialized CMP tools typically utilize rotary or
orbital kinematics. The primary differences between these CMP tools are pad motion
kinematics, slurry injection methods and pad conditioning schemes. A polisher using
orbital kinematics has a ‘through-the-pad’ slurry distribution and injection system, which
can greatly reduce slurry usage and enhance slurry utilization efficiency as the slurry is
injected under the wafer. Compared to conventional rotary tools, orbital polishers have
the benefit of three to five times reduction in slurry consumption. However, various
effects can reduce or offset this advantage. For example, non-uniform slurry distribution,
ring-pad interaction and sub-optimal pad grooving can lead to by-product build-up on the
pad surface and cause low, non-uniform and unstable polishing rates. Additionally, in situ
pad conditioning is not conducive to orbital polishers, since the pad and platen are nearly
covered with the wafer during CMP. Therefore, it is important to understand the
problems associated with pad surface changes during polishing, such as the stains caused
by the by-products of copper polishing.
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To date, copper CMP has become an increasingly important process due to the
lower resistance and improved electromigration that copper possesses relative to
aluminum alloys in multi-level interconnects. During copper CMP, stains are often
generated on the pad surface due to the build-up of polish by-products. It is believed that
staining agents are produced when copper reacts with the slurry on the wafer surface,
which are subsequently removed by mechanical abrasion. Typically, chemical solutions
such as oxalic acid are used to remove the stains. Recently, Han et al94 have reported that
the non-uniformity of removal rate significantly deteriorated while erosion and dishing
significantly increased when wafers were polished on a stained pad.
The objective of this research is to understand the mechanism of pad stain
formation and the effect of such stains on removal rate. Experiments were designed to
investigate how process parameters affected by-product buildup and removal rate.
Additionally, the effect of hydrodynamic pressure on staining patterns was investigated
on a plain pad.

6.1.2.

Apparatus
The polishing apparatus of Fig. 6.1 was constructed around a 12-inch diameter

Struers bench-top platen. This was achieved by modifying the existing IPL 100-mm
polisher. A 5-mm hole was drilled through the platen and the pad center for slurry
delivery with a peristaltic pump. All polishing was conducted with a stationary pad and a
rotating polishing head aligned axisymmetrically with the pad. 100-mm blanket copper
wafers were polished on a Rohm & Haas IC1000™ XY grooved or plain pad in
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conjunction with a Cabot Microelectronics Corporation iCue 5001 slurry containing
hydrogen peroxide as the oxidant. In order to prevent wafer bending during processing,
the copper wafer was mounted on a 100-mm diameter optical flat attached to a gimbaled
polishing head. Ex situ pad conditioning was performed using a 3M A165 4-inch disc corotating with the pad at an axial offset of 2 cm. During pad conditioning, a 5% oxalic acid
solution was used at times to clean pad surface stains.

Stationary pad

Carrier

Rotating wafer carrier
with4” wafer and
optical flat
Wafer

Optical flat

Conditioned pad area
Single slurry injection point

Figure 6.1: Axisymmetric polishing system.
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Average removal rates were calculated by the weight of the copper wafer before
and after polishing. In some cases, removal rates were determined by the thickness of the
copper wafer before and after polishing using a four-point probe. Two diameter scans
containing 49 points were performed to measure the thickness of the copper film on the
wafer. Stain intensities were quantified by photographing the pad with a high-resolution
digital camera and converting the images to grey scale. A new pad and two-stained pad
(i.e. dark and light colors) were analyzed using XPS to characterize the components of
the polish by-product, which was deposited on the pad surface. Pad micro-texture was
analyzed using white light interferometry to measure the surface height probability
distribution.

6.1.3.

Results and Discussions

6.1.3.1. Stain Characteristics
A wafer was polished for two minutes at a wafer pressure of 5 PSI, a rotation rate
of 150 RPM and a slurry flow rate of 50 ml/min to produce stains on the pad surface. The
image of a stained pad is shown in Fig 6.2 (a). In addition, the image, converted to grey
scale to determine stain intensities, is presented in Fig. 6.2 (b). The images indicate that
staining occurred heterogeneously on most of the land area. The bias of the staining
pattern is in the direction of the wafer rotation. This suggests that polish by-products are
advected downstream with the slurry, and deposited on the pad surface. Furthermore,
stain intensities are increased in the radial direction.
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(a)

(b)
Figure 6.2: Staining features on pad. (a): An actual stained pad image. (b): A gray scaled
stained pad image. Arrow indicates the direction of wafer rotation.
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To test our hypothesis of stain transfer, a slurry-containing freshly generated byproduct was transferred from the polishing tool to the surface of a clean pad sample.
After exposing the pad for one minute without mechanical force, the sample, as shown in
Fig. 6.3, showed light removal-resistant stains suggestive of chemisorption. Continuity of
the stains also suggested that they were not localized to the pad-wafer asperity contacts
and therefore transport was involved in their formation.

Figure 6.3: Pad staining produced by chemical adsorption on a plain pad (notice the
discoloration inside the dashed area).

XPS analysis results performed on two stained pads (i.e. a dark and light stained
pad) and a new pad shown in Fig. 6.4 reveal the chemical composition of the stains on
the pad. With a new pad, no peak of Cu was observed on XPS analysis. Cu peaks
appeared on both XPS analysis of the dark and light-stained pad. The shape of the peaks
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is almost identical between the light and dark-stained pad. However, magnitudes are
different. Therefore, the XPS analysis clearly indicated that the stains on the pad resulted
from polish by-product, which is consistent with the previous report that a stained pad
was analyzed using energy dispersive spectroscopy to classify the components of the
stains94. The location of the peaks coupled with the presence of Cu2+ satellite suggests
that stains contain Cu2+.

Cu
Cu

Intensity (a. u)

Cu2+ Satellite Peaks

Dark stained pad
Light stained pad
New pad
500
960

950

940

930

920

Binding Energy (eV)

Figure 6.4: XPS analysis results performed on the stained pads and a new pad.
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6.1.3.2. Effect of Polishing Parameters on Staining and Removal Rate
The images of pad staining and overall removal rate under various polishing
conditions are shown in Figs. 6.5 and 6.6, respectively. Initially, a wafer was polished at
a wafer pressure of 5 PSI, wafer rotation rate of 150 RPM and slurry flow rate of 50
ml/min for one minute. Subsequently, wafers were polished with increased time, reduced
pressure, reduced rotational speed, and reduced slurry injection rate. Figure 6.5 indicates
that staining on the XY pads became lighter when pressure, rotational velocity and
injection rate were reduced. Additionally, the stain became darker with increased
polishing time. The corresponding removal rate, as measured by weight change in Fig.
6.6, corroborated the stain appearance. Removal rate increased with applied load, wafer
rotation rate, time, and slurry injection rate. Based on these observations, a correlation
between stain intensities and removal rate emerged, which suggested that the stains were
darker when removal rate was higher.
Average removal rates measured by a four-point probe are presented in Figs. 6.7
and 6.8 as a function of wafer radius. Figure 6.7 (a), which corresponds to a wafer
polished at 5 PSI, 150 RPM and 50 ml/min, indicates that removal rate increased linearly
with distance from the injection point. When the rotation rate was reduced to 80 RPM,
the removal rate also increased linearly in the radial direction, but the slope decreased by
a factor of 2 compared to the 150 RPM case. This result was consistent with a
mechanically-limited, Prestonian mechanism, in which removal rate is proportional to the
applied load and sliding velocity. The sliding velocity increased linearly in the radial
direction due to the axisymmetry of the polishing system. Interestingly, at a decreased
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flow rate of 25 ml/min and high rotation rate, as shown in Fig. 6.8, the rate began to
plateau and tool vibration occurred, suggesting the onset of a chemical limitation or
incomplete lubrication.
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3 PSI
150 RPM, 50 ml/min, 1 minute

5 minutes polishing
5PSI, 150 RPM, 50 ml/min

5PSI, 150 RPM, 50 ml/min,
1 minute polishing

80 RPM
5PSI, 50 ml/min, 1 minute

25 ml/min
5PSI, 150 RPM, 1 minute

Figure 6.5: Effect of pressure, velocity, time and flow rate on pad staining.
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Figure 6.6: Effects of pressure, velocity, time and flow rate on average removal rate.
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Figure 6.7: Removal rate as a function of radial direction. (a): 5 PSI, 50 ml/min, and 150
RPM. (b): 5 PSI, 50 ml/min, and 80RPM.
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Figure 6.8: Removal rate as a function of radial direction. (a): 5 PSI, 25 ml/min, and 150
RPM. (b): 5 PSI, 25 ml/min, and 80RPM.

222

6.1.3.3. Effect of Copper Polish By-Products on Removal Rate
An important facet of this study was whether the stain affected the rate through a
feedback mechanism. The experimental procedure to investigate the effect of staining on
removal rate is illustrated in Fig. 6.9. Five wafers were continuously polished at 5 PSI,
150 RPM and 50 ml/min for one minute without diamond disc pad conditioning between
each polish. Two conditions were used in which the pad was cleaned with or without
oxalic acid between wafers. The only difference between the two conditions was the
presence of pad stains before polishing the next wafer. Figure 6.10 shows the result of
removal rate as a function of cumulative polish time for both conditions. In both cases,
mean removal rate decreased with each successive wafer polished. In spite of large
differences in pad staining, the decay in removal rate was approximately the same in both
cases. The observed rate difference between the first wafers was probably due to
variation of the initial surface topography. These results suggest that if stains from the
slurry affect rate at all, then the effect is smaller than the experimental error.
An observed increase in the glossiness of the pad surfaces with time (occasionally
interpreted as glazing) suggested that the observed rate decay was caused by plastic flow
or abrasion of contact surface asperities. To verify these hypothesis, a stained pad and
pad cleaned by oxalic acid were analyzed using white light interferometry to determine
the surface height probability distributions. Results are presented in Fig. 6.11. A stained
pad was analyzed and cleaned with an oxalic acid solution to remove the stain without
applying any mechanical force. The cleaned pad was returned to approximately the same
position using a fixture on the interferometer stage to measure the surface height
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distribution. The distributions of the stained and cleaned pad were qualitatively similar,
suggesting that the stained area was not just glazed or discolored, but the pad surface
topography had been permanently altered. Cleaning removed the stains, but it did not
restore the topography, confirming why the staining on the pad surface had little effect on
the removal rates. This, rather than staining, is the main factor affecting the rate on orbital
tools, which do not allow in situ conditioning.

Pad break-in and seasoning

Pad conditioning with oxalic acid

1 minute polishing with a new wafer

1 minute
polishing
with a new
wafer

Repeated 3 times

With pad cleaning

Pad conditioning with oxalic acid

Cleaning pad
surface with
oxalic acid
solution

1 minute polishing with a new wafer

1 minute
polishing
with a new
wafer

Repeated 3 times

Without pad cleaning

Figure 6.9: Experimental procedure to investigate the effect of staining on removal rate.
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Figure 6.10: Removal rate as a function of cumulative polish time.

Figure 6.11: Surface height probability densities of a stained and a cleaned pad.
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6.1.3.4. Effect of Hydrodynamic Pressure on the Stain Pattern
An experiment using a plain pad was designed to simplify the slurry flow and
provide better understanding of the staining behavior. XY pads, which relieve
hydrodynamic pressures due to injection from the center, were observed to have stains on
most of the land area. A plain pad was used to polish copper wafers at 5 PSI, 150 RPM
and 5 ml/min to investigate the effects of hydrodynamic pressure on the staining pattern.
A typical staining pattern on the plain pad is shown in Fig. 6.12 (a). Staining is partially
believed to arise from a wafer edge effect caused by the release of hydrodynamic
pressure at the ‘primary flat’ present on all 4-inch wafers. A pad with a 90-mm diameter
was cut from a new pad to avoid contact with the edge of the 100-mm diameter wafer. As
seen in Fig. 6.12 (b), pad staining was not observed when a wafer was polished on a 90mm diameter pad. It is believed that the hydrodynamic pressure was sufficient to lift the
wafer, thus preventing contact between the wafer and the pad. A single, radial trench that
did not connect the center injection point with the edge was then cut on a 90-mm
diameter pad. Figure 6.12 (c) and (d) illustrate that staining occurred at the edge while
staining was not observed in the center. This distribution in staining was believed to be
due to the release of hydrodynamic pressure by the trench, which was advected in the
direction of wafer rotation. The trench was then extended to connect the center injection
point to the edge. Polishing was performed for two minutes. Figure 6.12 (e) illustrates
that stains occurred throughout the pad surface since hydrodynamic pressure was released
by the extended trench, causing mechanical contact between the pad and the wafer. The
pad-staining pattern clearly showed the advection of stains from the motion of the wafer.
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When the slurry flow rate was increased from 5 to 25 ml/min under identical polishing
conditions, the increase in hydrodynamic pressure was enough to lift the wafer, resulting
in no pad staining in the center (Fig. 6.12 (f)).

(a)

(f)

(b)

(e)

(c)

(d)

Figure 6.12: The effect of hydrodynamic pressure on pad staining. (a): Typical result
using a plain pad with a wafer polished for 1-min at 5 PSI, 150 RPM, and 5 ml/min. (b):
Same as (a), except using a 90-mm diameter pad. (c): Same as (b), except with a trench
cut on the pad. (d): Same as (c), except that a trench was extended towards the center. (e):
Same as (d), except that a trench connected the center to the edge and the wafer was
polished for 2-min. (f): Same as (e), except with slurry flowing at 25 ml/min.
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6.1.4.

Conclusions
Experiments were performed to characterize the formation of stains on the pad

surface and their effect on removal rate. It was determined that staining agents were
produced by mechanical action during polishing and then were advected downstream by
slurry flow and deposited on the pad surface. A higher material removal rate produced
darker stains on the pad surface. The stains had no significant effect on the removal rate
drop. The latter was believed to be due to changes in pad surface morphology.
Additionally, staining patterns on the pad surface were significantly affected by
hydrodynamic pressure.
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6.2

Numerical Analysis of Formation of Pad Stains in Copper CMP

6.2.1. Introduction
The chemical mechanical planarization (CMP) process is a technique used to
achieve local and global surface planarization of IC structures through the combined
action of chemical and mechanical means. To date, copper CMP has become an
increasingly important process due to the lower resistance and improved electromigration
that copper possesses relative to aluminum alloys in multi-level interconnects. During
copper CMP, copper is oxidized to form a passivated film on the surface of the wafer
when the wafer reacts with the slurry. Subsequently, this film is directly dissolved into
the slurry by chelating agents, as well as abraded by mechanical abrasion. In this process,
polish by-products are often generated and deposited on the pad surface, thus changing
the color of the pad to dark brown or green depending on slurry type. The stained pad is a
major concern in the IC manufactory because it might affect defectivity, non-uniformity
across the wafer, and removal rate variation when polishing is performed with the stained
pad. Recently, research has been conducted to investigate the effects of stains on CMP
performance. In our experimental results, pad staining was a result of material removal;
though it did not appear to affect the removal rate. Rather, the removal rate decay was
attributed to changes in pad morphology. However, Han et al. have reported that
selectivity, erosion, and non-uniformity significantly deteriorated when wafers were
polished on a stained pad. Usually, the stains on the pad are not easily removed by
diamond disc pad conditioning. Chemical solutions such as oxalic acid are used to
remove the stains during conditioning; however, it is hard to remove the stains,
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completely. This suggests that a polishing pad should be immediately changed in order to
maintain the stability of the process when the stains occur on the pad surface, even
though the stains have no significant effect on removal rate. This leads to decrease the
pad lifetime and drastically increases the cost of ownership. These experimental results
provided a strong guideline to comprehend the effects of the stains on CMP performance.
However, these research results do not adequately explain how to generate the stainproducing by-product on the surface of the water, transfer it in the slurry layer, and
finally deposit it on the pad surface. Therefore, it is critical to investigate these
phenomena using numerical approaches in order to gain a deeper understanding of the
formation of pad stains.
The aim of this study is to develop a stain model that incorporates slurry velocity
and thermal models to numerically generate pad staining. The incompressible NavierStokes equations were used to determine the slurry velocity in the grooves and on the
land areas within the slurry layer. The general heat equation including heat source flux
was solved with the simulated slurry velocity in order to determine the wafer and pad
surface temperature. Finally, a model was verified by the comparison between an image
of simulated pad stains and an actual image of experimental pad stains.

6.2.2. Slurry Velocity Model
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Slip
Vx =-omega*y
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Vz=0

Out pressure

Periodic condition

Periodic condition
Slurry flow rate

No slip

Figure 6.13: Boundary conditions for slurry velocity simulation in an XY-groove pad.

The slurry velocity profile is critical in determining the temperature rise that will
occur as a result of mechanical friction due to the pad-slurry-wafer interactions. This
effect is partially alleviated since fresh and cool slurry are introduced continuously onto
the pad surface.
The Navier-Stokes equations were solved to determine the slurry velocity in the
grooves and on the land areas. Figure 6.13 shows the geometry and boundary conditions
for the slurry velocity simulation. The geometry was constructed with 20 microns of
slurry film thickness and 1 mm of groove width and depth. The land areas were 8 mm in
width and length. This geometry represented an actual 100-mm diameter XY-groove pad.
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A 90-degree geometry was simulated to determine the slurry velocity in the slurry layer
due to the axisymmetric polishing system. For the boundary conditions, a periodic
condition was used for both cutting areas. No slip condition was used for the pad surface
since the pad was stationary. A slip condition was used on the wafer surface in the theta
(Ө) direction as the slurry flowed with the wafer rotation. Slurry injection rate (50
ml/min) and out pressure (1 atm) were used for the center and edge areas, respectively. A
150 RPM of wafer rotation rate was chosen for the simulation.
The simulated slurry velocity in the slurry layer is shown in Fig. 6.14 (a).
COMSOL software was used to solve the Navier-Stokes equations in order to determine
slurry flow in the XY-groove pad. The results show that the slurry velocity increased
gradually on the wafer surface in the radial direction, thus affecting the slurry velocity in
the grooves. The streamline of the slurry in the slurry layer is shown in Fig. 6.14 (b). The
lines clearly indicate that the simulated slurry flowed in the direction of the wafer rotation.
The details on the simulated slurry velocity in the grooves and land areas are
presented in Fig. 6.15. As mentioned above, the land areas in the slurry layer had 20
microns of slurry film thickness with no slip condition at the pad and slip condition on
the wafer surfaces. As a result, a high slurry velocity was observed on the wafer surface
and decreased gradually into the pad surface. Finally, zero slurry velocity was observed
on the pad surface. In addition, the presence of shear on the land areas and wafer–driven
circulation in the grooves are shown in the simulated results.

232

(a)

(b)
Figure 6.14: Simulated slurry velocity in an XY-groove pad. (a): Slurry velocity on the
wafer surface. (b): Streamline of slurry flow.
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Slurry velocity in
Y-direction groove

Slurry velocity on
land area

Slurry velocity in
X-direction groove

Figure 6.15: Simulated slurry velocity in the grooves and land areas.
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6.2.3. Thermal Model
As discussed in section 6.1, pad staining is believed to be due to chemisorption.
As such pad temperature can be one of the driving forces contributing to the occurrence
of stains on the pad. For a rotary CMP tool, an IR camera can be used directly to measure
the pad temperature during CMP. However, in an axisymmetric polishing system, an IR
camera cannot be used since the pad is mostly covered by the wafer. Therefore, it is
necessary to develop a thermal model to predict the temperature on the pad and the
surface of the wafer.
The general heat equation was used to determine the temperature on the pad and
wafer surface, as presented in Eq. 6.1,

ρC p (

v
v
∂T v v
+ V ⋅ ∇T ) = ∇ ⋅ (κ∇T ) + Q .
∂t

(6.1)

The heat equation containing the advection and heat generation terms was solved
for the slurry layer using the velocity field from the Navier-Stokes equations in the
advection term. The heat equation must also be solved in the surrounding solid materials
(e.g., pad, sub-pad, wafer) using the appropriate rigid body velocities in the advective
terms. The temperature increase will occur as a result of the frictional heat generated by
the contact of three bodies (e.g., slurry, wafer and pad) within the slurry layers during the
process. The heat source flux for the heat equation applies only to the land areas in the
slurry layer and has the form
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Q=

µ pV
k s
h

,

(6.2)

where µk is the coefficient of friction, ps is the local solid contact pressure, and h is the
slurry film thickness. V is the sliding velocity and can be calculated by

V = 2 × π × RPM × R ,

(6.3)

where R is the radius. In systems with extensive grooves, the fluid pressures pf from the
Navier-Stokes equations are small relative to the solid contact pressures, such that the
contact pressures can be obtained from the mechanical load and moment balance,

∫∫ p s dA = L
Ac

∫∫ p s y + µ k p s u y h p dA = 0 ∫∫ p s x + µ k p s u x h p dA = 0 ,

(6.4)

Ac

Ac

where Ac is the land/wafer nominal contact area, L is the applied load, hp is the height of
v

the head gimbal above the pad surface, u = u x i + u y j is a unit vector in the relative
sliding direction and (x,y) are Cartesian coordinates relative to the wafer center. The
above considerations apply to any CMP system.
Figure 6.16 shows the geometry of the thermal model. Pad thickness is 2.7 mm,
groove width and depth are 0.7 mm, slurry layer is 20 microns, copper film thickness is 2
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microns, wafer thickness is 0.7 mm, adhesive film thickness is 0.1 mm, quartz optical flat
thickness is 2.5 cm. Similar to slurry velocity simulation, due to the axisymmetric
polishing system only 90-degrees were simulated to determine the temperature on the
wafer and the pad surface. For the boundary conditions, a periodic condition was used on
both cutting areas. Convection flux was used on the outside of the slurry layer and a zero
temperature was used on both the slurry injection and pad bottom areas. Thermal
insulation was used for other areas. The parameters of the heat equations for each layer
are summarized in Table 1. For the simulation, a wafer pressure of 5 PSI, a rotation rate
of 150 RPM, a COF value of 0.4, and a slurry flow rate of 50 cc/min were used.

Figure 6.16: Thermal model geometry.
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Table 6.1: Thermal parameters for the thermal model.
Parameters

ρ (kg/m3)

Cp (J/kgּK)

κ (W/mּK)

Pad

700

1700

0.1

Slurry

1000

4180

0.6

Cu

8700

385

400

Si

2330

700

163

Adhesive Film

1300

2500

0.06

Quartz

2200

703

1.38

The simulated temperature on the copper wafer surface is shown in Fig. 6.17. The
simulation indicated that the temperature increased gradually in the radial direction. The
temperature at the wafer edge was 12 °C higher than the wafer center. The simulation
also shows that the temperature increased rapidly at the wafer center and plateaued from
the middle to the edge of the wafer. This trend is believed to be due to the high thermal
conductivity of copper. Equations 6.2 and 6.3 indicate that the heat source flux for the
heat equation is a function of the applied pressure and sliding velocity. The sliding
velocity increased linearly in the radial direction due to the axisymmetry of the polishing
system, thus leading to a significant temperature rise at the wafer edge. Copper possesses
a relatively high thermal conductivity, such that the back-thermal diffusion (e.g., edge to
center) could happen when a temperature gradient is present on the copper surface.
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Figure 6.18 shows the simulated temperature on the land area of the pad surface, which

0

Y (m)

0.05

also increased in the radial direction.

0

X (m)

0.05

Figure 6.17: Simulated temperature on the copper wafer surface.
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Figure 6.18: Simulated temperature on the pad surface. (a): Location of the land area on
the pad surface. (b): Simulated temperature on the selected land area.
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6.2.4. Stain Model
The governing equation for the stain model is presented in Eq. 6.5,

∂cs v v
+ V ⋅ ∇ c s = ∇ ⋅ ( D∇ c s ) .
∂t

(6.5)

The model was solved to generate pad staining through simulation using the velocity
field, which was found by solving the Navier-Stokes equations, as the advection term. In
addition, the simulated temperature was used for boundary conditions to find the
concentration of stain-producing by-product on the copper and produce the stains on the
pad surface.
The geometry and boundary conditions for the stain model are illustrated in Fig.
6.19. Previous experimental results suggested that mechanical removal was necessary for
pad staining to occur. For systems in which copper polishing is described by a two-step
chemical-mechanical model, the flux of mechanically removed surface oxide from the
wafer surface into the slurry is,

v
D ox ∇c ox ⋅ n =

k1 k 2
k1 + k 2

,

(6.6)

241

where cox is the concentration of stain-producing by-product in the slurry, Dox is the

v

diffusivity, n is a unit normal vector to the wafer surface, and k1 , k 2 are the rate
constants for the copper surface oxidation rate and mechanical removal rate of the oxide,
respectively. The individual rates are

k1 = A exp( − E / kT ) ,

(6.7)

k 2 = c p µ k pV ,

(6.8)

where A, cp are empirical constants, E is the activation energy of the rate limiting
chemical step, p is the applied polishing pressure and T is the reaction temperature on the
copper wafer surface. The removal rate model parameters A, E, and cp for Eq. 6.7 and 6.8
were extracted using data from a previous copper polishing experiment performed with
the same tool and slurry. The extracted values for the model parameters were E=0.65 eV,
A=3.69x107 moles/m2-sec, and cp=2.28x107 moles/J. The oxidation depends on the

reaction temperature, which was derived from the heat equation. Equation 6.9 is a
boundary condition for advective transport of the staining agent in the slurry,

∂cox
∂t

v
+ V f c ox

= ∇ ⋅ ( Dox ∇c ox ) ,

(6.9)
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where V f is the slurry velocity field from the Navier-Stokes equations. The staining agent
is assumed to be deposited on the pad according to a first order reaction with rate
constant (ks),

v
− Dox ∇c ox ⋅ n = k s c ox .

(6.10)

Note that color saturation should occur as the thickness of the stained layer increases.

Flux on copper surface
/ 1(k
+k
- Above land area: k1×k
1 +k
1× 2k/2 (k
2) 2 )
- Above grooves: 0

Periodic condition

Land
pad surface
k4×Con
- Flux:area
s
- Flux: ks× Cs

Injection area
- Concentration: 0

Convection flux

Groove area on pad surface
- Flux: k4s×Cs

Figure 6.19: Boundary conditions for the stain model in an XY-groove pad.
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Figure 6.20: Simulated pad staining concentration on the pad surface. (a): Location of the
land area on the pad surface. (b): Simulated pad staining concentration on the selected
land area.
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Figure 6.20 shows the concentration of the simulated stain on the land areas. The
simulation indicates that the concentration was not uniformly distributed on the land
areas and increased in the direction of wafer rotation. It is believed that the staining
agents generated on the copper wafer surface were advected downstream by the slurry
flow and deposited on the pad surface. In Fig. 6.20, the order of pad staining
concentration on the land areas was the same, despite increasing concentration in the
wafer direction. It may be possible that the rate constant (ks) is an important factor in
depositing staining agents on the pad surface. Further investigation may clarify
characterization of the rate constant (ks).

6.2.5. Comparison between Experimental and Simulated Pad Staining
An important factor of this study was the development of a stain model that could
generate simulated pad staining which was consistent with experimental pad staining.
The details of the experimental results are described in section 6.1. Figure 6.21 shows the
comparison between experimental and simulated pad staining images at nearly identical
pad locations. For the experimental pad staining image, copper wafers were polished for
5 minutes at a wafer pressure of 5 PSI, a rotation rate of 150 RPM and a slurry flow rate
of 50 ml/min. For the simulated pad staining image, the identical polishing conditions
were applied for simulation, except for a time parameter. More specifically, a steady state
condition was used instead of a time-dependant condition.
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Figure 6.21: Comparison of simulated and experimental pad stains patterns. (a):
Simulated pad stains. (b): Experimental pad stains. The white arrows indicated the
direction of wafer rotation.
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As shown in Fig. 6.21, both experimental and simulated pad staining images
indicate that the stains were not uniform on the land areas and pad staining was increased
in the direction of wafer rotation. In section 6.1, it was described that pad staining was a
result of material removal and stain-producing by-products were advected downstream by
the slurry flow, and then finally deposited on the pad surface by chemisorption. A similar
trend was observed on the simulated pad staining image. The streamlines of simulated
slurry flow, as depicted in Figs. 6.14 (b), showed that slurry flowed in the direction of
wafer rotation due to the wafer motion and shear flow, as seen in Fig. 6.15 was also
observed between the pad and the wafer in the slurry layer. These results suggest that
mechanically removed stain-producing by-products from the wafer surface were advected
in the direction of wafer rotation due to the slurry flow and deposited on the pad surface,
thus leading to more pad staining in the direction of wafer rotation on the land area.
Therefore, it is believed that the developed stain model incorporating slurry velocity and
thermal models can effectively generate the stains on the pad surface by simulation, and
simulated stain images are in qualitative agreement with the experimental results.

6.1.1.

Conclusions
A stain model incorporated with the incompressible Navier-Stokes and the heat

equation was developed to numerically produce pad staining. In addition, a two-step
chemical-mechanical model was used to determine the source flux for stain-producing
agents on the copper wafer surface. Shear flow on the land areas and wafer-driven
circulation in the grooves were observed on the simulated slurry velocity. A thermal
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model predicted a 12 °C rise in the reaction temperature on the copper wafer surface and
the temperature increased in the radial direction. The results of stain model simulation
showed that the concentration of the stains on the land areas increased in the direction of
wafer rotation. Simulated stain images were qualitatively consistent with experimental
results.
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CHAPTER 7 – CONCLUSIONS AND FUTURE WORK

7.1.

Conclusions
A series of investigations were performed during the course of this work in order

to understand the fundamental characteristics of CMP, as well as, to provide possible
solutions for the modern CMP challenges that will continue to arise as IC technology
advances. The major conclusions of each study are presented below;

•

Pad Flattening Ratio, Coefficient of Friction and Removal Rate Analysis
during Silicon Dioxide Chemical Mechanical Planarization (Section 3.1)

The PFR tool was used as a novel non-destructive pad surface analysis tool to
investigate the pad surface under the ex-situ diamond disc conditioning, ex-situ
high pressure micro jet (HPMJ) conditioning and no conditioning schemes during
silicon dioxide CMP. Results showed that PFR increased rapidly to about 40%
under no pad conditioning, indicating the pad was flattened or glazed quickly
during the polishing process. Under the ex-situ diamond disc pad conditioning,
the PFR remained below 5% after 37-wafer polishing and increased to about 12%
at the end of 50-wafer polishing, suggesting a relatively rough and stable pad
surface during polishing. PFR under the ex-situ HPMJ pad conditioning increased
gradually and stabilized at a value of about 23%, generating a surface that was
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less rough than that generated by the diamond disc. Real-time friction force was
measured during polishing and the general trend showed that the coefficient of
friction was inversely proportional to the PFR value. When the PFR value was
less than 10%, the ex-situ diamond disc and HPMJ pad conditioning gave a higher
silicon dioxide removal rate compared with no pad conditioning, suggesting that
the extent of pad flatness and glazing was not the only factor to affect removal
rate in this region. When the PFR value was larger than 10%, the removal rate
decreased linearly with PFR, indicating the extent of pad flatness and glazing had
a dominant effect on removal rate. A linear relationship was observed between the
silicon dioxide removal rate and the coefficient of friction, which was consistent
with the previous studies on the interlayer dielectric CMP using differently
grooved pads. The PFR technique provided a good qualitative measure of the
extent of flatness and glazing of the pad surface.

•

Development of a Pad Conditioning Method for ILD CMP using a High
Pressure Micro Jet System (Section 3.2)

Diamond conditioning was compared to HPMJ conditioning, through a series
of ILD CMP marathon tests. Results indicated that diamond conditioning alone
was effective in causing removal rate and COF stability during extended runs, but
it could not clean the slurry residues and other by-products from the surface of the
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pad (especially inside the grooves). On the other hand, HPMJ conditioning was
able to effectively clean the pad surface, yet it did not provide enough energy to
abrade the surface of the pad and maintain constant removal rate and COF during
extended polishing. Based on these findings, a new pad conditioning method
based on a combination of diamond and HPMJ conditioning was proposed.
Results showed that this new method allowed for stable polish results in terms of
removal rate and COF during extended marathon runs and also yielded
substantially residue-free surfaces which could potentially cause an increase in
pad life and a reduction in wafer-level defects.

•

Thermal, Tribological, and Removal Rate Characteristics of Pad Conditioning
in Copper CMP (Section 3.3)

A series of comparative 50-wafer marathon runs were performed to
investigate HPMJ pad conditioning as an alternative to diamond disc conditioning
for copper CMP on IC1000™ and UNIPAD™ pads. Relatively stable COF and
removal rate values were achieved with both diamond and HPMJ conditioning of
the UNIPAD™. However, with IC1000™, COF and removal rate decreased
significantly with HPMJ conditioning and was somewhat unstable with diamond
conditioning. Differences in pad wear rate and insufficient asperity recovery
issues associated with IC1000™ were speculated as the causes of removal rate
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instability. Results also indicated good correlations between temperature and COF
as well as COF and removal rate.

•

Characterization of Slurry Residues in Pad Grooves for Diamond Disc and
High-Pressure-Micro-Jet Pad Conditioning Processes (Section 3.4)

Removal of dyed slurry residues inside pad grooves under different pad
conditioning methods using a UV-Enhanced Fluorescence (UVEF) technique was
investigated. Results indicated that intentionally built-in dyed slurry residue inside
pad grooves was removed after 60 seconds of conditioning using HPMJ pad
conditioning method. However, it took 120 seconds to remove the dyed slurry
residue inside the pad grooves with diamond disc conditioning. Therefore, the
removal efficiency of dyed slurry residue inside pad grooves was two times faster
with HPMJ pad conditioning than with diamond disc conditioning, implying that
it had greater potential to improve pad life and reduce wafer-level defects.

•

Causal Analysis of Conditioner Design Factors on Removal Rates in Copper
CMP (Section 4.1)

Experiments were confirmed a key a priori qualitative prediction, namely that
for a fixed grit size, pad surface abruptness, COF and copper removal rate all
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decrease as the conditioning load increases. Using empirical parameters from
previous experiments with the same slurry, and applying optimization only to the
parameters that were indicated to vary with conditioning (β and µk), solid
quantitative agreement was obtained with the measured friction coefficients and
rates using measured values of λ, κ s and η 1s / 2 . Variations between grit sizes were
1
accounted for partly by differences in the extracted parameters µ visc
and β1 and

partly by measured differences in asperity density and curvature. It was shown
that a causal connection involving pad surface abruptness was traced theoretically
between a conditioner design feature (grit size) and operating mode (load) and the
resulting copper removal rates and friction coefficients. It was believed that the
theory and methodology could be beneficial for investigating other conditioner
design features as well.

•

Diamond Conditioner Wear Characterization for Copper CMP Process (Section

4.2)

Conditioner wear, copper polish rates, pad temperature and coefficient of
friction (COF) were measured for two novel Mitsubishi Materials Corporation
designs during an extended wear and polishing test. Both designs were coated
with a Teflon film to reduce substrate wear and chemical attack. The changes in
the coating that resulted in gradual changes in diamond exposure were
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successfully measured using optical interferometry. Theories of the COF,
conditioning, and polishing were applied to explain the observed performance
differences between the designs. After 30 hours of testing, there was no indication
of a decline in performance. For the TRD design, the coating not only reduced the
overall COF but also provided a mechanism for gradually exposing more
diamonds to the pad.

•

Study of Inhibition Characteristics of Slurry Additives in Copper CMO Using
Force Spectroscopy (Chapter 5)

Results demonstrated that the inhibition efficiency of ADS was superior to
that of BTA. COF obtained from a frictional force measurement was the lowest
when the slurry contained ADS. This suggested that adsorbed ADS on the surface
of the wafer and/or the pad provides lubricating action thereby reducing the wear
between the contacting surfaces. ADS-containing slurry showed the lowest
temperature rise again confirming the softening effect of the adsorbed surfactant
layer, thereby resulting in less energy dissipation due to friction. Spectral analysis
(in frequency domain) of the shear force data was employed to determine the
inhibition of the additives in the slurry. It was noticed that increasing the padwafer sliding velocity at constant wafer pressure shifted the high frequency
spectral peaks to lower frequencies and also increased the variance of the
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frictional force at the pad-wafer interface. Addition of ADS reduced the
fluctuating component of the shear force and the extent of the pre-existing stickslip phenomena caused by the kinematics of the process and collision event
between pad asperities with the wafer. By contrast, in the case of BTA, there were
no such observed benefits but instead undesirable effects were seen in some
polishing conditions. This work underscored the importance of real-time force
spectroscopy in elucidating the adsorption, lubrication and inhibition of additives
in slurries during CMP.

•

Investigation of Pad Staining and Its Effect on Removal Rate in Copper CMP

(Section 6.1)

Experiments were performed to characterize the formation of stains on the pad
surface and their effect on removal rate. It was determined that staining agents
were produced by mechanical action during polishing and then were advected
downstream by slurry flow and deposited on the pad surface. A higher material
removal rate produced darker stains on the pad surface. Stains had no significant
effect on the removal rate drop. The latter was believed to be due to changes in
pad surface morphology. Additionally, staining patterns on the pad surface were
significantly affected by hydrodynamic pressure.
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•

Numerical Formation of Pad Stains in Copper CMP (Section 6.2)

A stain model incorporated with the incompressible Navier-Stokes and the
heat equation was developed to numerically produce pad staining. In addition, a
two-step chemical-mechanical model was used to determine the source flux for
stain-producing agents on the copper wafer surface. Shear flow on the land areas
and wafer-driven circulation in the grooves were observed on the simulated slurry
velocity. The thermal model predicted a 12 °C rise in the reaction temperature on
the copper wafer surface and the temperature increased in the radial direction. The
results of stain model simulation showed that the concentration of the stains on
the land areas increased in the direction of the wafer rotation. Simulated stain
images were qualitatively consistent with experimental stain patterns.
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7.2.

Future Work

Given the variety of work conducted in this dissertation, several future studies are
being proposed for consideration as follows:

•

High Pressure Micro Jet Technology

Pad conditioning is an essential process for maintaining rate stability in CMP.
However, it must be noted that diamond disc conditioner cannot be applied to soft
pads, such as Politex, since diamond disc pad conditioning is too aggressive.
Traditionally, brushes have been used as conditioning device for soft pads, but
pad life has become issue. Alternatively, HPMJ pad conditioning can possibly be
used to condition these kinds of pads in order to re-establish pad asperities and
remove polish by-products on the pad surface by spraying high-pressure water
droplets onto the pad to slowly wear and refresh the pad while simultaneously
cleaning the surface of slurry residues and other embedded particles. In addition,
HPMJ technology can be investigated as an alternative to post-CMP brush
scrubbing. After CMP, wafers are sent to brush scrubbing to remove any foreign
particles adsorbed on the wafer surface. HPMJ can spray high-pressured solution
onto the wafer surface to remove particles without any mechanical contact, thus
possibly leading to a decrease in wafer defects.
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•

Novel Diamond Disc Designs

The pattern of diamond distribution and the general shape of the diamond on a
conditioner are important factors to consider for conditioner design. Through
causal analysis it was shown that conditioning involving pad surface abruptness
affected the material removal by way of the coefficient of friction. The knowledge
gained from the research in this dissertation can be applied for investigating other
conditioner design features to optimize the diamond layout and operating
conditions in order to achieve optimal polishing performance and longer pad life.

•

Investigate the Effect of Diamond Disc Designs on Slurry Film Thickness

Slurry film thickness plays an important role in determining material removal,
COF, pad temperature, and reaction temperature on the surface of the wafer. The
non-intrusive Dual Emission UV-Enhanced Fluorescence (DEUVEF) technique
has provided an efficient method to measure fluid film thickness. Diamond disc
pad conditioning can refresh pad asperity during CMP and the distribution of pad
asperities, as shown in section 4.1, is significantly affected by the diamond grit on
a conditioner and the applied down force on the conditioner. Pad asperity is
closely related to slurry film thickness under the wafer. Therefore, slurry film
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thickness is expected to change with diamond disc designs and operating
parameters, and these changes can be quantified by the DEUVEF technique. As
wafer size increases, slurry film thickness becomes a more important factor due to
the need for uniform slurry and temperature distribution across the wafer.

•

Investigate the Effect of the Stains on Wafer Defectivity, the Friction Force and
the Temperature

Formation of stains on the pad by experiment and simulation, and its effect on
removal rate has been well-established in this dissertation. However, due to
limited capabilities at IPL, the effects of the stains on wafer level defects and
friction force were not analyzed in this dissertation. Also, since friction force is
closely related to temperature rise, real time information on COF will further the
understanding of the effects of the stains on the CMP process. In addition, the
composition of slurry chemistry, which causes the stains to occur on the pad
surface, was not specifically investigated in this study. Besides this, additives such
as chelating agents may be able to prevent the stains from generating on the pad
surface during CMP.
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