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ABSTRACT

Baisie, Emmanuel Ayensu. MODELING, SIMULATION, AND OPTIMIZATION OF
DIAMOND DISC PAD CONDITIONING IN CHEMICAL MECHANICAL
POLISHING. (Major Professor: Dr. Zhichao Li ), North Carolina Agricultural and
Technical State University.

Chemical Mechanical Polishing (CMP) is a major manufacturing step extensively
used to planarize and smooth silicon wafers upon which semiconductor devices are built.
In CMP, the polishing pad surface is glazed by residues as the process progresses.
Typically, a diamond disc conditioner is used to dress the pad to regenerate newer pad
asperity and a desired surface profile in order to maintain favorable process conditions.

Conditioner selection and the determination of the optimal conditioning parameter
values to yield a desired pad surface still remain difficult problems. Various analytical
process models have been proposed to predict the pad surface profile. However, not
much work has been done concerning the incorporation of conditioner and pad design
features in these analytical models. This research sought to address the concern about the
lack of models that are reliable enough to be used for verification and optimization of the
process.

In this research, two kinematic models were developed to predict the pad surface
profile due to conditioning. One model was developed using a surface element approach
and the other by characterizing the diamond disc conditioning density distribution. Three
metrics; Total Thickness Variation, Bow, and Non-Uniformity, were defined and utilized
to evaluate the resulting pad surface profile characteristics. Experimental data confirmed

that both models were able to simulate the kinematics of diamond disc pad conditioning



and accurately predict the pad surface profile. However, a slightly skewed deviation of
the simulation results corroborated the suspicion that, deformation of the microporous
pad could affect the pad surface profile.

Thus, a 2-D image processing procedure was developed to characterize the
morphological and mechanical properties of microporous Class-1ll CMP pads. Pad
characterization data was incorporated into a 2-D axisymmetric quasi-static finite element
model to investigate effects of process parameters such as stack height, pad stiffness, and
conditioning pressure on the pad deformation with enhanced fidelity. Simulation results
were consistent with literature and showed that the pad profile was affected by
deformation due to conditioning.

Since the conditioner design also has a significant effect on the pad conditioning
process, a new metric to evaluate the pad surface texture generated by a specific
conditioner design was developed. The metric was applied in a genetic algorithm (GA) to
optimize conditioner design parameters including geometric arrangement of diamonds,
grit density and disc size. The GA model was able to find design parameter values that

produced better CMP pad surface textures.
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CHAPTER 1

INTRODUCTION

1.1 Semiconductor Industry Trends and Challenges

Today, semiconductor devices are pervasive in a wide range of industries
including computers, communications, aerospace, manufacturing, agriculture, and
healthcare. Semiconductor manufacturing technologies are essential to the success in the
production of next-generation integrated circuits (IC) (Texas Semiconductor Industry
Report, 2007). These enable harnessing of information technology by creating improved
components for computing systems and also better interface devices for human-computer
interactions. From its inception around 40 years ago, the industry has grown to become
very large, with billions of dollars (over $20 billion in 2010 (Wilson, 2011)) invested in
only its research and development (Ballhaus et al.,, 2009). The importance of the
semiconductor industry today lies in the fact that it is so intensively present in everyone’s
life.

Microfabrication (originally based on structuring the surface of silicon) remains
the basic manufacturing technology of the semiconductor industry. The semiconductor
business model has been driven by “Moore’s Law” which predicts that the number of
transistors the industry would be able to place on a computer chip would double every
two years. While originally intended as a rule of thumb in 1965, it has become the

guiding principle for the industry to deliver ever-more-powerful semiconductor chips at



proportionate decreases in cost. A report by Price Waterhouse Coopers (Ballhaus et al.,
2009) states that companies would continue to carry out R&D focusing on even smaller
feature sizes, more functionality per chip, lower power consumption and less expensive
production .

The International Technology Roadmap for Semiconductors (ITRS) provides
further details on perspectives and challenges for the future (ITRS Roadmap Committee,
2010). Currently, system solutions are sought to develop new industries and applications,

and increase productivity in existing ones (Daane, 2010).

1.2 Research Scope

The manufacturing process for semiconductors is typically divided into two parts:
front-end and back-end (Li, 2008). The front-end manufacturing stage of the process is
responsible for creating the finished die. The progressively decreasing feature size of
circuit components has tremendously increased the need for global surface planarization
of the various thin film layers that constitute the integrated circuit (IC). Chemical
mechanical polishing (CMP) is the planarization method that has been selected by the
semiconductor industry today (Zantye et al., 2004). Presently, CMP provides a
technological advantage in front-end process modules such as shallow trench isolation
and polysilicon polish as well as back-end-ofline (BEOL) processing. CMP’s ability to
planarize, smooth surfaces and achieve high selectivity provides a significant advantage

over competing technologies (Li, 2008). There are sixteen active International Technical



Working Groups (ITWGs) as part the ITRS effort to define the near and long term

technology requirements for the semiconductor industry as well as the description of

potential technical solutions to meet these needs. As shown in Table 1.1, out of the

sixteen, this research work falls in the area of modeling and simulation of front-end

manufacturing processes, specifically CMP.

Table 1.1.

Scope of research work within ITRS (Adapted from Wolfgang,

2002)

< Crosscut ITWGs >
Environment Metrolo Yield Modeling &
& Safety 9y Improvement | Simulation

System Drivers

Design

Test & Test Equipment

Process Integration

RF & A/MS Technologies

Focus

Emerging Research Devices

ITWGs

Emerging Research Materials

Front-End Processes

Lithography

Process Integration

Assembly and Packaging

Factory Integration

1.3 Chemical Mechanical Polishing

Chemical Mechanical Polishing (CMP) is a final major manufacturing step

extensively used in semiconductor fabrication for flattening semiconductor wafers to

obtain mirror surface finish. In 2011, the CMP pad market yielded $626 million while the



slurry market totaled $1.0 billion, and is forecasted to grow 7.0% in 2012 and exceed
$1.3 billion by 2016 (Shon-Roy, 2012). CMP is still considered the leading planarization
technology for current and future manufacturing (Dornfeld, 2010).

There are various types of CMP machine configurations. A basic design of CMP
machine consists of a single or multiple wafer carriers with a retaining ring and a rotating
polishing pad mounted on a rotatable platen. The wafer is held in the rotating carrier and
a down force is applied to press the wafer against the pad as shown in Figure 1.1.

The CMP material removal mechanism involves a special combination of
chemical and mechanical forces (Hooper et al., 2002). First, corrosive slurry containing
fine abrasive particles is released onto the porous pad and attacks the wafer to chemically
weaken it. This step allows the mechanical action involving a three-body contact motion
of pad, abrasive and wafer under an applied pressure to easily facilitate material removal.
(Zantye et al., 2004, Philipossian and Olsen, 2003, Bozkaya, 2009). For further reading
on CMP, Zantaye (2004) presents an overview of the CMP process in general and Li
(2008) summarizes the state-of-the-art research advances in CMP technology in his book
“Microelectronic Applications Of Chemical Mechanical Planarization”. Another review
by Krishnan (2009) focuses mainly on the physicochemical processes that are associated

with CMP.
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Figure 1.1. Chemical mechanical polishing process

1.4 Research Motivation

During the CMP process, slurry and debris removed from the wafer and the pad
“glaze” the surface of the polishing pad and make the pad surface slick. In the absence of
a pad regeneration process, it will lead to degradation of the pad surface. Therefore,
conditioning is used to regenerate the pad surface by breaking up the glazed areas. A
diamond disc conditioner is often used to “condition” the pad to regenerate new pad
asperity and desired surface profile in order to maintain favorable process conditions
(Zantye et al., 2004). As shown in Figure 1.2, diamond disc conditioning plays a key role

in maintaining removal rates (Lee and Yoon, 2008), within-wafer non-uniformity



(WIWNU) and extending the life of the pad (Pei-Lum et al., 2009, Charm and Tam,
2006, Dyer and Schlueter, 2002). Zhou et al. (2008) reported that material removal rate
(MRR) can be maintained at the same level and WIWNU can be improved with proper

pad conditioning.
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Many researchers have studied the relationship between the diamond disc pad
conditioning and the CMP process in several aspects and various useful analytical models
have been developed and validated. Pad conditioning models are functional in describing
the evolution of pad surface characteristics such as roughness, MRR, profile/wear
distribution and the effect of conditioning on the pad properties, and pad life. These
models can be used to provide guidance for matching consumables to obtain desired

polishing objectives, CMP process control, and improving process reliability and yields .

1.5 Technological Trends/Challenges

Based upon a comprehensive literature review, conditioning process has
developed to an advanced stage where all dimensions are highly controlled (Baisie et al.,
2009). Currently, pad conditioning faces constant challenges in the design,
characterization, and evaluation of consumables towards meeting the demands of the
ever-competitive global semiconductor manufacturing environment. Singh et al. (2011)
have discussed succinctly the next generation CMP pad conditioning challenges and
objectives. Their remarks are explained as follows.

1. The increasing intensity, complexity and changing requirements of next-generation
CMP processes (recently 15 CMP steps in 180 nm Logic device and 32 steps in a 32
nm Logic device) demands more stringent specifications, smaller technology nodes
and thinner wafers. Its emerging applications also call for new and tunable

consumables and unique metrology requirements.



2. Currently, CMP consumables/system suppliers and end users are more interested in
collaboration in the form of joint development and evaluation of new consumables.
This collaboration is geared towards reducing CMP Cost of Ownership (CoO)
through  extended pad and conditioner lifetime and  minimizing
development/optimization time and repetition of efforts.

3. The pad conditioner’s performance must be optimized not only for maintaining
desired pad morphology but also for preserving device yield, reducing defectivity and
enhancing process stability throughout pad’s lifetime. This calls for significant
cleanliness (extractables and particulate) improvements, and more stringent control of

abrasive features/contacts size and shape distributions and diamond bond.

1.6 Research Gaps

Despite the fact that many researchers have investigated the diamond disc
conditioning process with emphases on pad surface asperities, deformation, conditioning
rate, conditioner life, and others, the determination of the necessary parameter values to
yield an efficient pad dressing has not been investigated extensively. From a practical
view-point, it has become more evident that, the individual models alone provide limited
information to provide advice on maintaining high process efficiency. There is a school
of thought that, as of now, most of the available models are not reliable enough to be
used for verification of current processes or optimization of future processes (Dornfeld,

2010). The research gaps are discussed below.



Conditioner Design: Because requirements for the performance of CMP conditioners
have diversified it is important to select conditioner design to match applications
based on factors such as the CMP pad type and wafer size. Diamond disc design
parameters impact conditioner performance in CMP. However, not much work has
been done concerning the incorporation of relevant conditioner design features in the
mathematical models. Opportunities exist to advance this knowledge.

Finite Element Modeling: A set of investigators have used the Finite Element
Analysis (FEA) approach to model the interactions between the pad, wafer and
abrasive particles to predict CMP performance. This powerful computational
approach allows for 3-D geometries and more detailed representation of physical
characteristics and mechanics of the process elements in the model. However, none of
the available FEA modeling reports considers the conditioning aspects and its effects
on the process. Future work could concern FEA of the conditioning process, further
improving conditioner disc design, and advancing process optimization at a scale
consistent with current requirements.

Multi-scale Model Integration: Currently, there is a call for models to be able to
address wafer, die, and feature scale issues in a more integrated fashion and provide
feedback to designers so that circuits can be designed for easy manufacturability and
high yield. From the review of literature on conditioning, many avenues exist for the
optimization for a stable and efficient process at current scales. A more

comprehensive analytical model that integrates all the key operational factors needs



to be developed. Models should be linked to both up-stream as well as down-stream

processes to allow series process improvement.

1.7 Research Objectives

The aim of this research is to improve the current understanding of the diamond
disc pad conditioning process in CMP to ensure more reliable verification of current
processes and optimization of future processes.

The following objectives are intended to capture this overall aim: (1) to develop
analytical models to simulate and predict the pad surface profile resulting from diamond
disc conditioning; (2) to characterize the pad structure geometrically and develop a finite
element model to simulate the pad’s mechanical response to conditioning forces; (3) to
evaluate effects of pad conditioning parameters on pad surface characteristics and
conditioning uniformity; (4) to develop a set of metrics to adequately measure
conditioning performance and optimize conditioning uniformity; and (5) to develop a

model to optimize the conditioner design.

1.8 Research Approach

An initial step was to research, develop, and validate mathematical models that

captured the relevant process parameters involved in the diamond disc pad conditioning

process. One hypothesis was to ascertain if a set of process input variables had a
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significant effect on performance variables. This allowed a systems engineering approach
to be used to optimize the conditioning process. Here, the question that was addressed
was: at what levels are parameters - identified to be significant - more relevant to the
performance attributes?

One major roadblock to completing the proposed study was access to equipment
for an experimental setup to validate developed models. The approach proposed to
overcome this was to consider using equipment of another institution or company that is
involved in CMP. However, this was accompanied by many difficulties. Alternatively,
data was obtained from available peer reviewed publications about experimental work on

pad conditioning in CMP.

1.9 Outline

Following Chapter 1, Chapter 2 presents a thorough literature review on diamond
disc pad conditioning in CMP which discusses technical challenges and perspectives. The
review vyields a classification of conditioner design features, process control and
analytical models of diamond disc pad conditioning.

In Chapter 3, a surface element method is proposed to develop a mathematic
model to predict the pad surface profile resulted from diamond disc conditioning. The
mathematic model is validated by published experimental data and utilized to investigate

the effect of conditioning parameters on pad surface profile.
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A different approach based on conditioning density distribution is developed in
Chapter 4 to predict the pad surface profile resulted from the diamond disc conditioning
in CMP. Here, conditioner design is considered and the resulting conditioning density
distribution is correlated with the wear of the polishing pad and compared with
experimental data.

In Chapter 5, a 2-D image processing procedure is developed for the
characterization of the morphological and mechanical properties of CMP pads. A sample
pad is characterized and incorporated into a 2-D axisymmetric quasi-static FEA model to
investigate effects of process parameters (pad stiffness, and conditioning pressure) on the
pad deformation.

Chapter 6 describes how the conditioning density model developed in Chapter 4 is
further applied in a genetic algorithm to optimize the conditioner design parameters
(including geometric arrangement of diamonds, grit density and disc size) towards
optimization of the pad conditioning process.

In Chapter 7, a recap of the major findings of the research is provided and

recommendations for future research are made.
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CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

This chapter contains a thorough literature review of recent research work on
diamond disc conditioning in CMP. Various analytical models developed for diamond
disc pad conditioning in CMP are summarized and compared in a format suitable for
quick reference. Section 2.2 briefly introduces a technical background about the diamond
disc conditioning process. Diamond disc conditioner development (including design and
manufacture) is introduced in Section 2.3. Conditioning process control and pad surface
measurement and evaluation are acknowledged in section 2.4. Section 2.5 describes the
theories of the process mechanism and presents a review of various analytical models.
Technical challenges are discussed and the objectives and research plan of this research

are proposed in sections 2.6, 2.7 and 2.8 respectively.

2.2 Diamond Disc Pad Conditioning

During CMP, the pad surface pores can be clogged by removed wafer material,
abrasive grits, and chippings from the pad itself (Zhou et al., 2008). At the same time, the
pad surface asperities needed to hold the abrasive grits are diminished. This leads to a

deterioration of removed material transportation, poor chemical-mechanical action and
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eventually, to low MRR, high WIWNU, high wafer-to-wafer non-uniformity (WTWNU)
(Zhou et al., 2008), and high cost of ownership (Tso and Ho, 2004). Pad conditioning is
introduced to regenerate new pad asperity and maintain desired surface characteristics.
Established conditioning methods include the utilization of high pressure water jet (Seike
et al., 2005, Seike et al., 2006), wire brush (Jeong, 1999), vacuum (Breivogel et al.,
1993), and ultrasonic vibration (Seo et al., 1999). The choice of each method depends
upon the nature of pad being conditioned (Li, 2008). Today, diamond disc conditioning is
the most widely used method for pad conditioning in wafer fabrication facilities (Lujan,

2006). Figure 2.1 shows a display of industrial diamond disc conditioners.

Figure 2.1. Typical diamond disc conditioners (Photo: Courtesy of Abrasive
Technology)

During the conditioning process, the conditioner rotates and sweeps back and
forth radially or in a semi-circular manner (Lee et al., 2009)) across the pad as was shown

in Figure 1.1. Conditioning takes place either during polishing termed “in-situ” (Sung and
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Kan, 2006) or between polishing operations termed “ex-situ”(Fukushima et al., 2001). A
study by Fukushima et al (2001) has shown that higher removal rates and better planarity
can be expected for in-situ conditioning. In-situ conditioning also allows better
throughput and real-time process control with respect to maintaining stable pad surface
properties(Fukushima et al., 2001). The governing principle of pad conditioning is to
introduce friction between the polishing pad and the diamond disk, which characterizes a
two-body abrasive wear mechanism. As illustrated in Figure 2.2, the diamond abrasives
embedded on the disk create microscopic cuts or furrows on the pad surface to
continually regenerate new pad surface and asperities. At the same time, they remove the

glazed or accumulated particles on the polishing pad surface.

iamond
asives

etal body

(@)

Metal body

Pad pores Pad asperity

(b)
Figure 2.2. Illustration of (a) diamond disc conditioner face, and (b) interaction
between the conditioner and the pad
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The conditioning unit assembly, which is attached to the CMP machine, typically
consists of a conditioner, a conditioner head, a directional arm, a connecting arm, and an
arm drive mechanism as shown in Figure 2.3 (Skocypec et al., 2007). During operation,
the conditioning assembly moves over the pad surface whilst maintaining a desired
contact force between the conditioner and the pad surface. A computer may be
programmed to generate a unique movement of the conditioner such that its velocity

varies to compensate for locations of interest on the polishing surface (Jackson et al.,

1995).
. Conditioner
Directional < — head
o -
Connecting Conditioner

arm D, i

) | (
A : g
rm drive — | \3\

mechanism —~ Polishing

pad
7777777777777 Platen

Figure 2.3. Conditioning unit assembly (Adapted from Skocypec, 2007)

2.3 Development of Diamond Disc Conditioner

2.3.1 Evolution
Over the last two decades, the geometry, material, and manufacture of diamond

disc conditioners have evolved significantly. Notable stages of this transition are
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presented in Figure 2.4. Brievogel et al. (Breivogel et al., 1993) invented an initial pad
conditioning device in which a flat block holds several diamond tipped stainless steel
rods. The rods are threaded into a block and can be manually adjusted to a desired
position. This device introduces local compression on the pad and since there are only a
few diamond tips, the effective conditioning area is limited (Benner et al., 2003).
Furthermore, it has neither an effect on the removal of process fluid streams nor on active
cleaning of pad (Benner et al., 2003). In later developments such as the abrasive disc
described by Jackson et al.(Jackson et al., 1995), diamond grits were more often used as
the abrasive particles because of its wear resistance, chemical inertness and reduced
propensity to contaminate the pad or wafer (Benner et al., 2003). To overcome the initial
shortcomings, another device was proposed to employ a larger diameter metal disc on
which diamond abrasives are uniformly arranged and coated (Skocypec et al., 2007). In
this case, pressure applied to the diamond disc controls the depth of grooves in the pad.

In more recent developments, diamond abrasives are encapsulated by chemical
vapor deposition (CVD) to improve wear resistance among other advantages (Ohi, 2004,
Thear and Kimock, 2004a). Other advanced designs proposed by Sung et al. (Sung, 2006,
Sung, 2005, Sung et al., 2008, Sung et al., 2009),Tsai et al. (Tsai and Sung, 2009, Tsai et
al.,, 2009, Tsai, 2010a) and Forsberg et al.(2006) include electro discharging of
polycrystalline diamond (PCD) abrasives for what has been termed “Advanced Diamond
Discs” and using polymers as diamond disc base for “Organic Diamond Discs”. These
designs are characterized by high regularity of diamond shape and the promise of highly

uniform regeneration of pad asperities.
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Figure 2.4. Conditioner evolution (Adapted from Breivogel et al, 1993, Myoung et
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2.3.2 Disc Design

The main considerations that drive disc design are the need for excellent and
stable conditioning performance while obtaining the maximum pad and conditioning disc
life. The performance of CMP conditioners is characterized by diamond grit pop out,
wafer removal rate, conditioner life, and consistency of conditioners among batches (Ohi,
2004). A number of design parameters can impact conditioner performance (Li et al.,
2006, Thear and Kimock, Garretson et al., 2000). Typically, diamond size (Manocha et
al., 2010, Tsai and Sung, 2009, Sun et al., 2010, Yang et al., 2010, Thear and Kimock,
2004b), shape (Bubnick et al.), density (Hua et al., 2009), and exposure (Liao and Yang,
2009, Borucki et al., 2009, Tsai, 2010b, Andersson et al., 2005) will determine the
conditioning outcome. Table 2.1 summarizes parameters considered in disc design. Ohi,
in his discussion of trends and developments of diamond CMP pad conditioners (Ohi,
2004), suggests to select conditioner design based on the CMP pad type and the wafer
size because requirements for the performance of CMP conditioners have diversified.
2.3.3 Manufacture

Many different ways to manufacture diamond disc conditioners have been
reported (Skocypec et al., 2007, Myoung and Yu, 2004, Huang et al., 2008, Wielonski
and Peterman Jr., 2007). In one description by Wielonski (Wielonski and Peterman Jr.,
2007), diamond disc fabrication typically begins with forming a disc shaped metallic
substrate of material such as stainless steel. The stainless steel disc is then coated with a

monolayer of abrasive particles.
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Table 2.1.

Design considerations in conditioner design

Design Feature

Design Considerations

Diamond Size

Based on relatively small changes in the tail of the grit size distribution,
extreme variations in conditioner performance can result if the average
penetration of grit into pad is less than one or two standard deviations at
standard conditions.

Diamond grits (both regular and irregular) have been characterized according to
their shape parameters such as aspect ratio, convexity, and sharpness (Hwang et
al., 2007). The shape of diamond (jagged, cubic, octahedral, etc) has an effect

e .
é Diamond shape on uniformity and thoroughness of conditioning. Good diamond shape also
.‘DE allows for optimal revolutions per minute, distribution of diamonds, protrusion
and generation of force onto the polishing pad.
Diamond Protrusion distance relates to optimal depth of grooves generated into polishing
Exposure pad.
Diamond This relfeltes to the Fip a_ngle and ppsitioning of the grit. Lack of difimond
Orientation orientation results in different heights and has an effect on front side flatness
which negatively affects polishing uniformity.
Geometric GriFs may be distriputed in a random or_ unifo_rm manner. In more r_ecent
Arrangement designs, a set of grits may be arranged in a grid, annular, radial or involute
- shaped array for enhanced performance in peculiar applications.
% “Working Grit Density" is the ratio of number of grits in contact with the pad to
= the total conditioner area. Lower density results in fewer grooves. Substantial
%  Diamond grit distribution density variation in different regions of the conditioner causes
- density regions of higher density to have much lower working densities. This is due to a
more global effect on pad distortion caused by smaller inactive grits adjacent to
larger active grits which create larger grooves ahead of smaller grits.
Disc size affects disc-to-pad size ratio. Higher ratios culminate in decrease of
Disc size diamond fracture rate and more effective conditioning. Conditioners with a
relatively small disc-to-pad size ratio are classified as scan type (usually used to
condition the surface covered by wafers) (Li, 2007) .
If the conditioner substrate surface is not flat then working densities are
affected in a global fashion. As little as 40 microns of bow in a two inch
Disc front-side cgnditioner can alter the Worlfing density by as much. as 50% (Thear and
o flatness Kimock, 2004b, Thear and Kimock, 2004a). Other discs (Shimizu, 2010, Sung,
-‘Dﬁ 2007) have convex or contoured cross section aimed at reducing the friction
between the pad and conditioner for extended life and to allow slurry to reach
the center of the conditioner.
The diamond grits may be bonded to a metal substrate by electroplating,
Manuf. brazing and metal sintering. In more recent developments, diamond abrasives
methods are encapsulated by chemical vapor deposition (CVD) and electro discharging

of polycrystalline diamond (PCD).

Bond thickness

The thickness of the bond relates to diamond retention ability and tool life.
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Typically, natural diamond particles or synthetic diamonds such as cubic boron
nitride particles are preferred. These particles are distributed in a random or structured
pattern using conventional techniques. A bonding metal such as nickel is often deposited
on the diamonds to secure them to the substrate. A typical assembly of a conditioner disc

is illustrated in Figure 2.5.

Diamond

grit T 000000000000000000000000000000000000 Metallic

Bond /

material
/ i]

Figure 2.5. Conditioner disc assembly (Adapted from Wielonski, 2007)

The super-abrasive particles may be bonded to the substrate by electroplating,
brazing, metal sintering, and CVD diamond bonding. Features of common diamond
bonding methods (Park, 2005) are described in Figure 2.6. The brazing bond has become
more preferred since it forms a stronger bond between the diamond particles and
substrate. In this way, the diamond particles are less likely to loosen and fall free (pop
out) compared to electroplated conditioning discs (Wielonski and Peterman Jr., 2007).
After deposition of the particles, a holder for the substrate disc is adapted to fit the CMP

polishing machine in a conventional manner.
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Figure 2.6. Common diamond bonding methods (Adapted from Park, 2005)

2.4  Process Control

2.4.1 Diamond Disc Conditioning Process Control

Previously, the method of monitoring the CMP pad conditioning processes was by
trial-and-error. Different control parameters were changed manually by an operator to
achieve optimal conditioning (Lim and Lee, 2007). The manual operator adjustments
were based solely on operator experience. It is especially difficult to achieve good
repeatability for the conditioning process if the manual adjustment is performed by
different operators (Lim and Lee, 2007). To improve the control of the conditioning
process, studies have been performed to develop models which describe the relationship
between the control parameters and the conditioning process. These models are reviewed

and summarized in Section 5.
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Table 2.2. Process control factors (Conditioning kinematics)

Conditioning pressure is related to downforce applied to the conditioner disc. Pad
Pressure wear rate increases with the conditioning contact pressure between the diamond disk
and the polishing pad.

This is the combination of all the planar motions of the pad and the conditioner. Pad
wear rate increases with conditioning velocity. On the other hand, surface roughness
would be more rugged due to higher conditioning velocity. Wafer MRR increases
with pad speed.

Velocity

This is the time spent at each region that the disc conditions. Chen [17] stated that the
actual conditioning time is the main determinant of the amount of pad wear. Also,

Time when the conditioner stays at one region for a longer time, local pad thickness would
reduce and local conditioner contact pressure also reduces. As a result, MRR
gradually reduces with longer conditioning time.

This is described by the direction or trajectory in which the disc moves usually in
allocated regions on the pad and the frequency of sweeping oscillation. The trajectory
may be linear or semi-circular.

Sweeping
pattern

Pad conditioning is primarily a highly mechanical process. Its effects on the
polishing process are dictated by the conditioning kinematics (Table 2.2) and other
parameters such as pad temperature (Hua et al., 2009, Kim et al., 2006, Mudhivarthi et
al.,, 2006) and pad properties (Tso and Ho, 2004) listed in Table 2.3. It is worth
mentioning that automatic control of the process has been achieved through controllers
which adjust the settings of the equipment during operation (Karuppiah et al., 2006,
Fukuzawa, 2002). For a reciprocating diamond disk moving along a radial or semi-
circular trajectory within the polishing area of the polishing pad, a variation of the
conditioning parameters may be adapted for optimal conditioning of the pad. As
described by Lim and Lee (2007), the trajectory of the diamond disk may be divided into
a number of sections, and its movement speed may be varied at each section. The
diamond disk may move through the edge area of the polishing pad at a highest speed, an

intermediate area at a lowest speed, and the center area at a medium speed (Lim and Lee,
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2007). A contact pressure between the diamond disk and the polishing pad may also be
varied at each section where it may have a highest contact pressure at the edge part of the
polishing pad, a lowest contact pressure at an intermediate part, and a medium contact

pressure at the center part.

Table 2.3. Process control factors (Consumables)

Elevated pad temperatures result in improved removal rates due expanded pad
pores and better slurry transport and also good planarity and smooth surface
morphology of the pad (Hua et al., 2009, Kim et al., 2006). However it
lengthens the time to achieve steady-state, and also plays a major role in
generation of wafer defects like dishing and erosion during copper CMP process
(Mudhivarthi et al., 2006).

Temperature

Relative pad  As pad speed increases, the effective hardness of the pad increases and the

g hardness penetration depth of grit into the pad drops. This reduces the conditioning effect.
o
Soaking time Soaking time of pad significantly influences the dynamic shear modulus of pad.
of %d Also, the pad structure would become more flexible, and the removal degree of
P pad material would increase gradually.
The workpiece to be polished dictates the pH value of slurry. The intensity of
Phvalue of  the diamond grit drops with increasing alkalinity. This means that the removal
slurry degree of conditioning pad material will decrease because of the abrasion of
incisive edge of diamond grits.
If the downforce is increased and a very small fraction of grit is in contact with
Working Grit the pad, then the working grit density increases as the penetration depth
Density increases. If the working grit density increases too much, then the pad tends to
be polished rather than grooved, and the performance is reduced.
Grit Size Grit size is characterized by average cutting angle or groove width of diamonds.
This relates to depth and width of grooves generated into polishing pad.
s Disc size affects conditioner/pad ratio. Higher ratios culminate in decrease of
5 Disc Size diamond fracture rate and more effective conditioning. It is also easier to
5 achieve better pad profile with a smaller disc diameter.
c
8 Any change in contact area between the conditioner and the pad affects

conditioning. Disk chatter can create a highly variable contact area, therefore it
should be minimized by careful attention to process parameters and design of
the conditioner holder and mounting hardware.

Disk Chatter

As the diamond grit wears, the sharp edges round off first then the entire

Diamond grit  particle slowly develops a flat top with rounded edges, Conditioning can be

wear maintained at a constant rate only if the diamond particles are worn down to the
same height as the pad penetration and there is high working grit density.
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Similarly, rotational speed of the diamond disk may be varied at each section with
its highest speed at an edge part of the polishing pad, a lowest rotational speed at an
intermediate part, and a medium rotational speed at a center part (Lim and Lee, 2007).
Such methods of variation have been adapted to uniformly condition the polishing pad
and reduce costs associated with managing, maintaining, and replacing the diamond disk
(Fukuzawa, 2002).

2.4.2 Measurement and Evaluation of Pad Characteristics

Metrology plays a crucial role in enabling any type of CMP process control, and
may be implemented in different ways based on the measurement techniques used, its
location in the process flow and the type and amount of data generated. During the CMP
cycle, pad characteristics such as the thickness, Young’s modulus, and viscous properties
of the pad tend to be dynamic (Zhang et al., 2009). Therefore measurement of these
properties is very important towards understanding polishing non-uniformity and the
maintenance of acceptable WIWNU and WTWNU. Zhang et al. (2008) discuss pad

thickness and hardness measurement methods.

2.5 Process Modeling

Although the last decade has seen progress in the modeling of CMP, emphasis has

rather been placed on the physical interactions among the wafer, slurry, and pad (Chen et

al., 2000). However, there exist proven relationships between pad conditioning and the

CMP process. Various models have been proposed to describe effects of pad conditioning
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on wafer surface roughness (thickness variation), MRR, pad surface profile and pad
properties. The theory provides guidance on how to match or design conditioners to reach
desired polishing objectives, improving process reliability and yields and process control.
Such understanding is vital in semiconductor manufacture to advance cost control,
process optimization and automation.

As conditioning is primarily considered as mechanical process characterized by a
two-body abrasive wear mechanism (Krishnan et al., 2009), the classical Preston equation
(Preston, 1927) - originally used to model polishing of glass - has been widely used to
describe removal (polishing) rate in wafers (Chen et al., 2000). Considering the similarity
between wafer-pad interaction and pad-conditioner interaction, the Preston’s equation has
been adopted by many to model pad wear due to conditioning. The Preston equation
states that MRR is proportional to the applied pressure P and the relative velocity V
between the wafer and the pad and K, is a constant, called Preston’s coefficient.

MRR = Kp,PV

The use of the Preston equation has been successful due to its simplicity and
computability. However the equation has been modified by various researchers to
accommodate differences in application. Some researchers suspect that the value of K,
involves advanced physics (Nanz and Camilletti, 1995, Lai, 2001, Yeh and Chen, 2010)
and may be dependent on the pad roughness, asperities, elasticity, surface chemistry and

abrasion effects as well as conditioner characteristics among others. More analytical and
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experimental studies are needed to understand the role of K, in modeling of pad
conditioning.

Other investigators use different approaches. Modeling approaches commonly
used are categorized into two groups, namely kinematic and statistical. The kinematic
approach uses the motion and associated forces of the conditioner and pad to describe the
conditioning process. The statistical approach uses statistical models such as probability
of locating a point on the pad surface for the same purpose. A classification of process
models identifying key variables and major modeling objectives is presented in Table 2.4.

In Appendix I, representative figures, key formulae, assumptions, and modeling
conclusions for various analytical models developed to describe diamond disc pad
conditioning are presented. All the models presented take into account conditioning
kinematics (conditioning pressure, conditioning time, relative velocity, and sweeping

pattern). In practice, the kinematics are the most controllable aspects of the process.
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Table 2.4. Classification of pad conditioning analytical models
Key Variables
oy - O = 3
g' 3 =y % o
vathematical 3 3 & 3
. L . athematica 2 > g o
Year Investigator Objective Key Assumption Approach 5 ;; g -‘-j'i
D =
g 2
a
1999 Zhoy and Pad profile Preston eqn. Kinematic X
Davis
2000 Chenetal. Pad profile Preston eqgn. Kinematic X
Pad Elastic . .
2003 Horng deformation  deformation Kinematic X
2004 Liaoetal. Pad MRR Power Kinematic
consumed
2004 TsoandHo Pad MRR Preston eqgn. Kinematic X
. Variability of Equivalent bar -
2004  Borucki pad surface  conditioner Statistical X X
Pad wear Conditioning . .
2005 Tyan distribution  density Kinematic X
2006 Wiegand Variability of Equn_/e_xlent bar Statistical X X
and Stoyan  pad surface  conditioner
Conditioning,
2006  Borucki Pad MRR friction & Combination X X
removal
2007 Changetal. Pad profile Preston eqgn. Kinematic X
2009 Chen and Pad profile Preston & Kinematic X
Young scratch number
2009 Leeetal  Padprofile reSon& Kinematic X
sliding distance
2010 Baisieetal  Pad profile Preston & Kinematic X
sliding distance
2010  Yeh Recove.red Conqlltlonlng Kinematic X
area ratio density
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Chen (2000), Feng (2007), Chang (2007), Lee (2009) and Baisie et al (2010)
models use kinematic approaches to predict the amount of wear across the pad by
employing the Preston equation. In the kinematic approaches, a major assumption is that
pad wear is determined by the sliding distance on the pad. A related kinematic approach
adopted by Chen and Young (2010) to relate the distribution of scratch numbers of
diamond grit on pad to the pad profile. Yeh (Yeh and Chen, 2010) improved upon Chen’s
model to consider multiple cuts for a specific portion before the glazed layer is finally
removed and the effective Preston’s constant is restored. To measure the effectiveness of
conditioning, Yeh (Yeh and Chen, 2010) defines a performance metric called recovered
area ratio which is the ratio between the recovered and total pad areas.

Tso and Ho’s (2004) and Liao’s (2004) models focus more on the relationship
between conditioner parameters and the pad wear rate (MRR). However, Tso and Ho
utilize the Preston equation whiles Liao’s model presumes metal cutting theory. On the
other hand, Horng’s (2003) model calculates pad deformation across the pad which is not
accounted for by the other models.

The CMP process is rather complex with nonlinear and sometimes non-Gaussian
process dynamics, which brings significant challenges for process monitoring and control
(Zhenyu et al., 2010). Borucki (2004) and Wiegand and Stoyan’s (2006) models use
statistical approaches to investigate the variability and extent of pad surface roughness. A
later model by Borucki et al (2006) combines pad surface topography from conditioning

and coefficient of friction to predict MRR.
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Other investigators have employed the FEA approach to model the interactions
between the pad, wafer and abrasive particles to predict wafer MRR (Bozkaya and
Muftu, 2009, Che et al., 2002, Yan et al., 2004, McGrath and Davis, 2003), WIWNU
(Lee et al., 2004, Lin et al., 2008), wafer flatness (Zhang et al., 2005), pad surface
asperities (Jiang and Muldowney, 2007), and pad wear (Pei-Lum and Rick, 2007, Li et
al., 2010, Nishioka et al., 2001). This powerful computational approach allows for 3-D
geometries and more detailed representation of physical characteristics and mechanics of
the process elements in the model. However, none of the available FEA modeling reports

considers the conditioning aspects and its effects on the process.

2.6 Review Summary

Out of the numerous methods, diamond disc conditioning is the most widely used
in wafer fabrication facilities today to regenerate new pad asperity and maintain uniform
surface profile for CMP. The conditioning tool typically consists of a metal disc with one
side embedded with protruding diamond grits. Conditioner design considerations include
diamond size, shape, exposure, orientation, geometric arrangement, density, disc size,
disc front-side flatness, bond thickness and manufacturing methods.

The main process control avenues are conditioning time and conditioning
kinematics such as pressure, relative velocity and sweeping pattern (sweeping profile).
The Preston equation has been adopted by many researchers to model the conditioner-pad

interaction. Key modeling variables include pressure, pad velocity, conditioner velocity,
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conditioning time, disc radius, grit size, grit density, pad temperature, and pad relative
hardness. Available analytical models predict pad wear rate, pad height distribution, rms
pad roughness, pad deformation, wafer material removal rate and pad surface recovered
area ratio. Many avenues exist for the optimization of conditioning towards more uniform
pad surface characteristics and longer lasting consumables, amidst constraints such as

conditioner design, pad characteristics and CMP process parameters.
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CHAPTER 3

SURFACE ELEMENT MODEL

3.1 Introduction

It has been challenging to attain a flat pad surface profile in diamond disc
conditioning. Moreover, there are limited reports in the literature focusing on the pad
surface profile resulting from the diamond disc conditioning (Feng, 2007, Chang et al.,
2007, Zhou and Davis, 1999). Freeman and Markert (1996) claimed that a mathematical
model was developed to accurately predict the pad surface profile. But there was no
detailed information about the model development. Zhou and Davis (1999) reported the
influence of the diamond disc conditioning on the pad surface profile. Their experimental
results showed that a concave pad surface profile led to a convex surface profile for the
wafer. Chang et al. (2007) presented a mathematic model to reveal the concavity of the
pad surface profile with experimental validation. Their research was focused on the
relationship between the pad surface profile and the pad conditioning time. It was
reported that longer conditioning time resulted in higher concavity of the pad surface
profile. Recent research works on the pad surface profile are summarized in Chapter 2.
Findings from this review showed that no such mathematic model was developed with
consideration of the effect of conditioner sweeping profile.

In this chapter, a surface element method is proposed to develop a mathematic

model to predict the pad surface profile resulting from diamond disc conditioning. First,
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the mathematic model is developed with consideration of the conditioner sweeping
profile. Then, the developed model is used to predict the pad surface profile and validated
by published experimental data. Based upon the validated model, effects of conditioning
parameters (including sweeping profile, pad rotating speed, conditioner rotating speed,

and conditioner diameter) on the pad surface shape are further investigated and discussed.
3.2 Model Development

3.2.1 Assumptions
Figure 3.1 illustrates a cycle of pad conditioning. Initially, the pad is rotating
about its center with an angular speed of w, at an overhead position and descends onto

the pad.

Segments of sweeping trajectory

171213(4;5,6,7,8,9]10
Conditioner

(sectional view) —

|
|
|
Pad !
i
|
i
i

<

Figure 3.1. Hlustration of a diamond disc conditioning cycle
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The conditioner then sweeps in a straight line from the pad center to the pad
periphery at a speed of V.. The sweeping trajectory of the conditioner center is divided
into 10 equal sections (or 10 annular segments). The time taken by the conditioner to
traverse each section is adjustable. V. will be a constant only if the same time value is
assigned to all sections, otherwise, it will be a discrete variable. When the conditioner
touches the pad periphery, it lifts off the pad surface and moves back to its initial position
for the next cycle. The following assumptions are made to estimate the pad wear
thickness due to conditioning:

1. Initially, the pad surface profile is assumed to be flat. However, the final profile is
determined by the amount of pad material removal resulting from diamond disc
conditioning (Chang et al., 2007, Zhou et al., 2008).

2. Diamond exposure is assumed to be uniform across the surface of the conditioner and
hence the depths of grooves generated on the polishing pad are equal.

3. Since there is abrasive contact between the conditioner and the pad, the pad material
removal due to conditioning can be represented by the Preston equation (Preston,
1927):

d§
Tt = o P Vpse (3.1)

where ¢ the pad material removal, t the conditioning time, K, a Preston coefficient
determined by the pad and the conditioner properties, p the constant pressure applied

on the conditioner, and V. the relative velocity between the pad and the conditioner.
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4. Ky and p are assumed to be constant values. Therefore, the amount of pad material

removal is only related to V. and can be rewritten as:

d§ =k, p-vp-dt =k, p-dl; (3.2)
Cc

where dl is the distance a diamond abrasive sweeps on the pad surface.
5. Now, assuming there is a surface-to-surface contact between the conditioner and the
pad, Equation (3.3) can be further derived as:

¢ =k, -p - d4; (3.3)

where dA is the area the diamond disc conditioner swept on the pad surface. A
general equation to estimate the pad wear thickness due to the conditioning can then

be described as:

ghoopdd_ dA |
: (3.4)

where dh is the pad wear thickness, A, the pad surface area, and k is a coefficient
determined by pad/conditioner properties, conditioning pressure, and pad surface
area. This assumption has been successfully used by Pietsch and Kerstan (2005) to

predict the wafer surface profile in simultaneous double side grinding.

3.2.2 Model Derivations
The pad conditioning kinematics is shown in Figure 3.2. The pad of a radius of R,

rotates in the clockwise direction about its center (Op) at an angular speed of wp. The
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conditioner of a radius of R. rotates in the counter-clockwise direction about its center
(Oc) at an angular speed of w.. The conditioner center (Oc) has an offset distance of R,

from the pad center (Op). It then sweeps in a straight line from the pad center to the pad

periphery till the edge of the conditioner is tangent to the pad edge. The sweeping

trajectory can be obtained as R,-2R. and divided into 10 equal sections by 11 positions as

shown in Figure 3.2.

N Rugir)

Figure 3.2. Schematic of pad conditioning kinematics
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A value tjis assigned as the time the conditioner center takes to traverse a random
section AL; (1 <i < 10). A sequence of t; (i from 1 to 10) is defined as the conditioner’s
sweeping profile (Freeman and Markert, 1996). The sweeping velocity V. can then be

described as:

R
= = 1=123,..,10. (3.5)

In Figure 3.2, L; is defined as the distance between the i position and the initial
conditioner center position (i.e. 1% position). The same definition is applicable for Li.1.
For a random section AL; between the position i and position i+1, the radius of the pad
area swept by the conditioner ranges from Ry to Rpi+1) as shown in Figure 3.2. It is easy
to determine that Ry and Rp(+1) are equal to L and Li+1+2Rc, respectively.

Figure 3.3 shows the mathematical model to calculate the pad area swept by the
conditioner when the conditioner center traverses the i section. A surface element is
defined as a tiny sector on the conditioner as shown in Figure 3.3. r. (0<r.<R;) is the
distance between the surface element and the conditioner center. After a time period of t,
the surface element moves from position A to position B. The motion of the surface
element can be decomposed into three parts. Firstly, the rotation of the pad in the
clockwise direction is treated by rotating the center of the conditioner at an angle of wyt.
Hence, the surface element on the conditioner also rotates the same angle about the pad
center and its displacement can be described as:

7, = (R, + L;) - e"»". (3.6)
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Secondly, due to the conditioner rotation in the counter-clockwise direction, the
surface element rotates an angle of wt about the conditioner center during the time
period t. This displacement is represented as follows:

7. =1, etoct, (3.7)

Surface
element

Figure 3.3. Model to calculate the pad area swept by the conditioner
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Thirdly, the surface element moves along the horizontal direction due to the
conditioner sweeping motion. The displacement resulted from the sweeping motion
can be described as:

s. =V, -t (3.8)

2
a
Il

S, can be further derived by substituting Equation (3.5) into Equation (3.8):

AL; R, —2R.
oy 210 t;

(3.9
From Equation (3.6), (3.7), and (3.9), the displacement to describe the motion of

the surface element can be represented as follows:

R, — 2R,

Z =iyt to= (Ret L)t g entoc 4 e

- t. (3.10)

Equation (3.10) can be derived and rewritten in the complex number form as:
Z=a+i- b;
where

R, — 2R,
5 - t;and

a=(R.+L;))-cosw,t+ r.-cosw,t + ————
( C l) D (o (o lzltl (3.11)

b= (R, +L;j) sinw,t— 1.-sinwt.

Then the displacement Z can be further represented by the polar form:

Z =[r@®,e®];
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where

r(t) =r = |2| =+/a?+ b?;and

1

b (3.12)
p(t) =@ =tan™ 7

The arc trajectory swept by the surface element within the time period t;is calculated as:

ti
s(t) = j @?*r? + 12 dt. (3.13)
0

From Equation (3.13), the pad area swept by the conditioner during t; can be

integrated as follows:

2 R¢ t;
Aswept(i) = f f f 1/ gbzrz + 72 dtdrcdgo. (314)
0 0 0

Since the conditioner may sweep for multiple cycles, the number of cycles is calculated

tc

asN = PSSICPS

where t; is the total conditioning time and t; time the conditioner takes to

lift off the pad and move back to the initial position, with the total pad area swept by the
conditioner as the conditioner center traverses from the i position to the i+1™ position
during the total conditioning time period of t; being calculated as:

Total Aswept(i) = N- Aswept(i)- (315)

Then a pad sectional wear 4h; due to pad conditioning can be represented by combining

Equation (3.15) with Equation (3.4):
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Ahi — k. Total Aswept(i) ;
Api)

where

Ap(i) =" Rzzg(H_l) — 1" R127(l) =T1" (Li+1 + ZRC )2 e [ Liz. (316)

Fori=1, 2,3, ..., 10, 4h; can be further described as follows:

( Total Agyept(1)
Ahl - : ;
- (L, + 2R, )?
. TOtal ASW@pt(3) .
m(Ly + 2R )2 —m-L,*’
Total Aswept(3) '
m-(Ly+2R.)2—m-Ls"

Ahzzk

(3.17)

Total ASW€pt(10)
T['sz _T['Lloz

\Ahlo = k )

It is important to note that there exists overlapped conditioning area as the
conditioner traverses two or more successive sections. This means the same section of the
pad surface (for example Rpi=Rpi+1) could be conditioned several times when the
conditioner sweeps through different sections (for example AL;.1, AL;, ALi+1). Because of
these overlapped conditioning areas, actual pad wear AH(rp) has to be treated as a result
of multiple sectional pad wear. As shown in Figure 3.4, for any random position r, along
the radial direction on the pad surface, the actual pad wear AH(rp) is calculated by adding

all sectional pad wear 4h;, which are overlapped to each other during conditioning.
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Figure 3.4. lllustration of cumulative wear thickness
The actual pad wear AH(ry) is defined as cumulative pad wear and is described as
follows:
( [[rp—aLi|/aL;]
Z AR if T, < 2R,;
1
[(rp—aL:)/4L;] (3.18)
AH(rp) =« Z Ah; if 2R, <1, <R, —2R;
[(rp—AL;)/ALi]-(m—1)
10
Ah; if r, = R, — 2R,;

\ [(rp—4L;)/ALi]-(m—1)
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where r, from 0 to R, and m the number of sections is represented as:

_ 2R, 2R,
mEaL T (R, — 2R.) "
10

The initial pad thickness is assumed to be Hy. Then the pad surface profile along the pad

radial direction after pad conditioning can be described as:

H(r,) = Ho — AH(T). (3.19)

3.2.3 Simulation
The mathematical model developed above was run in a commercial software
package Matlab (The MathWorks, Inc., 3 Apple Hill Drive, Natick, MA 01760, USA).

The computer program accepts these conditioning parameters:

Pad angular speed w, = N,,/2m where N, rotation speed in rpm;

e Conditioner angular speed w. = N./2m where N rotation speed in rpm;

e Pad radius Ry in inch;

e Conditioner radius R; in inch;

e Conditiong time t; assigned for section AL; in second;

e Conditiong sweeping profile {t;}; and

e Total conditioning time t; in minute

as input variables and plots {t;}, the sectional pad wear, the cumulative pad wear, and the

pad surface profile as outputs.
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3.3 Simulation Results and Experimental Validation

3.3.1 Simulation Conditions
Conditioning parameters adapted for simulation are listed in Table 3.1. More
detailed information can be found in published literature (Freeman and Markert, 1996)

provided in Appendix II.

Table 3.1. Experimental conditions (Adapted from Freeman and Markert,

1996)
Polish Parameters Conditioning Parameters
Time 2 min #sweeps 1 post polish
Downforce 41. 37 kPa Time 1 min
Pad temp 37.78°C Downforce 15.38 kPa
Platen RPM 36 rpm End RPM 70 rpm
Pad type RodelEX1400 Platen speed 75 rpm
Back pressure 0 kPa Platen @ 60.96 cm
Flow rate 150 ml/min Profile Variable
Oscillation 10 mm End effector 5.08 cm @ / 200 diamond grits

Three sweeping profiles named as FLAT 1, FLAT 2, and BELL are listed in
Table 3.2. FLAT 1 increases linearly in time from the pad center to the periphery. FLAT
1 is proposed to test a hypothesis that the conditioning time should increase linearly along
the pad radius to compensate for the increase of the pad area. FLAT 2 has a constant
sweeping profile to test the hypothesis that the pad surface profile is independant of the

increase of the pad area along radial direction. BELL is proposed to generate a bell shape
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sweeping profile by using high sweeping time periods at the beginning and the end and

reducing the time around the middle.

Table 3.2. Sweeping profiles used for pad surface profile simulation (Adapted
from Freeman and Markert, 1996).

Sweeping Pad center #Section Pad Periphery
profile
(sec) 1 2 3 4 5 6 7 8 9 10

FLAT1 41 40 44 48 5.2 5.6 6.0 6.4 6.8 7.2
FLAT 2 55 55 5.5 5.5 55 55 5.5 5.5 5.5 5.5

BELL 8.1 54 40 2.2 2.4 2.6 2.8 5.8 9.8 13

3.3.2 Simulation Results and Discussion
Figure 3.5 shows simulation results for the conditioner sweeping profile, the pad
sectional wear 4h;, and the pad cumulative wear AH(rp) for the sweeping profile FLAT 1.
There exists a significant linear increase of the pad sectional wear along the pad radial
direction as shown in Figure 3.5(b). As for the pad cumulative wear, a sharp linear
increase can be observed near the pad center area. It is then followed by a slower linear
increase and ended with a sharp linear decrease around the pad’s periphery.
Simulation results for the sweeping profile FLAT 2 are shown in Figure 3.6. The pad
sectional wear shows a very slight increase with the increase of pad radius as shown in
Figure 3.6(b). Concerning the pad cumulative wear thickness, a constant wear can be

obsvered in between a sharp increase wear near the pad center and a sharp decrease wear
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near the pad periphery as shown in Figure 3.6(c). Figure 3.7 shows simulation results for

the sweeping profile BELL.
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Figure 3.5. Simulation results for Figure 3.6. Simulation results for
sweeping profile FLAT 1. sweeping profile FLAT 2.
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Figure 3.7. Simulation results for sweeping profile BELL

The pad sectional wear is shown in Figure 3.7(b). A nearly constant pad sectional
wear can be observed in between a linear decrease wear near the pad center and a sharp
increase wear near the pad periphery. The pad cumulative wear shows a saddle-curve as
illustrated in Figure 3.7(c). From Figure 3.5 to 3.7, it can be observed that the cumulative
pad wear always shows a sharp linear increase near the pad center and a sharp linear
decrease near the pad periphery to form transition regions. These transition regions are
resulting from overlapped conditioning and can be correlated with the conditioner radius

Rc.
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Figure 3.8. Simulation results vs. experimental data showing 3-D views of pad
surface profiles

The simulation results are then compared with the published experimental data. The
constant k in Equations (3.4), (3.16), and (3.17) is estimated empirically by subtituting

the experimental data into the simulation results wusing the expression
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k = Ah;A,iy/Total Agyepeiy- A simple experimental procedure may be used where the
outer section (where i = m) is polished for a known period, in the absence of the
conditioner sweeping motion, such that Total Asyeptm) Can be easily calculated and actual
Ah,,, measured afterward. Figure 3.8 shows the comparision between simulation results
obtained from the developed model and experimental data reported in published
literature. It can be seen that the simulation results agree well with the experimental data.
A slight deviation near the pad periphery area may be attributed to conditioning tests
setup, pad deformation, and process variations due to polishing wafers.

From Figure 3.8, it also can be observed that the sweeping profile has a great
effect on the pad surface profile. Different sweeping profiles will generate significantly
different pad surface profiles. For the surface profile in between the pad center and the
pad periphery, FLAT 1 generates a negative slope surface profile as shown in Figure
3.8(a), FLAT 2 generates a flat surface profile as shown in Figure 3.8(b), and BELL

generates a convex surface profile as shown in Figure 3.8(c).

3.4 Effect of Conditioning Parameters on Pad Surface Profile

3.4.1 Metrics for Pad Surface Profile Evaluation

By utilizing the verified model, the effects of diamond disc conditioning

parameters including sweeping profile, pad rotating speed, conditioner rotating speed,

and conditioner diameter on the pad surface profile can be further investigated. Three
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metrics are proposed to evaluate the flatness characteristics of the pad surface profile.
They are Total Thickness Variation (TTV), Bow, and Non-uniformity (NU).

TTV is used to measure the range and extent of pad wear observed due to
conditioning. A larger TTV value indicates excessive conditioning or inadequate
conditioning in localized area(s) of the pad. It is defined as the difference between the
maximum and minimum values of pad thickness for a series of point measurements
across the diametrical section of a pad. As illustrated in Figure 3.9(a), TTV is described

as:

TTV = Hrpmax — Hrpmin, (3.20)

Bow is used to measure the concavity of the pad surface profile. A negative value
of Bow indicates a convex pad surface profile while a positive value of Bow indicates a
concave surface profile. As shown in Figure 3.9(b), Bow is defined as the deviation of the
mid radius point of the median surface of the pad from a median surface reference plane.
The median surface is the locus of points on the pad equidistant between the pad surface
and the platen surface. The reference plane as shown in Figure 3.9(b) is established by
three points equally spaced in one half of the pad diametrical section and with equal
spaces away from the pad center and edge. In this paper, Bow is described

mathematically as:

1 (HrpL_HrpR) _

. > Hype|. (3.21)

Bow =
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Figure 3.9. Metrics to evaluate the pad surface profile

NU is used here to evaluate the waviness of the pad profile. Pad profile non-
uniformity is defined as the mean deviation of the series of pad thickness values across

the pad diametric section from the mean pad thickness value. The standard deviation of
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the thickness values is employed as the measurement of variation. As illustrated in Figure

3.9(c), NU is described mathematically as:

NU :J%Z(H’”” . (3.22)

R,=12in, R, =1in
N,=45rpm, N=30 rpm
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Figure 3.10. Effect of section sweeping time t; showing (a) pad profile comparison
and (b) flatness evaluation
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3.4.2 Effect of Section Sweeping Time t;

Figure 3.10 shows the effect of section sweeping time t; on TTV, Bow, and NU
when the sweeping profile is uniform (i.e. t; = constant, Vi = 1, 2, ..., 10). The section
sweeping time t; is increased from two sec to ten sec whilst the total conditioning time
remains constant. In Figure 3.10(a), it can be seen that all the pad surface profiles are
overlapped to each other. In Figure 3.10(b), TTV, Bow and NU appear to be constant for
all five levels of section sweeping time. Thus, it can be concluded that the section

sweeping time t; does not affect the pad surface profile significantly.

Table 3.3. Sweeping profiles used for pad surface profile simulation

Sweeping time for segment i (Sec)
2 3 4 5 6 7 8 9 1011 12 13141516 17 18 19 2

Sweeping profile

UNIFORM 2 2 2 2 2 2222 2 2 2 222222722
CONCAVE 3.763.30 2.852432.051.72 1.44 1.23 1.08 1.01 1.01 1.08 1.23 1.44 1.72 2.05 2.43 2.85 3.30 3.76
CONVEX 024 0.70 1.15 1.57 1.95 2.28 2.56 2.77 2.92 2.99 2.99 2.92 2.77 2.56 2.28 1.95 1.57 1.15 0.70 0.24
DESCENT 4 383634323 282624222 18 16 14 121 08 06 04 02
ASCENT 02 04 06 08 1 12 14 16 18 2 22 24 26 28 3 32 34 36 38 4

3.4.3 Effect of Sweeping Profile {t;}

Table 3.3 lists five sweeping profiles used to simulate the pad surface profiles.
They are UNIFORM, ASCENT, DESCENT, CONVEX, and CONCAVE. In UNIFORM,
all pad sections are conditioned equally for 2 sec. In ASCENT, t;is varied from 0.65 sec

to 3.5 sec in increments of 0.15 sec to form a linear diagonal pattern. DESCENT is
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obtained by reversing ASCENT. In CONVEX, tjis varied to achieve a convex pattern.
CONCAVE is obtained by inverting CONVEX. From Figure 3.11(a), it can be seen that
the sweeping profile shows a significant effect on the pad surface profile. Different
sweeping profiles result into significantly different pad surface profiles and the sweeping
profile takes a “mirroring” effect on the pad surface profile. In Figure 3.11(b), it can be
seen that DESCENT shows the highest TTV whilst CONVEX shows the highest Bow.
ASCENT and CONVEX show the highest values of NU. UNIFORM exhibits the best

flatness in terms of TTV and NU.
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Figure 3.11. Effect of sweeping profile {tj} showing (a) pad profile comparison and
(b) flatness evaluation at Ry=12", R; =1”, Np = 45 rpm, N=30 rpm
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Figure 3.12. Effect of pad rotating speed showing (a) pad profile comparison and
(b) flatness evaluation

3.4.4 Effect of Pad Rotating Speed
Figure 3.12(a) shows the simulation results when pad rotating speed is varied
while all other parameters are held constant. From the simulation results, it can be seen

that there is a significant decrease in pad thickness as the pad rotating speed increases.
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This effect can be explained in the following way. Assuming the conditioner is held

stationary, increasing the pad rotating speed leads to the increase of contact between the

pad surface sections with the diamond disc conditioner. The pad surface profiles resulted

from conditioning at various pad rotating speed are evaluated in Figure 3.12(b).
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It can be seen that TTV, Bow and NU deteriorate as the pad rotating speed
increases. This is a clear indication that conditioning at a lower pad rotating speed is
preferred. It can be concluded that higher pad rotating speed generates more pad wear
and makes the pad profile more concave and less uniform. However, whilst considering
the choice of pad rotating speed, it should be noted that the same operational parameter is
directly related to the MRR of the wafer being polished. Therefore a tradeoff has to be
made between pad surface characteristics and wafer MRR.

3.4.5 Effect of Conditioner Rotating Speed

Figure 3.13 shows the effect of conditioner rotating speed on the pad surface
profile. From Figure 3.13(a), it can be observed that similar pad profiles are generated for
five levels of conditioner rotating speed from 15 rpm to 75 rpm. There is a slight increase
of pad wear around the pad center area as the conditioner rotating speed increases. In
Equation (3.10), the contribution of conditioner rotating speed (w) to the swept distance
(Z) is less than the pad rotating speed (wp) because the pad always shows a much larger
diameter than the conditioner. Form Figure 3.13(b), it is easy to observe that TTV
increases slightly with the increase of conditioner rotating speed. The conditioner rotating
speed does not show a significant effect on Bow and NU.

3.4.6 Effect of Conditioner Diameter

Figure 3.14 shows the effect of conditioner diameter on the pad surface profile. It
indidates that the amount of pad wear resulted from conditioning increases with the
increase of conditioner diameter. The larger the conditioner diameter, the more sections

that are in interaction with the abrasive surface and thus the higher cumlative

57



conditioning times that those sections are conditioned. Figure 3.14(b) indicates that TTV,
Bow and NU deteriorate significantly as the conditioner diameter increases. Hence, it can
be concluded that a larger conditioner disc size makes the pad more worn, more concave
and thus less uniform. Theoretically speaking, a point diamond conditioner would

produce the best results but it might be practically unacceptable.
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Figure 3.14. Effect of conditioner diameter showing (a) pad profile comparison
and (b) flatness evaluation
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3.5 Conclusions

A surface element model was utilized to develop a mathematical model to predict

the pad surface profile resulted from diamond disc conditioning in CMP. The model was

utilized to investigate the effect of conditioning parameters on pad surface profile. Three

metrics, namely TTV, Bow, and NU, were defined and used to evaluate the pad surface

profile characteristics. Major conclusions can be summarized as follows:

The surface elemnt model is effective to simulate the kinematics of conditioner-pad
interaction in diamond disc pad conditioning and accurately predict the pad surface
profile. A slight deviation between the simulation results and the experimental data
can be attributed to conditioning tests setup, pad deformation and process variations
due to polishing wafers.

There always exist some transition regions in the pad profile near the pad center and
the pad periphery. These transition regions show a sharp linear increase towards the
pad periphery or a sharp linear decrease away from the pad center. They are resulted
from cumulative wear due to overlapped conditioning and can be related to the
conditioner radius.When the total conditioning time remains constant, the section
sweeping time does not affect the pad surface profile.

The sweeping profile has a “mirroring” effect on the pad surface profile. Thus the flat
sweeping profile gives the flattest pad profile.

Higher pad rotating speed generates more pad wear and makes the pad surface profile
more concave. Thus, conditioning at a lower pad rotating speed is preferred.

However, whilst lowering pad velocity for expected improvements, a tradeoff has to

59



be made between pad surface profile characteristics (TTV, Bow, and NU) and wafer
MRR.

The conditioner rotating speed exhibits a much weaker effect on the pad surface
profile than the pad rotating speed.

The smaller the conditioner diameter, the flatter the pad surface profile. Theoretically
speaking, a single point diamond conditioner would produce the most flat surface

profile but it might be practically unacceptable.
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CHAPTER 4

CONDITIONING DENSITY MODEL

4.1 Introduction

Studies have suggested that the amount of pad wear experienced at a section has a
strong correlation with the conditioning density (CD) at that area. (Byrne et al., 1999,
Hooper et al., 2002, Hua et al., 2009, Qin et al., 2009, Tsai, 2010a). Initially, Hooper et
al.(2002), developed a simple model where CD is determined by the sweeping velocity of
the arm Vg, and the radial position on the pad, Rpag (CD =1/VamRpad ). Later, Feng
(2007) developed a more elegant kinematic CD function based on the polishing
trajectories generated by a conditioner. Feng’s CD model was used as a measure of
dressing performance and also, by inference, to predict pad wear rate. In the study, it was
observed that to have a flat distribution of pad wear rate, the ratio of disk-radius to pad-
radius must be as small as possible. Feng concluded that several concerns needed to be
investigated further. Among them are; different sweeping motions, non-uniform grit
distribution, the assumption of a slow sweeping motion, and ultimately the search for an
optimal set of parameters to satisfy a certain criterion. Yeh and Chen (2010) also
commented that Feng’s model, despite its utility, does not consider the fact that a specific
area of the pad may require several “cuttings” to restore it. Thus, Yeh and Chen
suggested a modification of the conditioning density definition to include the influence of

other related information. In addition, a mathematical relationship between CD and the
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pad profile is not mentioned and only numerical examples are provided to verify the
model.

With regard to these issues, a conditioning density distribution model was
developed to predict the pad surface profile resulting from the diamond disc conditioning
in CMP. A kinematic study was carried out to calculate and simulate the diamond grit
trajectories. An analytical model was then proposed to correlate the conditioning density
distribution with the wear of the polishing pad. In this model, different sweeping motions
as well as user defined grit distribution are considered. Furthermore, the pad surface

profile is predicted by the model and compared with experimental data.

4.2 Model Development

4.2.1 Assumptions

A typical pad conditioning cycle is illustrated in Figure 3.1. The pad and
conditioner rotate about their central axis at angular speeds of w, and w. respectively. At
the start of a conditioning cycle, the rotating conditioner is fed down to the pad from its
initial position and pressed against the pad surface under a constant pressure P. The
conditioner then moves along the radial direction of the pad at a velocity v(t). As the
conditioner touches the pad periphery, it lifts up from the pad surface and moves back to
its initial position to repeat next conditioning cycle.

In practice, the travel distance of the conditioner center is divided into m equal

sections as shown in Figure 3.1. In the configuration shown in Figure 3.1, m=10. The
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Rp—2

length of each section isw = TRC, where R, is the pad radius and R is the conditioner

radius. The time it takes for the conditioner to traverse the sectionk (k=1, 2, 3, ... , m) is
defined as ty. tg is equal to % and is adjustable. A sequence of t, which sums up to teyce IS

defined as a sweeping profile. The radial distance traveled by the conditioner from the

pad center by time t can be obtained as:

d=D({t)=L+ j vdt' where  t'= t(mod(tcycre))- (4.1)

Usually, L is set to be equal to the conditioner radius R. or larger. In the case where L is
larger than R , the central area of the pad with radius L- r; will remain unconditioned. In
addition, the following assumptions are made.

1. Itis assumed that all of the diamond grits embedded on the metal disc protrude with a
pyramid shape and have the same protrusion height as shown in Figure 2.2.

2. In the conditioning process, each diamond grit is in continuous contact with the pad
and will generate an individual trajectory on the pad surface.

3. The concentration of these trajectories on the pad depicts the conditioning density and
then pad material removal due to conditioning is assumed to be directly proportional
to the conditioning density.

4.2.2 Model Derivation

The relative velocity between conditioner and pad is represented generally as:

pe =By — U = Bp X d + (6p—3) X 7. (4.2)
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Where v, is pad velocity, v¢ is conditioner velocity and r is the radius of a point on the

conditioner relative to the conditioner center. Figure 4.1 illustrates the kinematic model to

generate the diamond grit trajectories. At an instant of time t in the conditioning session,

the position of a diamond grit relative to the pad axes (Xpad,Ypad) Can be obtained as:
x=X(t)=d- cos(wpt) +r- cos((wp —w)t —6)); and

(4.3)
y=Y(t)=4d- sin(wpt) +7r: Sin((Wp — W)t = 9))-

conditioner

y=Y(t)

pad

! X,
0, X =X() pad
D ‘ RN / e

Figure 4.1. Position of diamond grit relative to the pad x-y coordinates
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As illustrated in Figure 4.1, (r;,6; ) defines the position of the i diamond grit (out of Ng
total diamonds) relative to the conditioner center. For multiple diamonds on the

conditioner, the collection of trajectories on the polishing pad is described by:

X(t) [cos(wpt) N Nqg [cos((wp —w)t — Hi)) (4.4)
1

Y@l sin(wpt) k sin((wp —wot = 6))]

Equation (4.4) was utilized with Matlab to plot the conditioner trajectories. The
parameters are the input variables Ny , N¢ , Ry, T, teycie and the set [r;, 6] which describes
the conditioner diamond grit arrangement. N, and, N , the rotation speeds in rpm for the
pad and conditioner were converted to w, and w. respectively in rad/sec. All length units
are in inches and time is in seconds. Figure 4.2 illustrates a typical single diamond grit
trajectory over one cycle when the sweeping velocity is constant (v(t) = 0.1818 in/s).
Figures 4.3 to 4.5 illustrate the trajectories produced for various conditioner diamond
arrangements. The trajectory plots reveal that for different diamond arrangements, pad

conditioning differs in extent of coverage of conditioner-pad interaction.
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Figure 4.2. Trajectory on pad created by 2 conditioner with single diamond
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Figure 4.3. Trajectories on pad created by 5 grit/2” conditioner with radial
diamond arrangement
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Sweeping profile=UNIFORM, Rc=1, Np=3, Nc=21, T=55
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Figure 4.4. Trajectories on pad created by 12 grit/2”” conditioner with annular
diamond arrangement
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Figure 4.5. Trajectories on pad created by 49 grit/2”” conditioner with combined
(radial x annular) diamond arrangement
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Conditioning density is defined as the average of total trajectory length per unit
area in the radial direction (Feng, 2007). Considering an infinitesimal part of the
trajectory, the length s of the curve generated within the time interval [ti, ti+1] can be

given as:

tiv1

s = limz VAxX? + Ay?; (4.5)
ti

which yields

s = ft t J X'(O]2 + [Y(©)]? dt. (4.6)

Figure 4.6 shows how the trajectory length is measured computationally and how a
surface map can be used to account for the conditioner-pad contact distribution. The
scratch points indicate positions of diamond grit at specified intervals of time. In this
study, the conditioning density is evaluated for a set of annular sections along the radius
of the pad. Since the motion of the conditioner is restricted in one radial direction, part of
the conditioner trajectory can be considered to fall within a specific section j when t (say
t; and tg; ) is known for the section boundary radii (say rj and R;). The length of a
diamond grit trajectory traveled between the times that the grit i traverses section j can be

determined as:

Sij = ft Rj\/[X’(t)]tz +Y@®*dt v j=(123...n); @.7)

Tj

where
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. R
j=j— » n=0-1D—>

and (4.8)

t; =DM @D | azr; + by = DA | amry

J

Figure 4.7 shows the development of the pad profile from trajectory length. For

the entire collection of diamonds on the conditioner, the trajectory distribution is

described by:

5, 225” Vj=(123...n). (4.9)

diamond grit
trajectory

V”*\

R ¥ scratch point

| \ .

o< L<m”
X m’<L<n”

colormap

J d other
computational F—‘

grid cell

Figure 4.6. Development of surface map from trajectory length per unit area
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Figure 4.7. Development of pad profile from trajectory length

This distribution does not directly reflect the amount of pad removal since pad
wear is affected by the size of the conditioned area. To account for the conditioned area,
the average conditioning density CD; for a specified section j is given as:

D= — D%y (1,23 ....1) 4.10
;= =(1,2,3....n); .
T on(R? — 1) ! (410
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T

where N = and T= total conditioning time.

cycle
Since it is of interest to finally determine the pad profile, conditioning density is

computed for the set of n annular sections of equal width. In equation (4.11), these values
are then correlated with an average pad wear thickness AH(r,;) for corresponding radii
r,; Of the pad. The description of pad profile development is illustrated in Figure 4.8.

AH(ry;) = K- CD; |r; <1p; <R; (4.11)

Coefficient K is utilized to account for other process conditions. K involves advanced
physics and is reported to be dependent on the pad roughness, asperities, elasticity,
surface chemistry and abrasion effects as well as conditioner characteristics (Nanz and
Camilletti, 1995). In this study, the value of K is modified by substituting the
experimental data into the simulation results. Considering the initial pad thickness H,, the
pad surface profile (pad thickness H(rp)) along the radial direction of the pad can be
obtained from the wear prediction in Equation (4.12): The plot of H(rp) against the pad

radius describes one half of the pad profile.

H(r,) =H, — AH(r,) (4.12)
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4.3 Simulation and Experimental VValidation

4.3.1 Simulation Conditions

The Matlab software package was utilized to explore simulation results for major
stages in the model development. For a typical conditioning case termed UNIFORM, the
parameters are chosen as N,=75 rpm, N.=70 rpm, R,=12"", T=660 s, teyce =55 S and
v(1)=0.1818 in/s. A 2” conditioner with combined (radial x annular) arrangement of 200
diamond grits is used. The pad surface is divided into 24 annular sections.

Figure 4.8(a) shows the distribution of total contact distance S; of the conditioner
and corresponding CD; on the pad surface. The surface map shown in Figure 4.8(b)
reveals the areas where conditioning is more intense. For a UNIFORM conditioner
sweeping speed, it is seen that the total contact distance experienced by the conditioner
increases for the outer sections. A 3-D view of the pad surface profile for a UNIFORM
sweeping profile is shown in Figure 4.8(c). Since the pad conditioner operates on one
side of the revolving pad, the pad profile is symmetrical about the pad’s axis of rotation.
Interestingly, the 3-D view reveals a central bump and an inner surface which is
correlated with the sweeping profile bounded by a peripheral wall. It is observed that the
size of base of the central bump is related to L.
4.3.2 Simulation Results and Discussion

The model is verified with published experimental data by Freeman and Markert
(1996). Three experimental sweeping profiles (FLAT 1, FLAT 2, and BELL) which

correspond to three sweeping velocity functions are listed in Table 4.1. FLAT 1 increases
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linearly in time from the pad center to the periphery. FLAT 1 is proposed to test a
hypothesis that the conditioning time should increase linearly along the pad radius to
compensate for the increase of the pad area. FLAT 2 has a constant sweeping profile to
test the hypothesis that the pad surface profile is independent of the increase of the pad
area along radial direction. BELL is proposed to generate a bell shape sweeping profile
by increasing the time at the beginning and the end and reducing the time around the

middle.

Table 4.1. Sweeping profiles used for model verification (Adapted from
Freeman and Markert, 1996)

S\Igveep_ing f vdt 0” 1~ 2” 3” 4” 5” 6” 7 8” 9” 10~
rofile

FLAT 1 t, (sec) 4.1 4.0 44 4.8 5.2 5.6 6.0 6.4 6.8 7.2

2t (sec) 0 4.1 81 125 173 225 281 341 405 473 545

FLAT 2 t, (sec) - 55 55 55 55 55 55 55 55 55 55

2t (sec) 0 55 110 165 220 275 330 385 440 495 550

BELL t, (sec) - 8.1 5.4 4.0 2.2 24 2.6 2.8 5.8 9.8 130

2t (sec) 0 81 135 175 197 221 247 275 333 431 56.1

To simulate each sweeping pattern, the relationship between the swept distance
[ vdt and cumulative conditioning time X is fitted with a polynomial curve to derive the

respective sweeping distance equations:

vdt
0.1818(t") for FLAT 2;
={—0.0011(t")? + 0.2415(t") + 0.1036 for FLAT 1;and
6 x 1076(t")* — 0.0008(t")3 + 0.0315(t")? — 0.1487(t') + 0.1092 for BELL.
(4.13)
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The experimental process parameters are presented in Table 3.1. Figure 4.9 shows
the model simulation results overlain with experimental data when the same conditioning
parameters are used. For the simulation results of FLAT 1 shown in Figure 4.9(a), a sharp
linear increase in pad wear can be observed near the pad center area followed by a slower
linear increase and terminated with a sharp linear decrease around the pad periphery area.
For FLAT 2 a constant wear can be observed in between a sharp increase wear near the
pad center and a sharp decrease wear near the pad periphery as shown in Figure 4.9(b).
This confirms the initial hypothesis that the pad surface profile is largely independent of
the increase of the pad area along radial direction. In a similar nature the results for
BELL, as shown in Figure 4.9(c), reveal a bell-shaped wear profile.

From all three results, it is observed that the pad wear always shows a sharp linear
increase near the pad center and a sharp linear decrease near the pad periphery to form
transition regions. These transition regions are resulted from the inability of all the
diamond grits to have full interaction with the pad during their revolution since the entire
diameter of the conditioner does not sweep over the central and peripheral areas.

The effect of transition regions could be mitigated by reducing the conditioner
disc size, allowing conditioner overhanging and possibly allowing step function
modifications to the sweeping profile although further investigation is required. It can be
concluded that the sweeping profile has a great effect on the pad surface profile. Different

sweeping profiles will generate significantly different pad surface profiles.
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The good agreement between the simulation results and published experimental
data indicates that the model developed from the conditioning density can be used to
accurately predict pad surface profile resulted from diamond disc conditioning. The slight
deviations observed in the comparison can be attributed to the sweeping pattern
approximation and experimental conditions such as conditioning tests setup, pad

deformation, and process variations due to polishing wafers.

4.4 Conclusions

An analytic model was utilized to predict the pad surface profile from the area
density of conditioner-pad interaction given the sweeping profile (defined by a function),
conditioner disc design and process kinematic parameters. A surface map was utilized to
account for the trajectory length per unit area as a visual measure of conditioner-pad
contact distribution. Major conclusions can be summarized as follows.

e The developed model was able to simulate the kinematics of diamond disc pad
conditioning and accurately predict the pad surface profile.

e The model was able to account for specific conditioner diamond grit arrangement
(regular/random/annular/full/etc). It was observed that under different diamond grit
arrangements, the actual conditioner-pad interaction is different in terms of surface

coverage.
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By investigating three sweeping profiles, it was confirmed that the sweeping profile
has a strong effect on the pad surface profile and the pad profile is largely
independent of the increase of the pad area along radial direction.

There always exist some transition regions near the pad center and the pad periphery.
These transition regions show either a sharp linear decrease or a sharp linear increase
pad thickness. These transition regions are resulted from the inability of all the
diamond grits to have full interaction with the pad during touchdown and lift off
stages of the conditioning cycle. This could be mitigated by reducing the conditioner
disc size, allowing conditioner overhanging and possibly allowing step function

modifications to the sweeping profile.
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CHAPTER S

2-D MORPHOLOGY AND FINITE ELEMENT ANALYSIS OF PAD

5.1 Introduction

The polishing pad plays a primary role in the CMP process. The pad transports
slurry to the wafer surface and also transmits normal and shear forces from the polisher to
the wafer (Li, 2008). During the conditioning process, the rotating conditioner is fed
down to the pad from an overhead position and pressed against the pad surface under a
predetermined down force. At this point, local compression is introduced on the pad
suface resulting in deformation. The pad’s mechanical response (such as pad deformation,
wear, stress and strain) to polishing and conditioning forces is crucial to the fundamental
understanding of the material removal mechanism of CMP. Mechanical properties
(composite modulus and hardness), liquid permeability and surface roughness of CMP
pads are highly related to the foam morphology (Cook, 1999).

Despite the advancement of experimental and theoretical studies on diamond disc
pad conditioning, there are only few published reports about the effect of conditioning on
the pad deformation. Horng (2003) developed pad deformation equations for
conditioning using Hertzian contact theorem and principle of elasticity. A set of CMP
investigators have used the FEA approach to model the interactions between the pad,
wafer and abrasive particles to predict wafer MRR (Bozkaya and Muftu, 2009), WIWNU
(Lee et al., 2004, Lin et al., 2008), wafer flatness (Zhang et al., 2005), pad surface

asperities (Jiang and Muldowney, 2007) and pad wear (Li et al., 2010). This powerful
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computational approach allows for complex geometries and more detailed representation
of physical characteristics and mechanics of the process components in the model.
However, none of the available FEA modeling reports considers pad conditioning and its
effects on the CMP process.

To model the CMP pad more accurately, its internal microstructure needs to be
understood. This has called for studies into the morphological and mechanical properties
of CMP pads. Several methods (Sexton, 2009, Ridha, 2007, Choi et al., 2011, Centeno et
al., 2005, Machinski et al., 2001) have been used to examine the surface and internal
structure of foam/porous media. CMP pad images have been analyzed using statistical
design analysis (Centeno et al., 2005), attenuated total reflectance fourier transform
infrared (ATR/FTIR) (Lu et al., 2002) and spectrometry (Machinski et al., 2001) to
characterize the surface of CMP pads. However, most of these approaches are expensive
and intricate. Moreover, a detailed study on the characterization of the internal
morphology of CMP pads is still lacking.

In this chapter a two-dimensional (2-D) image processing procedure is proposed
for the characterization of morphological and mechanical properties of CMP pads. First,
assumptions are drawn, characterization parameters are defined and the procedure is
described. The procedure is utilized to characterize a chosen CMP pad. Characterization
data is incorporated into an FEA model to investigate the mechanical behavior of CMP
pads with enhanced fidelity. A 2-D axisymmetric quasi-static FEA model is proposed to
investigate the interaction between the diamond disc conditioner and the polishing pad

for the first time. The FEA model is developed and utilized in the ANSYS (ANSYS Inc.,
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275 Technology Drive, Canonsburg, PA 15317, USA) simulation software to study the

effects of some process parameters on the pad deformation.

5.2 Image Processing

A typical CMP pad consists of two stacked components; (1) a rigid top-pad with
its upper surface in contact with the wafer and bottom surface adhered to (2) a resilient
soft base termed the sub-pad (Wang et al., 2008). The IC1000 and 1C1400 pad are the
most common CMP pads in industry today (Wang et al., 2008) and have been studied
more than any other CMP pad type. With the 1C1400, the top pad is a microporous filled
cast polyurethane material 1C1000 polymer (Doering and Nishi, 2008). The IC1000 layer
has a closed cell structure with hollow spherical micropores. The sub pad is of buffed
high density urethane foam (Rodel, 2001) with a closed-cell foam structure (DeNardis et
al., 2006). An assumption of spherical micropores is considered valid under two
conditions: (1) if the pad is unused and, (2) if the pad slice to obtain the cross section
image is undeformed and obtained using a vertical plane. It is also necessary to assume
that the solid (cast urethane polymer) matrix of the foam is homogenous. Figure 5.1
shows a flowchart for the logical description of the image processing procedure
beginning from reading the acquired pad cross-section image to characterization results.

With good segmentation of 2-D slice images, accurate image data can be retrieved
and reliable characterization can be attained. This begins by converting a gray-scale

image into a binary image using the conventional thresholding method.
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Figure 5.1. Image processing procedure

The 8-connected neighborhood criteria (Chugh, 2010) is used to determine
connected pixels and subsequently to identify and label all individual components in the
image. Shape measurements such as area (a;), centroid (o;), equivalent diameter
(d;) and perimeter (p;) of all n components are computed. With this data, values of
morphological characterization parameters can be extracted. Table. 5.1 lists and defines
the parameters chosen to characterize the morphology of the pad. The eccentricity for
each pore is measured. The average value assists in accessing the validity of the

assumption of spherical pores. The mean, median and standard deviation of the pore size
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also provide a general description of the pore geometry. From observation of several

fitted pore data, the statistical distribution of the pore size is appropriately described by a

lognormal distribution.

Table 5.1. Pad morphological parameters

Parameter

Definition

Eccentricity

The ratio & of the distance between the foci of the ellipse (that has
the same second-moments as the pore component) and its major
axis length. The value is between 0 (for a circle) and 1 (for a line
segment).

Mean
Pore

S 'Z?=1 d;

Mean pore diameter given by: u; = ; Where S is the scale

(um /pixel).

size Median(,um)

Median pore diameter given by: d = S - median {d;}.

Distribution

Probability distribution of pad pore diameter fitted with a log-
normal distribution specified by mean x, and standard deviation o.

Pore linear
spacing (um)

Distance r; between
pore centroid and
centroid of closest
neighbors (lengths of
edges of Delaunay
triangulation). A log-
normal distribution is
adapted for ;..

Pore angular
spacing (rad)

The angle 6; that an edge connecting two pore centroids makes with
the horizontal.

Pore density (void
fraction)

Ratio of the area of void-space (pores) and the total or bulk area of
the pad (including the matrix and pore components) given by:

¢ = Z_?leai ; where | and h are the length and height of the image

respectively.
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The x and y values of the component centroid define the position of the pores
distributed within the pad polymer matrix. The pore centroid distribution provides a
general description of the pore formation. To adequately model the structure of the foam,
it is important to understand the morphological relationship between pores.

Delaunay’s approach is adapted to characterize this relationship. Given the set of
pore centers, the Delaunay triangulation generates a set of lines connecting each pore to
its natural neighbors. These lines form a set of triangles such that no data points (pore
centers) are contained in any triangle's circumscribed circle. The set of triangle edge
lengths is used to infer the pore spacing distribution and homogeneity.

SEM images of 1C1400 (top-pad and sub-pad) were obtained from published
sources (Shown in Table 5.2) and prepared for processing. The preparation involved
removal of image boundaries and non-foam features (such as scale bar, etc) followed by
enhancement of the contrast and brightness. The scale of each image was determined
manually by using the image processing toolkit ImageJ (National Institutes of Health,
USA). The computations described in the image processing procedure were carried out

using the Matlab Image Processing toolbox.
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Table 5.2. Image processing results

Pad Type IC 1400 Top-pad IC 1400 Sub-pad
1.. “. _. “‘ ;..?r‘;:ﬁ,{":.ﬂ:;';';ﬁ'::':;‘.‘:'.-:H'-:".“:'-
g Vi " i |::."‘_""l ._.H;.._‘ . - avg
O A 3 pLs

Original Image Mere et e 1%

Source DeNardis et a

Binarized and filtered
image

=
. . ]
Distr. of pore sizes -
faﬁ
Pore size (um) Pore size (um)

5 5

2 2

2 Z

200

200 600 800 1000 1200 o5 e = oo o
Pore spacin m f
P 9 (um) Pore spacing (um)

Pore St f 7 :
morphological ‘ istribution of pore |pear spacmg‘

relationship

Distribution of pore angular spacing
& 0.68 0.55
Uy (um) 26.5 375
d (um) 24.7 32.7
Distr. of d [um,um] Lognormal [3.2256,0.311] Lognormal [3.463,0.577]
Distr. of v [um,um] Lognormal [4.2893,0.4421] Lognormal [4.388,0.428]
Distr. of 0 [rad,rad] Uniform [-n/2,-1/2] Uniform [-n/2,-n/2]
¢ 0.1427 0.2889
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5.3 Characterization Results

Table. 5.2 shows the results for the characterization of 1C1400. In the binarized
and filtered image, white pores are shown against a black background of the polymer
matrix. A histogram of the pore size d corroborates that the distribution of the pore size
follows a lognormal distribution. Similarly, pore linear spacing r follows a lognormal
distribution. However, the pore angular spacing 6 is better described by a uniform
distribution (except a slight spike in 0° and 90° neighbours). The eccentricity values being
less than 0.68 indicate that the characterized pores are fairly circular. It is expected that
higher resolution images will provide better eccentricity values.

A visual comparison of the top-pad and sub-pad (from both Table. 5.2 and Figure
5.2) shows that the sub-pad is more porous than the top-pad (DeNardis et al., 2006). This
is confirmed by the higher ¢ value for the 1C1400 sub-pad. In Figure 5.2, the geometrical
model of the cross section of the characterized pads is shown overlain with a Delaunay
triangulation connecting all the centers of the circular pores. The geometrical model
provides a close representation of the actual pad morphology (including the shape, size
and position of pad pores within the polymer matrix) required for the finite element

model.

86



RS % ]
- O“"'e:— - 3\

Bo¥d3e C o e e O
‘("arg’%; ==

£

M’
-

NE o) T
LR e

e\ e N > L
Sl TO e R e A
EIB "‘\."qor (&N a0

P!
Do

TN SN
8 i er— o b Od 25

el ]

y
P—o e

A ". 2
) B R O g, B S0t
- O e o B S aell, D & &
57 SN, 751 5 s e, P Spe s (-
l‘*-.‘; \:;e\'»‘-;./;; A 'e.-’-‘-'- ‘vr// ,//7"-‘/ \*‘\“g
RN e S U s > G
YRR T L e -

X o ey S

Sy o™y
N 1D P 56
PSS

Figure 5.2. Geometric model of 1C1400 (a) top-pad and (b) sub-pad cross sections
overlain with corresponding Delaunay triangulations

5.4 FE Model Development

5.4.1 Assumptions
The pad is modeled as a solid block impregnated with circular holes to represent

the foam microstructure. Here, the effect of the gas trapped in the pores is ignored. The
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pad block is in contact with a conditioner block. Stresses on the pad surface arise mainly
from two sources; (1) down pressure from the conditioner head and (2) shear forces due
to the relative motion of the conditioner and pad. For simplicity, the contact surface
between the conditioner and pad can be considered as a smooth plane. Then a uniformly
distributed normal pressure acts on the head of the conditioner block. Sliding contact
between the conditioner and pad causes a traction force which can be correlated to the
relative velocity between the conditioner and pad. This can be ignored if the pad and
conditioner rotating speeds are similar. With the given configuration, static equilibrium is
necessitated to solve the deformation equations. A quasi-static simulation is thus
employed. Considering symmetry of pad profile and quasi-static conditions, loading can
be assumed to be axisymetrically distributed. In this model, the pad and the conditioner
are assumed to be free from internal forces prior to the application of loads.
5.4.2 Model Parameters

Geometric and material properties of interest include the elastic modulus of the
foam matrix, poisson ratio, pad thickness and porosity. Due to the considerable
anisotropic properties of the pad and difficulty in obtaining consistent data, the model
parameters are chosen based on empirical relations and the image processing results.
First, the matrix of the pad is assumed to possess isotropic mechanical properties. To
avoid convergance errors, a Poisson’s ratio of v = 0.35 is chosen as a compromise to a
value near 0.5 for polyurethane elastomers. For the conditioner, v = 0.3.

There are several differing reports on the Young’s modulus E of the 1C1400 pad

(ranging from 4Mpa to 350Mpa). This is probably due to anisotropy of the pad, diverse
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testing methods/conditions or reference to other elastic moduli. However, reports on the
hardness of the pad are consistent. Thus, in this study, E is derived from knowledge of
the pad’s shore hardness. Qi et al. (2003) stated that a linear relation between the Shore
hardness and the logarithm of E is applicable over a large range of Shore A and Shore D
hardnesses for elastomeric materials. The relation is given as:

Sp for20<5,<80

log,o E = 0.0235 - S — 0.6403; S = {SD For 30 < Sy < 85

(5.1)

where Sa is the Shore A hardness and Sp is the Shore D hardness. Provided with the
average 1C1000 Sp of 57 (Rohm&Haas, 2004), E of the bulk top-pad is determined to be
approximately 75 Mpa. The subpad can have a Shore A hardness between 35 to 50
(Prasad, 2007). Thus, E of the bulk subpad is determined to be approximately 2.3 Mpa.

Since the pad is modeled with consideration of the internal microstructure, Eq is
assigned to the pad polymer matrix only and not the bulk pad. Hence, a correlation
between ¢, Eg and E is necessary. Based on a large number of experimental observations
of pore deformation, Lu et al. (Lu et al., 1999) developed a simple model to correlate the
macro-properties of porous materials from the the micromechanics viewpoint. The bulk
elastic modulus, E, for high values of porosity such as for foams is given as:

E =Ey(1-¢)% (5.2)

where Ep is the elastic modulus when the porosity ¢ is zero. Figure 5.3 shows the
determination of the Eq of the pad matrix polymer. Considering an 1C1400 top-pad with

E = 75 Mpa at ¢ = 0.35, E, of the modeled top-pad is obtained to be 130 Mpa at ¢p =
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0.1427 and 177 Mpa at ¢ = 0. Considering a subpad with E = 2.3 Mpa at ¢ = 0.5, E, of

the modeled sub-pad is obtained to be 4.7 Mpa at ¢ = 0.2889 and 9.3 Mpa at ¢ = 0.
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Figure 5.3 Relationship between the porosity and elastic modulus

5.4.3 Finite Element Model

The deformation problem is modeled using a structural mechanics approach in
ANSYS. Contact is simulated by defining a set of elements (with a considerably small
height) inbetween the contacting surfaces. The defined elements share the same nodes
with the contact surfaces. In this way, the target surface elements can directly impact the
contact surface upon loading. 2-D 4-node structural solid elements were used. Figure 5.4

shows the boundary conditions for the 2-D FEA model.
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Figure 5.4 Boundary conditions of 2-D FEA model

The pad is modeled by stacking the gemoetric models of the top-pad and sub-pad
(from Figure 5.2) together into a block. The model is discretized into 87767 elements
and 56509 nodes. Since it is of interest to visualize the surface and sub-suface
deformation, a much finer mesh was used for the pad in comparison to the conditioner.
Meshing was performed such that the discplacements at the surfaces of contact between
the conditioner and top-pad and also the top-pad and sub-pad were identical in all
directions. Since the bottom surface of the pad is fixed, all nodes lying on the bottom
plane are fixed in all degrees of freedom. Displacement of all nodes lying along the axis

of symmetry are restricted to the z-axis.

5.5 Results and Discussion

To investigate the effect of process parameters including, pad stiffness and

conditioning pressure on the pad deformation, three levels of each parameter are
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simulated. Table 5.3 provides a list of the parameter values used at each level. Figure 5.5
shows the variation of deformation of the pad surface and subsurface. It can be seen that
upon deformation, the pad surface directly under the conditioner remains flat and
experiences the most deformation. The surface out of contact with the conditioner
inclines upward away from the edge of the conditioner. Also, the intensity of deformation
reduces away from the bottom of the conditioner with the deformation of the top-pad
only as much as the deformation at the top of the sub-pad. A slight bulge is also observed

at the free end of the sub-pad.

Table 5.3 Parameters used for simulation

Levels
Parameter 1 5 3
E, of top-pad matrix (MPa) 83 130 177
Conditioning Pressure P (N) 40 70 100
E of conditioner (MPa) 180x10°
Eo of sub-pad matrix (MPa) 9.30
Thickness of top-pad t; (um) 1181.00
Thickness of sub-pad t; (um) 1203.00
Porosity of top-pad (%) 14.27
Porosity of sub-pad (%) 28.89
Poisson ratio of matrix 0.35

Considering the microstructure of the pad, it can be seen that the pores of the sub-
pad deform into an ellipsoid shape whilst those of the top-pad remain fairly circular. This
suggests that, as intended, the sub-pad enables the stacked pad to be more flexible, while

still maintaining high enough stiffness of the top surface layer.

92



In CMP, conditioning pressure is usually increased to intensify the regeneration of
pad surface. In Figure 5.6, the conditioner is subjected to three conditioning loads.
Results show that deformation increases with increasing conditioning pressure P. The
evenly spaced deformation profiles suggest that conditioning pressure may have a linear
relationship with the depth of deformation. The graph also confirms the initial
observation that the surface of the top-pad deforms only as much as the surface of the
sub-pad except at the edge of the conditioner.

The effect of pad hardness is investigated by varying E, of the top-pad material.
Results from Figure 5.7 show that deformation increases as expected when pad material
becomes softer. However, unlike the resulting deformation profiles for P, the range of
deformation (both top-pad and sub-pad) over the length of the pad increases as the pad

gets softer.

(b)

a 2718 5430 2144 10855
1357 4072 6787 9502 12216

Figure 5.5. (a) FEA model and (b) variation of average pad deformation at E¢=130
Mpaand P =70 N
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Figure 5.6. Effect of conditioner pressure (P) on deformation (Eo =

Length of pad (um)
0 250 500 750 1000 1250 1500 1750

177 Mpa)

-0.4 —— T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T

[ .
beccccccccccccccccccsccccccccccccce

Normalized deformation

-0.8 C
Top-pad (EO= 177 Mpa)
09 - = = Top-pad (EO= 130 Mpa)
eeseeeTop-pad (EO= 83 Mpa)
-1
Figure 5.7. Effect of pad stiffness (Eo) on deformation at P = 70 N for top-pad
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Figure 5.8. Effect of pad stiffness (Eo) on deformation at P = 70 N for sub-pad

5.6 Conclusions

Pad deformation due to pad conditioning during CMP affects several aspects of
the process output. Analysis of these effects is crucial to the fundamental understanding
of the material removal mechanism of CMP. A 2-D image processing procedure has been
developed for the characterization of the morphological and mechanical properties of
CMP pads. Characterization data was incorporated into a 2-D axisymmetric quasi-static
FEA model to investigate effects of process parameters (pad stiffness, and conditioning
pressure) on the pad deformation with enhanced fidelity. Three levels of each parameter
were simulated. Results show that: (1) the conditioner slightly indents the pad with its top
surface inclined away from the edge of the conditioner, (2) the softer sub-pad deforms to

permit a more planar profile of the top-pad (3) deformation increases as the pad’s elastic
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modulus decreases, and (4) deformation increases with increasing conditioning pressure.
Since the mechanical properties, liquid permeability and surface roughness of CMP pads
are highly related to the foam morphology, the model provides an avenue for more
accurate quantitative comparison of pads of different composition and design for high

performance industrial applications.
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CHAPTER 6

CONDITIONER DESIGN OPTIMIZATION

6.1 Introduction

Despite the progress made to control the pad surface profile, attaining a uniform
pad surface texture (from the homogenous distribution of regenerated asperities) still
remains a challenge. As mentioned in Section 1.5, CMP suppliers (system and
consumables) and end users are more interested in collaborative evaluation of new
consumables geared towards reducing CMP Cost of Ownership. This is achieved
primarily through extended pad and conditioner lifetime and minimizing
development/optimization time and repetition of efforts (Singh et al.,, 2011). Pad
conditioner performance must be optimized not only for maintaining desired pad surface
morphology but also for preserving device yield, reducing defectivity and enhanced
process stability throughout pad’s lifetime. This calls for more stringent control of
diamond disc design features. Generation of optimal pad surface texture requires the
optimization of various conditioner design parameters.

Pysher et al. (2010) proposed the concept of a pad conditioner design space (plot
of conditioner surface finish against aggressiveness number) to understand different
classifications of diamond pad conditioners to facilitate the selection of a disk design for
a particular CMP application. Their efforts were experimental and directed towards pad

MRR and surface finish of the disk by improving the diamond tip height distribution.
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Hwang et al. (2007) used experimental methods to compare conditioner design
parameters (diamond size, shape, distribution, concentration and bond type) and improve
wafer defect rates through generation of desirable pad textures. In a similar study,
Hwang’s research group (2009) performed numerical simulations to enable a visual
comparison of the pad texture generated by two conditioner designs. These studies
present only some degree of effort towards the optimization of conditioner design in a
guantitative manner.

In terms of evaluating conditioner design quantitatively, Feng (2007) developed a
kinematic conditioning density (CD) function (based on the polishing trajectories
generated by a conditioner) as a measure of conditioning performance. Yeh and Chen
(2010) suggested a modification of the CD definition (by introducing “recover—area
ratio”) in order to consider the fact that a specific area of the pad may require several
“cuttings” to restore it. It is generally desired that a conditioner design is evaluated
independent of process parameters. However, Yeh and Chen’s module does not consider
conditioner design features except disc size. In lieu of these challenges, the CD model
developed in Chapter 4 accounts for conditioner design features such as grit density, disc
size and shape as well as diamond distribution provided the positions of the individual
diamond grits are known. Baisie et al. (2011) and Feng (2007) compared the collection
of trajectories generated by different kinds of diamond grain distributions. Despite the
usefulness of the traditional CD approach, it is computationally intensive for the

evaluation of the pad surface texture. Hence its use is currently limited to determine pad
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cross-sectional profile in relation to pad wear. A simple method to quantitatively evaluate
pad surface texture generated by a specific conditioner design is needed.

Following this introduction, conditioner design considerations are briefly
discussed and the concept of genetic algorithms (GA) is introduced as a platform for the
optimization of conditioner design in Section 6.2. In Section 6.3, the constructs of the GA
optimization model are developed. Here, a new metric to evaluate conditioning
performance based on the conditioning density generated by a specific conditioner design
is proposed as well as a special reproduction operator based on linear crossover. In
Section 6.4, the metric is applied in the model to optimize conditioner design for the first
time. The model searches for the design parameters that produce a desired CMP pad

surface texture. Search results are analyzed in Section 6.5 and conclusions are drawn.

6.2 Disc Design

As mentioned earlier in Section 2.3.2, product performance of CMP conditioners
is characterized by diamond grit pop out, wafer removal rate, conditioner life, and
consistency of conditioners among batches (Ohi, 2004). Process performance is
characterized by regeneration of pad surface characteristics such as texture (described by
the nature of asperities) and profile. It is well known that diamond characteristics such as
size, shape, and exposure strongly influence these pad surface characteristics. The disc
assembly as well as the distribution of diamond grits on the disc (Hua et al., 2009) also

play an important role in conditioning outcome such as uniformity and thoroughness of
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conditioning. Figure 6.1 shows various types of diamond geometric arrangements and
disc shape. In the manufacture of diamond disc conditioners, the diamond grits are
distributed in a random or structured pattern using conventional techniques or more
modern surface engineering techniques mentioned in Section 2.3.1 which promise high
regularity of diamond shape and uniform regeneration of pad asperities. Due to the
increasing intensity, complexity and changing requirements of next-generation CMP
processes, requirements for the performance of CMP conditioners have diversified (Singh
et al., 2011). Thus CMP pad conditioner designs are currently selected for particular
applications based on the pad type, wafer size, and slurry (Ohi, 2004, Pysher et al., 2010).
Optimization methods are sought to determine the best diamond disc design features for

each application.
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Figure 6.1. Types of (a) diamond geometric arrangements and (b) disc shape
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6.3 Genetic Algorithms in Design Optimization

Most practical design optimizations are highly nonlinear, multimodal, and under
various complex constraints where different objectives are often conflicting (Yang,
2012). Such is the conditioner design optimization problem being addressed. Genetic
algorithms constitute a popular class of (adaptive and stochastic) metaheuristic search
algorithms especially suited to solving complex optimization problems in engineering.
GAs transpose the notions of evolution in nature to computers and imitate natural
evolution. Basically, they find solution(s) to a problem by maintaining a population of
possible solutions according to the “survival of the fittest” principle (Renner, 2004). GAs
only use the objective function while searching for optimized result and not the
derivatives, therefore it is a direct search method. Design can be conceived as a search for
a suitable or optimal construction, where the term search is used in a technical sense.

A search problem consists of a desired state (goal state), a search space and a
search process. In design the goal state represents the characteristics of the final design.
The search space is the set of all designs characterized by all allowable values of the
design parameters (Renner, 2004). GAs work with a coding of the parameter set (set of
strings/individual chromosomes) and use probabilistic transition rules (Goldberg, 1989).
Renner (2004) discusses in more detail the features of GAs, how they work and provides
an overview of applications of GAs to different domains of engineering design. Solving a
problem with GA starts with designing a proper representation, fitness measure and

termination criterion. The termination criterion usually allows at most some predefined
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number of generations and checks whether an acceptable solution has been found. The

GA procedure modified for this study is presented in Figure 6.2.

Create initial population
of designs
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search?

Select most desirable
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operators to create new
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design &

. c o
statistics of
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Figure 6.2. Genetic Algorithm (GA) process

6.4 Problem Representation

6.4.1 Solution Representation
In this study, three design parameters are considered: Geometric arrangement of

diamonds (Gj;), Grit Density (Dj;) and Size (S;) of conditioner disc j in generation i. The
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shape of the conditioner is restricted to the “all surface” type shown in Figure 6.1(b). A
fourth parameter Rj; is introduced to specify the number of rays in the case of a radial
geometric arrangement. Table 6.1 describes the constraints associated with each of these

parameters.

Table 6.1. Constraints on conditioner design parameters

Parameter Constraints

Geometric The value of Gj; is a discrete variable which could assume one of
arrangement of four values where 1 represents Regular, 2-Random, 3-SARD and
diamonds (G;) 4-Radial design. (SARD -Self Avoiding Random Distribution).

1
0<Djj £ ———;
N 8 * Mf}rit
_ ND;; o .
Grit Density (Dy) where D;; = sy ND;; is the number of diamonds over the

corresponding conditioner surface area, § is a diamond pitch
factor to control the proximity of diamond grits to each other, and

Igri¢ 1S the average diamond grit size.
: 0 <S;; <0.5XRyqq;
Size (Si) where Ry, is the pad radius.

ZﬂSi]'
Number of rays 1<R; < Sl
(Rij) Harit

R;; must be a positive integer.

The usual method of applying GA to real-parameter problems is to encode each
parameter as a bit string using either a standard binary coding or a Gray coding. The bit
strings for the parameters are concatenated together to give a single bit string (or
"chromosome™) which represents the entire vector of parameters. In biological

terminology, each bit position corresponds to a gene of the chromosome, and each bit
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value corresponds to an allele. Wright (1991) showed that in terms of reproduction,
binary crossover is exactly the same as real crossover and a mutation can also be
considered as a perturbation of some of the real valued parameters. Thus, in this study, it
is deemed sufficient that, a chromosome corresponds to a vector of real parameters (Gj;,
Dij, Sij, Rij), a gene corresponds to a real number, and an allele corresponds to a real value.
6.4.2 Design Evaluation

A typical pad conditioning cycle is illustrated in Figure 3.1. The kinematic model
developed in Chapter 4 is used to simulate the diamond grit trajectories. It is assumed that
all of the diamond grits embedded on the metal disc protrude with a pyramid shape and
have the same size and protrusion height as shown in the Figure 2.2(b). It is also assumed
that during the conditioning process, each diamond grit is in continuous contact with a
flat and homogenous pad surface and will generate an individual trajectory. The
collection of these trajectories depicts the pad’s surface texture resulted from the
conditioning process.

From Section 4.2, the radial distance d traveled by the conditioner from the pad

center by time t is given by:

d=D(t)=L+ f vdt. (6.1)

L is set to be equal to the conditioner radius S;j and overhanging is not allowed. For
multiple diamonds on the conditioner, the collection of trajectories on the polishing pad is

described as:
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X1 _ lcos(wpt) ND lCOS((Wp — W)t — Qk)) 6.2)

Y(t) sin(wyt) * EB sin((w, —we)t — 6;)) |
Equation (6.2) is utilized to plot the conditioner trajectories. The parameters are the input
variables Ny , Nc, Ry, T, teyele @and the set [ri,6]. Np and, N , the rotation speeds in rpm
for the pad and conditioner are converted to w, and . respectively in rad/sec. Ry, is the
pad radius, T is total conditioning time and, te.cie is the time for a single cycle. All length
units are in inches and time in seconds. A function is developed to generate the set [ry, 6]
that satisfies the conditioner design specified by the chromosome [Gj;, Djj, Si, Ri]. To
evaluate the pad surface texture generated, a simple conditioning density (CD’) metric is
proposed that compares the area covered by trajectories (Ac;) to the total area of the pad

(Ap) hence:

, Aci; Number of black pixels
p  Pixel value of pad circular area

(6.3)

To implement CD’, the plot of trajectories on the pad surface area is converted to
a binary image (as shown in Figure 6.3(b) inset), where each pixel assumes one of two
discrete values: 1 for white or O for black. All positions that contain a pixel of value 0
indicate conditioned area and 1 otherwise. The value of CD’ ranges between 0 and 1. A
CD’ value closer to 1 indicates that the conditioner design achieves more coverage of the
pad surface area and hence a more homogeneously regenerated pad texture. Therefore in
an application where uniform conditioning of the entire pad surface area is desired, the

goal of the search is to seek a design that maximizes CD’.
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Rc=1, Sweeping profile=FLAT 2, Np=3, Nc=21, Period=54.98
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Figure 6.3. Binarized trajectories generated by a specified conditioner design

6.4.3 Selection

The fitness of each individual design solution in the current population is
evaluated using the CD’ function. An elitist strategy is adapted to select the proportion of
the existing population to breed a new generation. After ranking current population
according to CD’, the best 50% of the solutions are selected to serve as parents in the
subsequent reproduction stage for the next generation of solutions. The same population

size is maintained throughout subsequent generations.
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6.4.4 Reproduction

An efficient optimization algorithm must use two techniques to find a global
maximum: exploration to investigate new and unknown areas of the search space, and
exploitation to make use of knowledge found at points previously visited to help find
better points (Beasley et al., 1993). Accordingly, new designs (offspring) are generated
by applying three genetic operators (traditional crossover, linear crossover and mutation)
to parent designs. Crossover essentially performs an exploitive role whiles mutation
performs an explorative role.

A one-point traditional crossover operator combines the representation of two
parent individuals to produce two children by swapping between the two parent design
parameters as shown in Figure 6.4(a). The problem with traditional crossover is that it
tends to be less and less effective as the similarities between organisms increases (due to
recurrence of alleles) as the population converges. At this stage, mutation becomes more
and more necessary as variation in the population is reduced (Beasley et al., 1993). To
overcome this problem, a different form of operator to be termed ‘random linear
crossover’ is proposed. Instead of swapping alleles, corresponding alleles of two parent

genes P;; and P/} are recombined using a linear operator to produce two offspring 0"
and Of}A(as shown in Figure 6.4(b)) using the equations:

0{{® = P{j * Rand(0,1) + Pj} * (1 — Rand(0,1)); (6.4)
and

07" = P/ * (1 — Rand(0,1)) + P/} * Rand(0,1). (6.5)
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The mutation operator introduces local changes to the genetic code of an individual

parent design by randomly reassigning new allele(s) to the design parameters within their

specified constraints. Each selected parent was randomly assigned to one of the three

reproduction operators. By proportion, 45% of the selected parent designs reproduce by

traditional crossover, 45% by linear crossover and the remaining 10% by mutation.

Parent A : Parent B
[ Giiw | Dijw § Siw | Ricay | | Giie \ Dii) f Sie) | Rie) |
v 4............................::'.'.'.'.'.‘.'.'.'-'-“~-"-'~'~'~'-'$-'-.-.:-' .......................................... >
| Giw | Dijwy | Sie [ Rie | | Giey [ D@ | Siw | Riw |
Offspring AB Offspring BA
(a)
25
20 |
E: 2
o 15 ¢
_: -
(L]
>
& 10 f
Q
£
e
& 5
O T T T T T T
1 2 3 4 5 6 7
Reproduction
= Parent B =ParentA < Offspring AB B Offspring BA
(b)
Figure 6.4. (a) Traditional crossover and (b) random linear crossover operations

108



6.5 Results and Discussion

6.5.1 Simulation Parameters

Conditioning parameters were chosen such that conditioning performance was
minimally influenced by process parameters not related to conditioner design. Ny, = 3
rpm, Nc= 2 rpm, Rp = 12 in, and v = 0.1818 in/s. The average diamond grit size (,ugn-t)
was set to 150 microns and a pitch factor (8) of 10 was chosen. To minimize

computational cost, only one conditioning cycle was simulated. The pad and conditioner

speed were chosen to minimize periodicity in the generation of trajectories.
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Figure 6.5. Effect of population size on run performance
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Reed et al. (Reed et al., 2000) proposed a well-known 3-step methodology for the
tuning of population size, selection pressure, and the influence of crossover and mutation
in the design of simple genetic algorithms for practical computationally intensive
problems. However, Reed’s guidelines are intended for binary coded GA and are not
generally extendable to real value GAs. In this study, the population size is decided by
performing some trial GA runs for a small number of generations with each run having
different population size. In Figure 6.5, the average run performance and the percentage
change in performance is plotted against the population size. The graph shows that a
population size of 18 was sufficient to provide promising results. Thus, an initial
population size of 18 was chosen to evolve over a period of 30 generations with 9
individuals surviving 9 offspring being born in each generation. The individuals in the
initial population were chosen such that there were an equal proportion of solutions with
the same G;jj value and the remaining design parameter values (Dj, Sij and R;) were
chosen at random.

6.5.2 Search Results
6.5.2.1 Performance of Design Optimization

Figure 6.6(a) is a plot of the best and average fitness values in each generation.
The reproduction operators were able to maintain a diverse and yet an increasingly ‘fit’
population within feasible region throughout the evolution period. The selection criteria
also proved to maintain an even, controllable selection pressure to push for the selection
of better individuals appropriate for the conditioner design optimization problem. It can

be seen that the average population fitness improves quickly and reaches a plateau close
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to the value 0.75. This means that the designs of the latter generations may well suggest
parameter values that are more desirable. The best solution in each population does not
seem to improve significantly over the generations. This may be due to limitations
imposed by the chosen process parameters values and the limited number of conditioner
design features considered in the model. Figure 6.7 shows areas in the search space where
the solutions emerged. Judging from the location of the best solution in the last
generation, the search converged to the region with the highest concentration of solutions
and thus more desirable design parameter values.
6.5.2.2 Evolution of Size

Figure 6.6(b) shows a plot of the average relative disc radius (Si]-/Rpad) over the
simulation run. It can be seen that designs with smaller conditioner size tend to quickly
hover around a relative radius of 30% of the pad radius. This is attributed to two reasons.
First, larger conditioners are not able to adequately condition the central portion of the
pad. Secondly, there tends to be larger gaps between the trajectories generated by the
wider spaced diamonds on larger conditioners. The tendency of the specific relative
radius is dependent on the conditioning process parameters such as the relative speed of
the conditioner. Other studies (Baisie et al., 2010) have shown that in this configuration
of pad conditioning, total thickness variation, concavity and waviness of the pad profile
tend to deteriorate significantly as the conditioner size increases.
6.5.2.3 Evolution of Grit Density

Figure 6.6(c) shows the plot of the average density over the simulation run. It is

expected that conditioners with higher grit density will achieve better coverage of the pad
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surface area and hence better conditioning performance. However, it can be seen that the
conditioning density increases steadily and converges around 40 grits/in®. This limit is
imposed by the practical constraints associated with the diamond pitch factor and grit

size.
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Figure 6.6(d) shows the proportion of Regular, Random, SARD and Radial

diamond geometrical arrangements within each generation. It can be seen that designs

with SARD diamond arrangement quickly begin to dominate the population of solutions.

This means the geometric arrangement of the diamonds showed a more dominant impact

on the search outcome.
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Figure 6.8 shows the SARD design of the most ‘fit’ individual in the last
generation of individuals. Regular and Radial distributed diamonds tend to generate
periodic patterns where often times a single diamond’s trajectory may partially overlap
another. This reduces the chances of achieving more coverage of the pad surface area and
hence a more homogeneous spread pad texture. Although a Random diamond
arrangement may seem to overcome this challenge, it is difficult to achieve
manufacturing consistency and hence poor process repeatability and reproducibility. The
SARD was developed by Hwang et al.(2007) in an attempt to eliminate periodicity in
trajectories and also to avoid diamond free zones in the coverage of the conditioner
surface as seen in truly random diamond arrangements. In the SARD, each diamond grit
is randomly positioned in a grid as shown in the Figure 6.8(a) inset. In Figure 6.8(b), it
can be seen that the conditioner’s diamond trajectories cover 75% of the region within the
pad’s circumferential boundary in red. The inset also shows a close up view of the

surface texture of a 1”’x1” cake of the pad.

6.6 Conclusions

Currently, CMP conditioner suppliers and end users are more interested in
collaborative evaluation of new consumables geared towards reducing CMP Cost of
Ownership by minimizing development/optimization efforts. There has been only little
degree of effort towards the optimization of conditioner design in a quantitative manner.

In this study, a new metric to evaluate conditioning performance based on the
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conditioning density generated by a specific conditioner design was developed. The
metric was further applied in a genetic algorithm to optimize the conditioner design
parameters (including geometric arrangement of diamonds, grit density and disc size) for
the first time. It can be concluded that the GA framework is well suited for the design
optimization of diamond disc pad conditioners. It was observed that better designs tend to
exhibit features with higher grit concentration, smaller disc size and a structured
randomization of the diamond grit arrangement. Geometric arrangement of the diamonds
showed a more dominant impact on the search outcome. The model is useful for the
prediction of conditioning performance and tuning of conditioner design to specific

applications.
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CHAPTER 7

CONCLUSIONS AND FUTURE WORK

7.1 Research Overview

This research sought to address the concern about the lack of models that are
reliable enough to be used for verification and optimization of the diamond disc pad
conditioning process in three main steps. First, three models to simulate, predict, and
evaluate the pad’s mechanical response and surface characteristics resulting from
conditioning were developed. Secondly, the effects of pad conditioning parameters on
conditioning uniformity were evaluated. Finally, a new framework for the optimization of
the conditioner design was developed. The modeling results mainly suggested that it is
possible to advance pad conditioning towards high uniformity and predictability if as
many of the process parameters can be controlled and incorporated in the analytical
models. A recap of the major research contributions and findings is provided below.

7.1.1 Findings from Literature Review

Pad conditioning had developed to an advanced stage where all dimensions are
highly controlled. As conditioning is primarily considered as a two-body abrasive wear
mechanism, the Preston equation has been widely adopted to model the conditioner-pad
interaction. It was revealed that the main process control avenues were conditioning time

and conditioning kinematics such as pressure, relative velocity and sweeping profile.
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Modeling approaches commonly used were categorized into two groups, namely
kinematic and statistical approach.
7.1.2 Modeling and Prediction of Pad Surface Profile

In this research, two new kinematic models were developed to predict the pad
surface profile due to wear from diamond disc conditioning. The first model was
developed using a surface element approach where the motion of a tiny sector on the
conditioner is decomposed into its rotational and linear components to simulate the wear
area that a diamond abrasive sweeps on the pad surface. The actual pad profile was
determined by considering overlapped pad areas and the size of the pad section being
conditioned. In the second model, a plot of the collection of trajectories generated by
individual diamonds on the conditioner was generated. The conditioning density,
determined by the ratio of total trajectory length per unit area in the radial direction, is
used to infer the pad profile.

Three metrics, namely TTV, Bow, and NU, were developed to evaluate the pad
surface profile characteristics. Experimental data was used to confirm that both models
were able to simulate the kinematics of diamond disc pad conditioning and accurately
predict the pad surface profile. Simulation results revealed that: (1) there are always some
transition regions present in the pad profile near the pad center, and the pad periphery; (2)
the sweeping profile has a “mirroring” effect on the resulting pad surface profile; and (3)

a lower pad rotating speed and a smaller conditioner size allow a flatter pad profile.
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7.1.3 2-D Morphology and Finite Element Analysis of Pad

The pad’s mechanical response affects the conditioning process and is highly
dependent on its foam morphology. A 2-D image processing procedure combined with a
2-D axisymmetric quasi-static FEA model were developed for the first time to investigate
effects of process parameters (pad stack, pad stiffness, and conditioning pressure) on the
pad deformation with enhanced fidelity. Results showed that: (1) softer sub-pads deform
to permit a more planar profile of the top-pad; (2) the conditioner slightly indents the pad
with its top surface inclined away from the edge of the conditioner; and (3) deformation
increases as the pad’s elastic modulus decreases, and conditioning pressure increases.
7.1.4 Conditioner Design Optimization

To suggest ways to further improve the conditioning process, a new metric to
evaluate pad surface texture was developed and applied in a GA model to optimize the
conditioner design parameters (including geometric arrangement of diamonds, grit
density and disc size) for the first time. In the GA model, a new way to quantitatively
characterize conditioner design was developed as well as a special GA reproduction
operator. It was concluded that: (1) the GA framework is well suited for the design
optimization of diamond disc pad conditioners; and (2) better conditioner designs tend to
exhibit features with higher grit concentration, smaller disc size and a structured

randomization of the diamond grit arrangement.
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7.2 Future Work

7.2.1 Control of Pad Profile

Considering the current understanding of pad profile development and the
availability of metrics to measure conditioning performance, future work can consider
applying an optimization model to the developed kinematic models to determine the
optimal set of parameters to further eliminate pad wear transition regions and achieve
desired pad profiles. The kinematic models could be further developed to consider non-
linear sweeping paths and conditioner overhanging. The two kinematic process models
can be compared to evaluate model capabilities, differences and similarities and permit a
more informed decision on the choice of application.
7.2.2 Finite Element Analysis

Following the findings of the Finite Element Analysis, a 3-D as well as a dynamic
analysis of the conditioner-pad interaction is needed. Here, the shear forces involved in
the process can be considered in detail. The model can further be utilized to evaluate the
effect of conditioner design features such as convex or contoured cross sections on the
pads mechanical response. A study is also needed to investigate the effect of different pad
stacks and microstructures on the pad’s mechanical response. The results should be

related to the evolution of the pad profile due to conditioning.
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7.2.3 Understanding and Characterizing the Preston Coefficient K in Pad

Conditioning

In-house experiments need to be carried out to verify the kinematic models, to
determine the Preston coefficient K and also to verify the Finite Element model. Some
researchers suspect that the value of K in the pad conditioning process involves advanced
physics and may be dependent on the pad roughness, asperities, elasticity, surface
chemistry and abrasion effects as well as conditioner characteristics among others. Based
on the results of Chapters 5 and 6, and consideration of the analytical models summarized
in Appendix I, an initial deduction of the relationships which a set of chosen parameters
have with K is provided in Table 7.1. Experimental studies are needed to develop an
empirical model to further understand and characterize the underlying parameters that

affect K and their influence on modeling of pad conditioning.

Table 7.1. Relationship of chosen parameters with K
Relationship with K Parameter

Density of abrasive grit distribution

Disc diameter

Total number of working diamonds

Average groove width or cross-sectional area of diamond
Power consumed to remove unit volume of pad

Poisson ratio of pad

Temperature of pad

Soaking time of pad

Porosity of pad

10. Hardness of pad

11. Knife-edge or sharpness of diamond grit
12. Slurry viscosity

13. Young's modulus of pad

14. Pad surface variation due to morphology

Positive
correlation

CoNo~WNE

Negative
correlation
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7.2.4 Conditioner Design Optimization

Although the Genetic Algorithm platform was successful in the conditioner
design optimization effort, other metaheuristics could be tested. The optimization model
could further be developed to consider more design features such as disc shape. More so,
future work could concern the development of a model capable not only of optimizing
available designs, but also creating new conceptual designs from scratch. With regard to
the geometric arrangement of diamonds, functional biological patterns such as
phyllotactic and Fibonacci patterns could be explored.
7.2.5 Process Model Integration

Finally, a more comprehensive process model that integrates multiple analytical
models and captures all the key operational factors needs to be developed. The models
should be linked to both up-stream as well as down-stream CMP processes to allow series

process improvement.
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APPENDIX I

SELECTED PAD CONITIONING ANALYTICAL MODELS
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Table |

Summary of selected pad conditioning analytical models

Liao et al’s Model (2004)

Assumptions:

Proposed Analytical Model:

Main Conclusions:

= Conditioning is likened to
metal cutting to derive
power consumed to remove
unit volume of pad.

= P =AP since P, the rate of
total energy consumed in
conditioning process is
almost linearly
proportional to AP, CMP
machine power
consumption.

= Grit size effect and
hardness of pad are taken
into account.

D®F®
AP =K Newd
)
D  -dressing rate
F - downforce
N  -total number of working
diamonds

w  -average groove width
scribed by the diamonds
K,a,b,c and d are all constants

1. Dressing rate D is related to
power consumption of the
CMP machine.

2. Except down force, dressing
rate model developed consists
only of design parameters of a
conditioner.

3. More practical since Preston
equation used by others
includes down force and pad
speed which are usually fixed
by CMP machine makers and
difficult to adjust.

Tso and Ho’s Model (2004)

Assumptions:

Proposed Analytical model:

Main Conclusions:

= |nference is made to the
lapping model of ductile
material.

Dressing Rate
iy v, y p\LS
- PRATTO\H,

Kp - dressing rate constant

A -dressing area

A - density of abrasive distribute
Vp -conditioning velocity

R -knife-edge of diamond grit
do - size of abrasive diameter

A d, -separation between diamonds
Hp -hardness of polishing pad

P -conditioning pressure

3)

1. Since conditioning pressure
and velocity directly influence
the dressing rate of pad
significantly, selection must be
for lower conditioning
pressure and velocity in a
prerequisite of ideal
conditioning effects to avoid
the excessive pad removal.

2. Longer soaking time increases
dressing rate.

3. pH value of slurry influences
the intensity of the diamond
grit on the diamond
conditioner.

Lee et al’s Model (2009)

Assumptions:

Proposed Analytical Model:

Main Conclusions:

= A Preston-type relationship
is applied to analyze the
pad wear.

= Conditioner induces
uniform pressure on pad
and there is constant
contact between them.

= Pad properties are
isotropic.

= Point diamond grits are
distributed uniformly on
conditioner.

= Dwell time at turning
points of swing arm are
negligible.

a;j
1 tj,out
—keope |y [ wwae
J tjin
4)

@;- wear amount at minute circular
pad area

k. - constant related to conditioning
p. - conditioning pressure
a; - j™ minute circular pad area

vi(t) — velocity of point P relative
to pad

1. There is close correlation
among conditioner velocity
profiles, sliding distance
distribution and pad surface
profile.
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Chen et al’s Model (2000)

Assumptions:

Proposed Analytical Model:

Main Conclusions:

= For a given position, Ah airB 1.
relative velocity (V) is a WR == = KpP Vapg s
function of pad speed (V,), (5)
conditioner speed (V) and Ah p 1¢ 8
the center to center A M [m] Vavg.s
distance (Dc). ©6)

= For a given radial position
pad is conditioned by a WR -Wear Rate 2.

disc for a range of D i.e. ,

Ip- Ry <D< Vp"' Ry

= The generalized Preston
equation is employed to
describe pad wear rate.

= Local pressure P(rp)

radial position is inversely

proportional to local
thickness Ah(rp).

= P isconstant and Ah is

known.

Vavgs - SWeeping averaged velocity
Ah - wear thickness of pad

Ah - averaged wear thickness of
pad across radial position

At - actual conditioning time

P - pressure

P -averaged pressure

K, -constant

at

wear

The velocity term (Vayg,s) plays
a relatively insignificant role.
What is important is the actual
conditioning time At therefore
optimizing its distribution is
essential to achieving
uniformity

For pad profile optimization:

Set the angular velocity of
disc and platen close
while maintaining a small
difference (eg make the
disc-radius-to-pad-radius
as small as possible.

Let the disc diameter be
an integer multiple of the
sweeping range.

Widen the sweeping
range.

Increase the number of
Zones.

Baisie et al’s Model (2010)

Assumptions:

Proposed Analytical Model:

Main Conclusions:

= For each cycle,
conditioner
Sweeps once over
the radius of the
padina
predetermined
manner.

= Average
conditioning
pressure is
constant.

= Wear thickness is
directly
proportional to
swept area (sum
of surface
elements) and
inversely
proportional to
pad surface area.

2 R¢ t;
Aswept(i) = J{; j(; j(; vV ¢)27‘2 + 72 dtdr.de
(7

. Aswept(i)
- (Lipq + 2R )2 =1~ L @
8

Aswept(i) - area swept along conditioner
trajectory during segment sweeping

time t;

R, - conditioner radius

(7, @) - polar form representation of trajectory
function

Ah; - pad sectional wear

k - constant

N - number of sweeping cycles

L - initial position of conditioner center

When the total
conditioning time
remains constant, the
segment sweeping time
does not affect the pad
surface shape.

The sweeping profile has
a “mirroring” effect on
the pad surface shape.
Thus the flat sweeping
profile gives the best pad
shape.

Higher pad rotating speed
generates more pad wear
and makes the pad
surface shape more
concave.

The conditioner rotating
speed exhibits a much
weaker effect on the pad
surface shape than the
pad rotating speed.

The smaller the
conditioner diameter, the
flatter the pad surface
shape.
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Horng’s Model (2003)

Assumptions:

Proposed Analytical Model:

Main Conclusions:

Contact surface
between
conditioner and
polishing pad is
regarded as a
smooth plane.
Conditioning
model is
simplified as
plate subjected to
multi-uniformly
circular load.
Several
conditioners are
working
simultaneously.

vV - poisson ratio

E - Young’s modulus

P(€) - pressure applied on plate
rq - radius of circular load

Ng - number of conditioners
H - pad thickness

Deformation of a point along line y = 0 due to the
load on a line parallel to the x-axis with a length

of 2\/r? — &2 and a width of d¢ is represented by
w(r,0,2)

Deformation of pad subjected to single
conditioner along the radial direction is
calculated relative to the reference point (r=0,
z=H) in the half space.

Thus, the relative displacement between (r, 0, 0)
and (0, 0, H), due to the uniform load from & = -
rdto &=rd is given as

w(r) = f (w(r,0,0) — w(0,0,H))dE, i

“ra
=1.2,..,N;
9)
Total deformation can be given as
Ng
Seotat = ) 4 ()
i=1
(10)

When the depth of pad, H
increases, the
deformation increase due
to the decrease in pad
stiffness.

For the line parallel to the
y-axis, the deformation in
negative direction of x-
coordinate is always
larger than those of
positive direction because
the circular load causes
maximum deformation
value in center, and this
condition is also true for
the line parallel to x-axis.
For the line parallel to the
x-axis, when the distance
measured from original
point increases, the
deformation decreases.
For the y-coordinates, the
deformation in negative
direction is always larger
than those of positive
direction because the
effect of multi-circular
load is stronger in
negative y-coordinate.
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Chang et al’s Model (2007)

Assumptions: Proposed Analytical Model: Main Conclusions:

= A Preston-type w; - angular velocity of conditioner wheel 1. The spatial distribution of
relationship is wp -angular velocity of pad, the sliding distance on the
applied to D - distance between pad rotation center and pad is not uniform, but
analyze the pad conditioner ~ wheel rotation center has a concave shape
wear rate under r - radial distance between given point on the according to the rotation-
constant pressure. | conditioner velocity ratio, R.

= The oscillation wheel and conditioner center 2. Longer conditioning
velocity of the Voscill - 0scillation velocity of the conditioner induces higher concavity
conditioner is moving on pad. of the polishing pad.
neglected to vy, - relative velocity of point on pad with 3. The profile of the pad
analyze the respect to conditioner wear amount can be
relative velocity controlled by combining
distribution. S =S (L) = Sliding distance on the pad is given the critical parameters,

= Properties of all as; D(t) and R(t).
consumables such t
asslurryand pad, | S = f Vpjc dt
etc. are 0 s o
homogenous. = 2Dcos-1 (D tL-n )

= The pad wear 2DL
amount at a given (p'¢)? [R—-1 .,
point on the pad X {R + p4; (T) +p¢ }
is the average
value of the (L1)

) . Hayg (L1), can be considered as the pad wear
integration of the | 5\t ot radiial distance, L;. (calculated by using
pad wear amount | gjmnsan's Approximation Method with the

with respect to MATLAB Program) is given as

the time. 1t 1t
H,,,(L)==—| Hdt= — | kpsdt
avg (L) 2nL fo 2nL fo ps

_ kP ftﬁ(p R) dt
"~ 2mlL ), ’

(12)

R(t) - rotation-velocity ratio (w./ wp) function
D(t) - distance between the rotation centers
function

t” - half of the oscillation period
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Tyan’s Model (2007)

Assumptions:

Proposed Analytical Model:

Main
Conclusions:

The diamond grains
are uniformly
distributed.

A slow sweeping
moation is applied
during dressing

The ensemble of the whole trajectories on the pad;
Ng

@ [pijOS(wm)] _

~ Pp;sin(Py;)

j=1

Ng
R - (-DR@a0 x| P [p scos(ie)
) pajsin(a;)
_ [P
+R(-D) | 9 ]
(13)
Where (pp,j, ¥p; ) - j™ polishing trajectory generated by
the j single diamond grain located at (Paj, Yaj) ONa
conditioner having Ng number of grains

Wear experienced at a point is proportional to the
conditioning density (CD) = (time) average of total
segment length per unit area in the radial direction.

dl;
j

cD( )=lfT Z—jel(ﬂp) e
Po) =7 o dop=0  2mp,dp,

(14)

pp - assigned radius on polishing pad

T - elapsed time in domain=(271/®g,)

dlj - length of trajectory segment caused by the
grain’j’ located at (pq;,14; ) On conditioner

I(pp )=l |pp < Ppj < Pp + dpp'j =
1, ..., Ny ],which is the set of indexes for which
the corresponding trajectories fall within the
annular area 2zp,dp,, on the pad (note that 1(p,)
is time varying in general)

1.To have flat
distribution of
pad wear rate,
the ratio of disk-
radius to pad-
radius has to be
made as small as
possible.

2.The effect of the
pattern of grain
distribution on
conditioning
density function
is insignificant.

3.A slow simple
harmonic
sweeping
process cannot
achieve a
uniform profile
in the CD.
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Wiegand and Stoyan’s Model (2006)

Assumptions:

Proposed Analytical Model:

Main Conclusions:

The pad surface is
modeled as a , piece of a)
homogeneous
(stationary) and ergodic
random field [Zn(x)],

X is given in polar
coordinates x =(r, )
with 0<r <rpaq and 0<6
<2m.

Zn(x) is the surface depth
of the pad at the point x
at time n and is non-
negative.

The discretized time n
depends on rotation
speed o of pad.

The starting value of the
pad surface depth is
Zo(x) = ().

Since stationarity is
assumed, the one-
dimensional distribution
function of the random
field:

Fn(z)= P(Zn(x)<z)
Conditioner stays at a
fixed depth and the
effect of a conditioner
disk is approximated by
the effect of a one-
dimensional bar
conditioner. The N
cutting elements of the
disk are assumed to be
arranged on a line with
mean spacing |,

[ <rpag

In the case of a solid pad the probability density function of

surface depth after n cuts is;
n

n .
fn(z)z{ﬁeXp(EZ_h) if z=h
0 if z<0
(15)
Density function for random variable of additional depth at r
caused by a cut pore is;
pé(2) + (1 = p)hi(2) if zzh
9(2) = { ,
0 if z<0
(16)

Linear contact distribution function H, in case of a Boolean
model is;
hy(z) = A,exp(—2,2)

(17)

For conditioning of a foamed pad, the probability density
function of Z;, is obtained by convolution (x) as;

f(2) = fu(2) xg(2) =

n
(1 =p)A;
hn— (exp(2,(h — 2)) — exp(—n — 1,2))
BT
ifz>h
n
n n E(l — Py n
p—exp(—(z—h) +n—(exp(— z—n) —exp(—n —
h h 7+ ha
if0<z<h
0
ifz<0

(18)

1.

Large h produce
much pad removal;
shortens pad
lifetime therefore a
small cutting depth
h is intended in
industry.
Conditioning has
to be applied for
longer times, n to
remove
irregularities on
pad surface

3. For pad parameter

Ay, If pad is too
smooth, pores are
small with low
variation, 4, is
large, right
function tail is
short and steep),
removal will be
too small.

If pad is too rough
(a high degree of
variability, a long
right tail), there is
large removal
variation and
consequently a
rough wafer
surface.
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Borucki’s Model (2004)

Assumptions:

Proposed Analytical Model:

Main Conclusions:

= The cutting surface of tool
has an array of identical
diamond tips, which are
assumed to be triangular
with opening angle o,

= The theory uses the average
furrow shape cut or plowed
by conditioner diamonds on
a solid pad.

= The conditioner rotates
slowly enough that each
diamond cuts a non self-
intersecting furrow on each
pad rotation.

= The average density of
furrows (#/unit length) at
each pad radius is
independent of the
conditioner rotation rate.

= A circular conditioner can
be replaced by an equivalent
bar conditioner that creates
the same density of new
furrows by the end of each
half sweep.

= The ability of any diamond
to cut the pad material is not
dependent on the shape of
the pad-surface it
encounters.

For a moving conditioner on a solid pad:

Surface height probability density function , (PDF) -
probablity of finding a point between z and z+dz is given
as;

¢(Z!t) =
%(z—h0+ct)

0 X
1= exp [~ gy (ho — ct)?]
QO
2mevl

exp (— (z—h, + ct)z)

Average surface height is given as;
1 (1 Verf(vA)
2VA

RMS(root mean square) roughness as measured by the

standard deviation a(,) is given as;

(4 — m)mcvl)
2Q

50) =1 )mo—n)

o‘z(t)~ t > o

For foamed pad during simultaneous conditioning and
wear:

Complementary Cumulative Density Function (CCDF)
i.e. density of the remaining pad material at a given
height z at time t is given as;

0
w@o=fq@mm@—oa

(foamed) (solid)  (intrinsic)

1. Model relates the
foamed pad CCDF to
that of an identically
conditioned virtual
solid pad via a
convolution
involving the foamed
pad intrinsic PDF.

2. Results agree with
the corresponding
Monte Carlo
simulations.

3. Conditioning and

wear of a foamed pad
is modeled by
combining the virtual
solid pad evolution
equation with the
fundamental
convolution that
relates the solid and
foamed pad CCDFs.
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Borucki’s Model (2006)

Assumptions:

Proposed Analytical Model:

Main Conclusions:

The theory consists of three
main parts: a theory of
conditioning, a theory of the
coefficient of friction (COF),
and a removal rate theory.

Measure of surface abruptness is given as;

AL) = 2mAs @
QWmax a(L)
(23)
® - pad rotating speed in Radians/sec,
L - Conditioner load
Cc -cutrate
As - center-to-center length of sweep
a - total number of actively cutting diamonds.
Viscous contribution to the COF from contacting
asperities is approximately
Uyisc = 0.9(uV (1 — Uz)/E)O'%kg'lg/l_O'N
(24)
Ks - mean asperity summit curvature
V - sliding speed,
Ko - fluid viscosity,
E - pad Young's modulus,
V - Poisson ratio,
Ubise - value of u,,;.. when K, and A are both 1.
Material removal rate includes chemical rate k; and
mechanical rate k, given as;
My Kkik;
RR = Pck kKitka
ky = Aexp (— kE—T) , ko = cpuppV
(25)

A, ¢, are empirical constants,

E -activation energy of the rate limiting chemical step
P - applied polishing pressure

T - reaction temperature

. 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 removal
rates and friction
coefficients.
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APPENDIX 11

PUBLISHED EXPERIMENTAL DATA

CHARACTERIZATION OF PAD CONDITICNING PROFILES

IN OXIDE CHEMICAL-MECHANICAT POLISHING

Peter W, Froeman
Teodel Tne,, 451 Bellevoa Die, Newark, IDE 19713

Lucia Markert
SEMATECH, 2706 Montopolis Dr., Austin, TX 78741

Ahbstract

“The current joint development project hetween SEMATECH and Rodel focuses on the reduation of pad-
related process variability in ehemical mechanical polishing (CMP). An essential part of the initial phase of
the project was the installation and qualification of an IPEC/Westech 372U polishing tool, The Westach
3721 ton! is unigue in thal it ingorporates the APP1000 conditioner which is designed (o allow the user to
modify the length of time the conditioner takes to traverse seross 10 different segrents from the center of
the pad o the auside of the pad. Theoretically this allows the user to modify the pad profile and as a result
modify the relative palishing pressurc across the wafer tus affecting polish uniformiity across the wafer.
This paper discusses the effect of using different time profiles on the resulting pad shape after 3 long
duration of conditioning and cormelales these shapes to polishing performance. In addition 2 simple
computer mde] was developed that successfully predicts pad crosion profiles.

5 Introduction

Chemical Mechanical Pelishing (CMP) is hecoming a crucial step in fabricating integiated circuits,
espesially for Hinawidths of 0.5 wm or less, Planarization of diclscric layers is important on bath Lhe local
scale (distances < 100 jn) and the global scale (distances > 10 mm} for increasing line density and for
rmeeting depth of focs requirements in subsequent lithography steps. Tor metal films, CMP is gaining
acreptance not ewly in forming tungsten plugs/studs far vertical intereonneets, but also in defining vestical
and horizental interconnects for dual demascene architectures.

The ubjective of this work was to understand the ¢(Tect of using different conditioning time profiles on U
resulting pad shape {i.¢., erosion profile) and to relate these shapes (o oxide pol ishing performance. In
addition, a computer simulation was writien 1o predict the fisal pad shape using the conditinning o
profile as input.

Esxperimental

The APP100 conditione on the Westech 37217 is designed 1o allow the user (o adjust the length of time
the conditioner takes to traverse caeh of 10 discrete segments fram the eenter of the pad o the vutside edge,
This is secomplished through the Pad Maintenanee Panel and Conditioner Sweep Profile portions of the
to0l software. The length of the conditioner sweep s calculated as:

sweep length = platen diameter-conditioner end effector dinmeter

T sweep kength is divided into ten equal segments and the usce can sel a tine for each segment
individually. The ¢onditioner traverses the pad rdivs In a continuons sweep nsing the time profile
specified,

All polishing and conditioning was done on Rodel® EX 1400 potishing pads. The process parameters are
summerized in Table 1. In each experiment, wafers were polished in groups of 20 until 2 total of 160
wafers had boen palished. Esch group was run as one thermal sheot oxide waler followed by ninereen
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dummy wafers. The thermal oxide wafer in the first group was polished befors canditioning the pad.
Approximately one minote of conditioning followed every waltr and the tola] conditioning time for cach
pad was spproaimately 160 minutes. The pad erosion profiles after conditioning were measured with a
Mituloyo® model IDC-F12ER thickness measurement gaige. On each sheet water the oxide thickness was
measured before aod afier polishing with a Prometrix@® FT-500 Film Thickness Analyzer. The $-paint
thicknass measurements (center, 4 prints mid-radivs, snd 4 points edge) had a 6 mm edge exclosion.

‘Three conditinning sweep peofiles, as listed in Table 2, were tested. Flatl and Flat2 were two different
approaches to producing & constant erosion profile acress the pad. Flatl inercased lincarly in time from the
center 1o the edpe of the pad under the assumption (hat the conditioning time should increase lineacly with
radius to compensate for the linear increase in pad wea condilioned per platen revolution with radins. Flatl
alsp has time added o the first and last sepments to compensate for end effector placement and 1if{-off.
FLat2 had a constant time profile under the asswmption that the eresion rate would be independent of the pad
area inerease with radius, Bell was a modified Flatl profile, designad 1o creare a bell shape in the pad by
increasing the conditioning times at the beginning and end of the sweep and reducing the condiliening lime
at the center of the swieep.

Tahle 1: Process Parametars

Polish Farameters Conditioning Parameters
Time 2 min #swveeps 1 puosl-polish
Diowenforee O psi Tim 1 min (app.)
Tad temp 104 °F Downforee 7 Ibs
Platen RPM 36 pm End RI'M 70 rpm
Carrier RPM 54 pm Flaten speed T3 1pm
Back Pressure 0 psi Slurry Flow 150 mlimin
Flow Rale 150 mbfmin Profile varizhle
Ciscillation 10 _mm End Effecter 200 grit diamond

Table 2: Conditioming Sweap Profiles

Location on Pad  Center Edge
Sepment 1 2 3 4 5 G 7 7 P 10
1atl 4.1 4.0 44 | 4.8 5.2 5.6 6.0 6.4 6.8 |72
FlatZ 55 55 |[s5 |58 |58 [55 [55 [55 [55[55
Bell §.1 4 a0 |22 |24 |26 |28 |58 [98 |13 |

Results and Discussion

Figure 1 shows the post-conditioning pad profiles for the Flall, Fiat2 and Bell conditioning sweeps. The
Flutl profile shows thal lincarly increasing the sweep tima from the center to the edge of the pad,
propomtionally increases the erostan fram the center to the edge of the pad. The Flu2 profile shows that a
consiant lime profile yivlds o constant pad removal rate aceoss the radive, The Tell profile shows that less
conditioning in the center of the sweep results in less erosion in this acea relative to the conter and cdge of
the pad. The Bell shaps also iocludes the elfeet of Bncarly increasing time, as was seen in the Flat] shape.

In each case, the placement and 1ifi-uff of the end elfector at the beginning and end of the sweep produces a
distinet transition region in the pad shape. The feature has a widith corresponding to the end effector radius
e 10 lack of a neighboring segment for overlap of the end effector sweep,

L3:}
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The results indicate {hat, for this tool configuration, the amount of ped crosion is proportional to the time
the conditioner spends at a given point. This effect could be & result of pad eroston being proportional to
linear velocity and inversely propottional (o area conditioned, which could cause the radial pad erosion 10
appear as a function of time alone. The experiments in this report do not test whether this fs the case. IE
howeaver, the velocity effect was dominanl, one would expect Flat2 to have linearly increasing erosion like
that of Flatl, Ifthe pad area sffect was dominant, the FlatT erosion would be level and erosion in the Flat2
would ke lnearly decreasing, —-

1n order to predict the pad shape for specific conditioning parameters, a simple maedel was developed. This
mode! ealeulates the total time the end cffcctor spends over a given radial seetion of e pad. 'Wiih an
infinilesimally small end effector each segment would have a discrere erosion rate. However the end
effector is large (2™ diameter). When the end effector enters 2 new segment and the sweep rate changes,
hatf of the end effector is still in the previons sepment. Tn the model, each of the standard segmenls s
further divided ints 4 smaller seefions Jor caleulating the total time the end effector spends ever that
section. Figures 2. 3 and 4 show the measured pad profiles overlaid with the predicted profile from the
simulator. From these figures 1 15 clear that the simple model accurately predicts the resulting etosion

profile.

Figure 2 Flat] Simulatien
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Figures 5, frand 7 show the radial removal rates at the center, mid-radivs, s edge of Uie oxide wafers
polished during (he Flntl, Flat2 and Bell conditioning trials respectively. Figures & and ¥ clearly show lhal
the removal rate prafile an the wafer can be changed {rom edge fasl, witl the Fla2 profile, to edge slow,
willi the Bell profile. All three figurcs show that 1he first wafer measured, which was run belore
conditioning, has a dilferent rernoval rate profile than the last wafer measured.
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When examining these results, it is important 1o recognize that for a 200mm wafer, the wafe edge ealends
inta the initial (ser-down) and finad (lift-off) sepmants of the end effector sweep, As shown in Figure 1, the
waler edges arc in the transition regions. When remaval rate at a specific location on the wafer is
eonsidered with respect to the relative position on the pad during polishing, the resulls are consistent with a
dependence on wafer contact with the pad. For the Bell profile, if the wafer placsment in Figure 1 is
compared with the removal rule paltern in Figuee 7, ane sees that the center of the wafer is over a high poing
in the pad shape and alse has a higher removal rate Uiun the wafer edge. The Jower rate at the edge may he
due 1o the measurement lecation being located over the rough at the edges of the pad profile. The same
reasening apphies to the Flar2 remaval rate results in Figure 6, Contact of the wafer edge with the steep
trapezoidal sides of the profile reduces contact at the center of the wafer, resulting in edge fast palishing,
The best results are evident in Figure 5 with the Flatl profile. Near the center of the pad, profile Lias very
Tiethe wrowgh which may allow the mechanical gimbal on the wafer carrier to place the wafcr in unitarm
contact with the pad. The lack of 2 trough at the beginning of the Flat] profile resulis from the linearly
increasing tinpe profile and the additional time in segment 1 to compensate (or cnd cffector sat-down,

Conelnsions
In this work, we have shown that changing the conditioning time profile affects the pad erosion profile, as
demunstrated for oxide polishing on a Rodel® EX1400 pad. The pad erosion profile can be predicted
using a simple model with the conditioning time profile as input. The oxide removal rle al different sites
on lhe waler has heen related o the pad evosion profile.

Acknowledgments

The authors would [ike t acknowledpe Steve Carter, Dan Emerson, Ray Lavoic and Zhi Liu for polishing
wurk at the Rodel Polishing Lab and Lee Cook and Brad Jones [or wehnical discussions.

Supplied by The British Library - "The warld's knowledge"

i

147




APPENDIX 111

LIST OF PUBLICATION OUTCOMES FROM Ph.D. STUDY

Journal

1.

Baisie, E.A., Li, Z.C. and Zhang, X.H. “Diamond disc pad conditioning in chemical
mechanical polishing: a conditioning density distribution model to predict pad surface
shape" Accepted in International Journal of Manufacturing Research (IJMR).

Li, Z. C., Baisie, E. A., and Zhang, X. H., 2012, "Diamond disc pad conditioning in
chemical mechanical planarization (CMP): A surface element method to predict pad
surface shape". Precision Engineering, 36(2), pp. 356-363.

Refereed Conference

1.

Baisie, E.A., Li, Z.C., Lin B. and Zhang, X.H. “Finite element modeling of pad
deformation due to diamond disc conditioning in chemical mechanical polishing
(CMP)”. ASME International Manufacturing Science and Engineering Conference
2012, MSEC2012, June 4-8, 2012, (Notre Dame, IN, United States, 2012).

Baisie, E.A., Li, Z.C. and Zhang, X.H. “Design optimization of grit arrangement and
distribution for diamond disc pad conditioners”. Industrial and Systems Engineering
Research Conference, May 19-23, 2012, (Orlando, FL, United States, 2012).

Baisie, E.A., Li, Z.C., Lin B. and Zhang, X.H. “A new image processing method to
characterize pad foam morphology in chemical mechanical polishing”. China
Semiconductor Technology International Conference (CSTIC) 2012, March 18-19,
2012, (Shanghai, China, 2011).

Li, Z.C., Baisie, E.A., and Zhang, X.H.”Diamond disc pad conditioning in chemical
mechanical planarization (CMP): A mathematical model to predict pad surface
shape”. ASME International Manufacturing Science and Engineering Conference
2011, MSEC2011, June 13-17, 2011, (Corvallis, OR, United States, 2011) (Awarded
Best Paper)

Baisie, E.A., Li, Z.C., Lin B. and Zhang, X.H. “Finite element analysis (FEA) of pad
deformation due to diamond disc conditioning in chemical mechanical polishing
(CMP)”. China Semiconductor Technology International Conference (CSTIC) 2011,
March 13-14, 2011, (Shanghai, China, 2011).

148



6. Baisie, E.A., Li, Z.C. and Zhang, X.H. “Simulation of diamond disc conditioning in
chemical mechanical polishing: effects of conditioning parameters on pad surface
shape”. ASME International Manufacturing Science and Engineering Conference
2010, MSEC2010, October 12- 15, 2010, (Erie, PA, United States, 2010).

7. Baisie, E.A,, Li, Z.C. and Zhang, X.H. “Diamond disc pad conditioning in chemical
mechanical polishing: A literature review of process modeling”. ASME International
Manufacturing Science and Engineering Conference 2009, MSEC2009, October 4- 7,
2009, pp. 661-670, (West Lafayette, IN, United states, 2009).

8. Baisie, E.A., Yang, M., Kaware, R., Hooker, M., Li, Z.C., Sun, W. and Zhang, X.H.
“An economic study on chemical mechanical polishing of silicon wafers”. ASME
International Manufacturing Science and Engineering Conference 2009, MSEC2009,
October 4- 7, 2009, pp. 691-696, (West Lafayette, IN, United States, 2009).

Poster

1. Baisie, E.A,, Li, Z.C. and Zhang, X.H. “Pad conditioning in chemical mechanical
polishing: A conditioning density distribution model to predict pad surface shape”.
Poster presentation at 2011 NSF CMMI Engineering Research and Innovation
Conference, January 4-7, 2011, (Atlanta, GA, United States, 2011).

2. Baisie, E.A,, Li, Z.C. and Zhang, X.H. “Modeling and simulation of pad surface
shape due to diamond disc conditioning in chemical mechanical planarization”.
Poster presentation at 1% Annual COE Graduate Student Research Poster
Competition, April 26, 2012, (Greensboro, NC, United States, 2011).

Submitted/In preparation

1. Baisie, E.A,, Li, Z.C. and Zhang, X.H. “Design optimization of diamond disc pad
conditioners”. Submitted to International Journal of Manufacturing, Materials and
Mechanical Engineering (IIMMME).

2. Baisie, E.A., Li, Z.C. and Zhang, X.H. “A review of diamond disc pad conditioning
in chemical mechanical polishing”. For International Journal of Manufacturing,
Materials and Mechanical Engineering (IIMMME).

3. Baisie, E.A.,, Li, Z.C. Zhang, X.H., and Wangping Sun *“Creative design and
optimization of diamond discs”. For Wear (International Journal on the Science and
Technology of Friction, Lubrication and Wear).

149



4. Baisie, E.A., Li, Z.C. and Zhang, X.H. “A comparison of two simulation models for
pad wear due to conditioning in chemical mechanical polishing”. For Wear
(International Journal on the Science and Technology of Friction, Lubrication and

Wear).

150



	Modeling, Simulation, And Optimization Of Diamond Disc Pad Conditioning In Chemical Mechanical Polishing
	Recommended Citation

	ABSTRACT
	TABLE OF CONTENTS
	LIST OF FIGURES
	LIST OF TABLES
	LIST OF SYMBOLS
	INTRODUCTION
	1.1 Semiconductor Industry Trends and Challenges
	1.2 Research Scope
	Table 1.1.    Scope of research work within ITRS (Adapted from Wolfgang, 2002)

	1.3 Chemical Mechanical Polishing
	1.4  Research Motivation
	1.5 Technological Trends/Challenges
	1.6 Research Gaps
	1.7 Research Objectives
	1.8 Research Approach
	1.9 Outline

	LITERATURE REVIEW
	2.1 Introduction
	2.2 Diamond Disc Pad Conditioning 
	2.3 Development of Diamond Disc Conditioner
	2.3.1 Evolution
	2.3.2 Disc Design
	2.3.3 Manufacture
	Table 2.1.    Design considerations in conditioner design


	2.4 Process Control
	2.4.1 Diamond Disc Conditioning Process Control
	Table 2.2.    Process control factors (Conditioning kinematics)
	Table 2.3.    Process control factors (Consumables)

	2.4.2 Measurement and Evaluation of Pad Characteristics

	2.5 Process Modeling 
	Table 2.4.    Classification of pad conditioning analytical models

	2.6 Review Summary

	SURFACE ELEMENT MODEL
	3.1 Introduction
	3.2 Model Development
	3.2.1 Assumptions
	3.2.2 Model Derivations
	3.2.3 Simulation

	3.3 Simulation Results and Experimental Validation
	3.3.1 Simulation Conditions
	Table 3.1.    Experimental conditions (Adapted from Freeman and Markert, 1996)
	Table 3.2.    Sweeping profiles used for pad surface profile simulation (Adapted from Freeman and Markert, 1996).

	3.3.2  Simulation Results and Discussion

	3.4 Effect of Conditioning Parameters on Pad Surface Profile
	3.4.1 Metrics for Pad Surface Profile Evaluation
	3.4.2 Effect of Section Sweeping Time ti
	Table 3.3.    Sweeping profiles used for pad surface profile simulation

	3.4.3 Effect of Sweeping Profile {ti}
	3.4.4 Effect of Pad Rotating Speed
	3.4.5 Effect of Conditioner Rotating Speed
	3.4.6 Effect of Conditioner Diameter 

	3.5 Conclusions

	CONDITIONING DENSITY MODEL
	4.1 Introduction
	4.2 Model Development
	4.2.1 Assumptions
	4.2.2 Model Derivation

	4.3 Simulation and Experimental Validation
	4.3.1 Simulation Conditions
	4.3.2 Simulation Results and Discussion
	Table 4.1.    Sweeping profiles used for model verification (Adapted from Freeman and Markert, 1996)


	4.4 Conclusions 

	2-D MORPHOLOGY AND FINITE ELEMENT ANALYSIS OF PAD
	5.1 Introduction
	5.2 Image Processing
	Table 5.1.    Pad morphological parameters
	Table 5.2.    Image processing results

	5.3 Characterization Results
	5.4 FE Model Development
	5.4.1 Assumptions
	5.4.2 Model Parameters
	5.4.3 Finite Element Model

	5.5 Results and Discussion
	Table 5.3   Parameters used for simulation 

	5.6 Conclusions

	CONDITIONER DESIGN OPTIMIZATION 
	6.1 Introduction
	6.2 Disc Design
	6.3 Genetic Algorithms in Design Optimization
	6.4 Problem Representation
	6.4.1 Solution Representation
	Table 6.1.    Constraints on conditioner design parameters

	6.4.2 Design Evaluation
	6.4.3 Selection 
	6.4.4 Reproduction

	6.5 Results and Discussion
	6.5.1 Simulation Parameters
	6.5.2 Search Results
	6.5.2.1 Performance of Design Optimization
	6.5.2.2 Evolution of Size
	6.5.2.3 Evolution of Grit Density
	6.5.2.4 Evolution of Geometric Arrangement

	6.6 Conclusions

	CONCLUSIONS AND FUTURE WORK
	7.1 Research Overview
	7.1.1 Findings from Literature Review
	7.1.2 Modeling and Prediction of Pad Surface Profile
	7.1.3 2-D Morphology and Finite Element Analysis of Pad
	7.1.4 Conditioner Design Optimization

	7.2 Future Work
	7.2.1 Control of Pad Profile
	7.2.2 Finite Element Analysis
	7.2.3 Understanding and Characterizing the Preston Coefficient K in Pad Conditioning
	Table 7.1.    Relationship of chosen parameters with K

	7.2.4 Conditioner Design Optimization
	7.2.5 Process Model Integration


	REFERENCES
	APPENDIX I
	SELECTED PAD CONITIONING ANALYTICAL MODELS
	APPENDIX II
	PUBLISHED EXPERIMENTAL DATA
	APPENDIX III
	LIST OF PUBLICATION OUTCOMES FROM Ph.D. STUDY

