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= Empirical pre-exponential factor
= Actual area of pad/wafer contact
= Concentration of abrasive particles
= Weight percentage of abrasive particles
= Velocity exponent for T
= Coefficient of friction
= Coefficient of friction at time i
= Average coefficient of friction
= Heat capacity
= Proportionality constant for 
= Empirical proportionality constant
= Thermal diffusivity
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and the dispersant
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ABSTRACT

This dissertation presents a series of studies relating to kinetics and kinematics of
inter-layer dielectric and metal chemical mechanical planarization processes. These are
also evaluated with the purposes of minimizing environmental and cost of ownership
impact.
The first study is performed to obtain the real-time substrate temperature during
the polishing process and is specifically intended to understand the temperature
distribution across the polishing wafer during the chemical mechanical planarization
process. Later, this technique is implemented to study the effect of slurry injection
position for optimum slurry usage.
It is known that the performance of chemical mechanical planarization depends
significantly on the polishing pad and the kinematics involved in the process. Variations
in pad material and pad grooving type as well as pressure and sliding velocity can affect
polishing performance. One study in this dissertation investigates thermoset and
thermoplastic pad materials with different grooving methods and patterns. The study is
conducted on multiple pressure and sliding velocity variations to understand the
characteristic of each pad. The analysis method elaborated in this study can be applied
generically.
A subsequent study focuses in a slurry characterization technique. Slurry, a
critical component in chemical mechanical planarization, is typically a water-based
dispersion of fine abrasive particles with various additives to control material removal
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rate and microscratches. Simultaneous turbidity and low angle light scattering methods
under well-defined mixing conditions are shown to quantify the stability of abrasive
particle from aggregations.
Further contribution of this dissertation involves studies related to the spectral
analysis of raw shear force and down force data obtained during chemical mechanical
planarization. These studies implemented Fast Fourier Transforms to convert force data
from time to frequency domain. A study is performed to detect the presence of larger,
defect-causing particles during polishing. In a further application on diamond disc
conditioning work is performed to achieve optimum break-in time and an optimum
conditioning duty cycle. Studies on spectral analysis are also extended to planarization of
shallow trench isolation pattern wafers to monitor the polishing progress in real-time.
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CHAPTER 1
INTRODUCTION

1.1 Introduction to Chemical Mechanical Planarization
In Integrated Circuit (IC) manufacturing, planarization techniques such as
thermal-flow, sacrificial resist-etchback and spin-on glass are inadequate to achieve
planarity for interconnect system with more than three metal layers (Oliver 2004). These
processes only provide a limited degree of local planarization (i.e. on the micrometer
scale) and are not capable of leading to global planarization (i.e. on the millimeter scale).
Driven with the planarization challenge in IC manufacturing for denser transistors and
more metal layers, International Business Machines (IBM) developed chemical
mechanical planarization (CMP) in the mid-1980s (Fury 1997). CMP simultaneously
employs chemical and mechanical means to selectively remove the exposed material
from elevated features, resulting in a wafer surface with improved inter-level dielectrics
and planarization of metal layers (Steigerwald et al. 1997). Since its introduction by IBM,
CMP has rapidly proliferated for processes of very large scale integrated (VLSI) circuits
and ultra large scale integrated (ULSI) circuits. CMP has become an enabling technology
for manufacturing ICs such as microprocessor chips, memory circuitry, data storage
devices, communication chips, graphic chips and various specialized application chips.
The global market for CMP and post-CMP equipment and consumables is expected to
approach $3.3 billion by 2008 with an average annual growth rate of about 14% through
2008.
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1.2 Semiconductor Technology
The semiconductor industry was born with the invention of the transistor at
AT&T Bell Labs in 1947. The transistor was considered a breakthrough electronic device
capable of manipulating the flow of electric currents in binary mode. Later, the
introduction of the IC in the early 1960s was a critical step for the rapid growth of the
semiconductor industry. ICs are basically electronic devices that consist of many
individual electronic components (i.e. transistor, resistor, capacitor, etc.) that are
fabricated on a silicon wafer and wired together to perform multiple functions. Multiple
ICs are made simultaneously in a single larger silicon wafer for allowing a high volume
manufacturing (HVM) process as well as better efficiency. A 300-mm wafer is currently
the preferable size in advanced ICs industry. In the meantime, a 450-mm technology
node is still in the very early development process. Figure 1.1 shows the top-view of a
300-mm wafer with 150 functioning dies of electronic devices.

Figure 1.1: Top view of electronic devices on 300-mm wafer
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Chips are manufactured in a wafer fabrication facility. The finished wafers are
sent to a packaging plant where the chips are diced and assembled into chip-packages for
mounting onto the printed circuit boards (PCBs). Finally, they are fed to the final system
assemblers for end-user products such as a computer systems, multimedia systems, cell
phones, etc. Figure 1.2 shows a general representation of an IC cross-section.

Figure 1.2: General representation of IC cross section (Microelectronics Manufacturing
and the Environment class note, 2005)

The image on the left represents a thin cross-section of an IC, while the one on
right depicts the details at the transistor level. All of the IC’s ‘work’ is accomplished at
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the transistor level; this is where the flow of electrons from the source to the drain is
constantly turned on and off by an applied voltage to the gate electrode. These closed and
open circuits correspond to the digital 0 and 1 states commonly referred to in an IC
operation. When a voltage is applied to the gate, a current is allowed to flow under the
gate from the source to the drain, completing the circuit. As represented in Figure 1.2,
transistors are connected to conducting plugs and interconnects, and these conductors
connect the transistors at different locations on the wafer surface together creating
complex circuits. Current technology allows a density of approximately 1 billion
transistors per 1 cm2 of wafer with multiple interconnect systems. It is for this reason that
there are multiple conducting layers above the transistors. Figure 1.3 is an actual SEM
image of an IC cross-section.

Figure 1.3: SEM of IC cross-section (Source: Fischer 2005)
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The figure shows three tungsten plugs at the bottom that are connected between
the underneath transistors and the first copper layer. This SEM shows that one transistor
is directly connected via copper lines up to the 3rd metal layer and is therefore connected
to additional transistors in a different location on the chip. The other two transistors are
connected to the first copper layer and are connected to other nearby transistors. Such a
copper line is also most likely connected to the upper metal layer in a different location.
The Inter-Layer Dielectric (ILD) represents an oxide insulating layer between the copper
interconnects and plugs.
The manufacturing step for IC fabrication is basically a sequential layering
process from the “bottom up” (Wolf 2004). A variety of devices are first laid out before
the first metal layer. Subsequently, an interconnect layer is built from the 1st to 8th level
as in the case of Figure 1.3. Such complex processes can involve hundreds of individual
steps, each step building upon a previous step. The precision and accuracy involved in
each step must result in a well-controlled structure for the following steps. The above
process is most suited to describe the role of CMP in which an optically flat and defectfree surface has to be achieved before building the upper level.

1.3 Applications of CMP in Semiconductor Manufacturing
The planarity of each separate layer from the transistor level to the highest
conducting layer is shown in Figure 1.3. This level of planarity allows the fabrication of
copper lines with a uniform thickness within a layer as well as a uniform width of ILD.
As the planarity of the layers depends on the underneath planarity, it is important to
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achieve the highest level of planarity for every layer. The challenge is that the fabrication
of every layer does not directly result in planar surfaces. As seen in Figure 1.4, following
any deposition step (ILD or metal) during fabrication, CMP must be employed to
eliminate topography and excess material over which the next layer must be built.

Copper

Dielectric Deposition

Interlayer Dielectric

Metal Deposition

CMP

CMP

Figure 1.4: Planarization of ILD and copper layers

CMP has several key advantages for fabricating submicron ICs. First, CMP
enables higher subsequent photolithography yields after an ILD deposition step since the
planar surface eliminates possible focusing and image transfer issues related to the
photolithography step. The flat layer after CMP enhances the depth of focus for
photolithography, allowing smaller critical dimensions in IC design, thus increasing IC
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density without decreasing yield (Myers 1995). With the drive towards device size
minimization, higher IC density results in not only smaller chip sizes, but also better
energy efficiency and faster computing cycles. Second, CMP avoids the problem of a
non-homogeneous metallization layer thicknesses over steep topographies in multi-level
interconnect structures. It enables high manufacturing yields and high speed devices with
multilevel interconnects having up to ten levels of metal. Third, CMP can reduce the
defect density from prior processes (Zantye et al. 2004).
At the current state-of-the-art, CMP technology is primarily applied in four areas
of IC fabrication: shallow trench isolation (STI), ILD, tungsten and copper damascene
processes.

STI CMP
The first features to be fabricated in IC manufacturing are isolation structures to prevent
short-circuiting of the adjacent devices. Consequently, the isolation field defines the
active regions of the circuit. Older technology used local oxidation of silicon (LOCOS) to
selectively form isolation fields. However, LOCOS induces larger isolation regions than
the intended size, known as the bird’s beak encroachment problem; hence resulting in
less active regions (Wolf 2004). To overcome such a problem, LOCOS has been replaced
by STI with the IC technology scaled down to the sub-micron generation. In addition,
STI will provide a more planar surface than LOCOS, allowing better processing for the
next steps of fabrication. The sequence of steps for forming STI is a damascene process.
The process of STI structures begins with etching the silicon to form a silicon trench
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followed by a nitride deposition. The trench is etched again and then filled with silicon
oxide via chemical vapor deposition. A CMP is then used to remove the excess oxide
from the surface until the nitride is reached. The nitride layer acts as a stopping layer due
to the high removal rate selectivity of oxide to nitride. STI planarization is in the frontend of the process line for IC fabrication.

ILD CMP
Silicon dioxide (SiO2) is used as an interlayer dielectric between metal lines. The
interlayer dielectric acts as an insulating material, critical for the realization of the multilevel metallization. The dielectric material generally conforms to the topography of the
underneath metal layer upon its deposition on the wafer surface, thus creating a nonplanar surface as shown in Figure 1.4. The ILD planarization is an indispensable step into
IC fabrication to effectively planarize the dielectric layers.

Cu CMP
Current technology of IC fabrication incorporates copper as the interconnect (i.e. metal
level and plug) because of its lower resistivity than the previous metal of choice,
aluminum (Wolf 2004). As a result, copper reduces the interconnect time delay for faster
signal transfer. However, unlike aluminum, it is almost impossible to pattern a copper
layer using conventional dry and wet etching methods (Steigerwald 1997). Copper
metallization uses a dual damascene process that incorporates simultaneous deposition
for both the metal level and plug. Trenches in the ILD layer are previously created using
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a photolithography technique. In order to completely fill the trenches, copper is deposited
in excess on the wafer surface. Currently, copper CMP is the only method to remove the
overburden for complete isolation of copper lines in trenches with high global planarity.

Tantalum and Tantalum Nitride CMP
As part of the copper damascene process, tantalum and/or tantalum nitride is deposited on
the patterned ILD before copper deposition. The thin Ta/TaN layer does not mix
significantly with copper; hence it acts as a perfect liner to prevent copper from diffusing.
Its strong metal-metal bonds provide an excellent adhesion to copper above and below it.
During copper CMP to remove the overburden, Ta/TaN becomes a stopping layer to
prevent further over-polishing of copper lines. Since tantalum and tantalum nitride are
conductive materials, these layers deposited on top of the ILD need to be removed using
Ta/TaN CMP.

Tungsten CMP
Even though copper is the interconnect metal of choice, it is not suitable for direct
interconnect to devices since it diffuses rapidly towards silicon, producing device leakage
(Wolf 2004). Alternatively, tungsten is used as the metal plugs to connect the underlying
active regions to the 1st level of copper interconnect. Deposition of tungsten is similar to
the damascene process of copper. Through low pressure chemical vapor deposition,
tungsten is deposited to fill the voids of the trenches which are formed by etching the
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patterned dielectric layer. CMP is then used to remove the overburdened tungsten from
the surface.

1.4 Consumables in CMP
A generalized schematic of CMP process is illustrated in Figure 1.5. Typically, a
CMP process consists of a wafer carrier, polishing pad, conditioner and slurry injection. A
wafer is mounted to a wafer carrier, in which the polished side is face-down. Then, the
rotating wafer carrier applies a certain amount of down force to the wafer against the
rotating polishing pad. Slurry with nano abrasive particles and chemicals (i.e. oxidizers,
inhibitors, surfactants, salts, and pH buffers) is injected on top of the pad. Slurry is
retained well in the trenches of the polishing pad, called grooves, as well as on the pad
asperities in the land area. With the help of a rotating pad and wafer, slurry is transported
to the pad-wafer interface. A disk with embedded diamond chips rotates and oscillates
back and forth across the radius of the pad. The action of the conditioner is intended to
regenerate the pad asperities for consistent polishing performance. During a CMP
process, the synergism among abrasive particles, chemicals and pad with an applied
pressure and relative movement between the wafer and the pad is the key mechanism of
material removal with good process performance. Multiple factors such as wafer
geometry and material, slurry chemistry and composition, physical and chemical
properties of the polishing pad, wafer pressure and backside pressure, wafer and platen
rotation speed, and pad conditioning determine the level of defects, local and global
planarity and sufficient material removal of a CMP process (Basim et al. 2003). The
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subsequent sections will discuss polishing pad, slurry, conditioner and wafer as part of
CMP consumables.

Slurry
Polished Wafer
attached on
Wafer Carrier
Conditioner

Polishing Pad

Platen

Figure 1.5: Generalized schematic of CMP

1.4.1

Polishing Pad
A polishing pad is typically a polymeric-based material attached on top of the

polishing platen. During a CMP process, a polishing pad has three main functions, as
follows:
1. Provide mechanical action through its asperities and the bulk,
2. Transport slurry into the wafer-pad interface via asperities and/or grooves,
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3. Transport the polishing by-products (i.e. pad debris, used slurry, chemical,
dissolved material) away from the wafer-pad interface.

Advanced polymer technology has made it possible to engineer pads with various
characteristics,

such

as

material’s

construction,

hardness,

specific

gravity,

compressibility, porosity, tensile strength and surface roughness (i.e asperities) that affect
removal rate, defects and planarity (Oliver 2004). Due to the nature of a CMP process,
the selected pad material must be able to resist the harsh slurry chemistries of acids,
bases, oxidants and organic additives. Additionally, it should have adequate abrasion
resistance to avoid excessive pad wear. It is also known that continuous contact among
the pad, wafer and abrasive particles will generate friction forces which will convert into
significant heat that increases the pad temperature. Taking these considerations into account,
a pad should have a high resistance to change of mechanical and chemical properties to

maintain its consistency under a dynamic CMP process. More importantly, a pad has to
be suitable for the material to be polished, meeting the goals of providing optimal
polishing results, while efficiently utilizing slurry and maintaining a long pad lifetime.
Based on these criteria, the polymeric form of urethane is considered to be the best
material for CMP (Oliver 2004).
Pads used in semiconductor manufacturing can be classified into three major
types (Li et al. 2000):
1. Type I: felts and polymer impregnated felts (Rohm & Hass Suba ® Series),
2. Type II: microporous synthetic leathers (Rohm & Haas Politex ® Series), and
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3. Type III: filled polymer sheets (Rohm & Haas IC1000® series, Cabot EPIC ®
series).

(a)

(b)

(c)

Figure 1.6: Cross section SEM images of a) type I, b) type II and c) type III pads

SEM images of the three types of pad are shown in Figure 1.6. Pads of type I and
II are softer pads, which have lower specific gravity, more slurry loading capacity and
greater compressibility due to the characteristic of the porous fiber structure of
polyurethane impregnated felts (Oliver 2004). Typically soft pads are used for tungsten
CMP, STI CMP, final buffing applications for ILD and as a sub-pad for hard pad, while
type III pads are hard pads used predominantly for ILD, W, Cu and STI CMP due to their
higher ability to planarize. Compared to type I and II pads, type III pads have a lower
slurry loading capacity and lower compressibility due to their closed cell microstructure.
Generally harder pads are expected to provide lower within-die non-uniformity, and
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hence better local planarity since harder pads are not easy to conform with the preexisting topography of a polished wafer. Softer pads, on the other hand, can provide
better global planarity across the entire wafer and result in a lower number of scratch
defects. Using a combination of two pads can provide a balance between these two
extremes.
The other known approach is to perform CMP processes in two separate stages,
each done on an exclusive polishing platen. The first is a primary polish that removes the
majority of the surface material. This process is usually done with a type III pad. The
second polish is called buffing and is usually done on a type II pad.
Groove design is another important consideration. The surface of the pad with its
grooves or perforations is shown in Figure 1.7. Pad grooves are regarded as macrofeatures, whereas pad asperities are considered micro-features. Grooves provide channels
for efficient and uniform slurry distribution across the pad surface and the pad-wafer
interface (Sohn et al. 2000), as well as providing uniform pressure distribution during
CMP. The groove role becomes even more important on a larger wafer size to achieve
center-to-edge polishing uniformity. Furthermore, grooves prevent hydroplaning at the
pad-wafer interface by creating disruptions in the continuous fluid layer, which could
exist when using a flat pad. Finally, pad grooves provide an effective channel for the
removal of entrained debris and the subsequent replacement with fresh slurry.
Pad treatment prior to use such as conditioning and soaking also affect its
performance during CMP. Soaking improves the wetting capability of the pad thus
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improving slurry distribution. Soaking also affects the storage and loss modulus
enhancing the removal rate and within-wafer-non-uniformity (WIWNU) (Li et al. 1995).

(a)

(c)

(b)

(d)

Figure 1.7: Top view of various polishing pad groove design: (a) flat, (b) perforated, (c)
XY-groove and (d) concentric groove
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1.4.2

Slurry
CMP slurry is a multi-phase and multi-component system consisting of abrasive

particles of specific size and shape, dispersed in a solution (typically water-based).
Various chemicals are added to the solution depending on the material to be polished.
During a CMP process, slurry has three main functions, as follows:
1. Provide mechanical action through the abrasive particles,
2. Provide suitable chemistry to the polished surface for enhanced material
removal,
3. Become a medium to transport away the polishing by-products (i.e. pad
debris, used slurry, chemical, dissolved material), and
4. Provide a lubricating layer in pad-wafer interface; thus adsorbing and
controlling temperature rises generated by frictional interactions among
wafer-pad-abrasive particles.

The goal for each CMP process is to use slurry that results in a high removal rate,
high selectivity, good planarity and less defects. Hence, the selection of abrasive particles
and chemistry is the most important factor in developing CMP slurry. During polishing,
the abrasive particle acts as the chemical “tooth” in the removal process (Sivaram et al.
1992) and the shape, concentration, physical properties, size and size-distribution are

some of the key parameters. The size of the particles typically varies between 10 to 100
nm and the concentration of the particles in the solution range between 10 to 30% by
weight. Depending on the structural design and material being polished, abrasive types

50

are selected on the basis of the type which has historically shown optimal removal rate
and surface defect results. To date, the most common materials used as slurry particles
are silica, alumina and ceria. Practically, the selection of the abrasive material type has
typically come from experimental CMP results. Alumina-based slurries tend to lead to
unacceptable levels of scratch defects due to their poor colloidal stability. Thus, silica and
ceria-based slurries are preferable.
The abrasive particle abrades the chemically-treated surface of the polished
material, exposing a new fragment of material for chemical attack. Thereby, slurry
chemistry has an important role on polishing rate as well as defects. Typical chemicals
added to the slurry include organic and inorganic acids and bases, anti-coagulating
agents, surfactants, oxidizing agents, corrosion inhibitors, chelating and complexing
agents, buffers and bactericides. For example, a surfactant reduces the surface tension,
thus enhancing the wetting characteristic. It certainly helps to spread and distribute slurry
more easily and evenly. Consequently, it improves WIWNU as well as increases material
removal rates (Cook 1990). Slurry viscosity is typically similar to that of water.
Increasing slurry viscosity during oxide CMP decreases removal rate. Lower viscosity
slurries are more effective at spreading and providing a more uniform polish. Copper
CMP uses slurry with a low pH ranging from pH 4 to 6. A hydrogen peroxide solution is
the major oxidizer used. The mechanical effects are mostly important for hard surface
materials like tungsten and tantalum while chemical effects are more essential on soft
materials like copper, aluminum and polymeric materials (Neirynck et al. 1996). Table
1.1 lists the main properties of slurries for different CMP applications.
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Table 1.1: Main properties of slurries for different CMP applications

Copper &
Tantalum

Slurry Type

ILD

STI

Tungsten

Particle
Material

Silica

Silica &
Ceria

Silica &
Alumina

Slurry
Solution

Base

Base

Organic acid

Particle
Concentration
(Weight %)

10-30%

10-30%

5-10%

< 10%

None

Hydrogen Peroxide,
Ferric Nitrate &
Potassium
Ferricyanide

Hydrogen
Peroxide &
APS

Oxidizer

None

Silica &
Alumina
Organic acid
with
corrosion
inhibitor

Silica is one of the most commonly used materials for CMP applications.
Generally, silica particles are produced either in a colloidal or fumed form. Depending on
the size and structure, fumed and colloidal silica results in different characteristic such as
removal rate, defects, planarity, etc. Figure 1.8 shows TEM images of each type of silica
particulate. Colloidal particles are made in solution through the nucleation of sodium
silicate in silicic acid and can be described as singular spherical entities. Fumed silica
particles are made via a combustion process of silicon chloride in a hydrogen and oxygen
mixture and are comprised of an aggregate of many nano-sized silica particle chains
(Microelectronics and the Environment, Class notes 2005). As a result, colloidal particles
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are typically smaller in mean diameter (approximately 10 to 50 nm) than fumed silica
particles due to their structural formation (approximately 90 to 200 nm).

(a)

(b)

Figure: 1.8 TEM images of a) fumed silica and b) colloidal silica
(Source: Rohm and Haas and Precision Colloids, LLC)

In general, the primary design consideration regarding these two types depends on
the particle size. An increase in mean particle size results in greater removal rates, thus
making fumed silica slurries more desirable for ILD CMP applications. Unlike metal
CMP, ILD CMP is less sensitive to larger particle size in generating scratch defects. On
the other hand, colloidal silica is preferable for metal CMP.
The other challenge in designing slurry, regardless of particle size or abrasive
type, is its particles stability. Particles stability is the ability of particles to minimize
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particle agglomeration or aggregation during storage as received from a slurry
manufacturer (i.e. shelf life), upon mixing with other chemicals, prepared shortly before
using it in IC manufacturing (i.e. pot life) as well as during polishing itself (i.e. soft
agglomeration). Any particle agglomeration certainly introduces larger particles during
polishing, increasing the possibility of inconsistent polishing rates and scratch defects
(Basim et al. 2002). The principal parameter that controls particle stability is electrostatic
stabilization that introduces uniform and same surface charge in particles. Same surface
charges enable repulsive electrical fields between abrasive particles to sustain separation
while in solution. The particle will show signs of several defining layers near its surface.
The Stern layer describes the region surrounding the particle that could incur molecular
adsorption with various ionic species in solution. The shear layer describes the fluid
boundary layer surrounding the particle. The electric double layer describes the net
electric field emitted by the particle and its electric charge is quantified as zeta potential.
Negative zeta potential indicates that the double layer is negatively charged. Positive zeta
potential indicates that the double layer is positively charged. Zeta potential depends on
particle type, pH and electrical conductivity of solution. The value varies from 0 mV at
the point of zero charge (point of zero charge, PZC, is the point where the charge of a
surface changes from a positive value to a negative value or otherwise) to the true surface
charge of the particle under vacuum conditions (Hiemenz et al. 1997). Higher zeta
potential indicates an increase in the stability of a slurry system to agglomeration. If the
zeta potential of a slurry system approaches the PZC, there is a tendency for the particles
to agglomerate and settle due to prevailing van der Waals and ionic forces.
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Another way of understanding the stability of CMP slurry is through
understanding the actual agglomeration kinetics of the particles itself. The detailed
explanation of this method will be discussed in Chapter 7.

1.4.3

Conditioner
Pad asperities and pores are microscopic peaks and voids that are critical to slurry

transport in the pad-wafer interface. Consequently, they also determine the actual contact
area of the pad to the wafer surface. During the CMP process, the mechanical contact of
the wafer on the polishing pad continuously wears away the surface of a polishing pad
and induces plastic deformation. As a result, it removes and flattens any existing
asperities. Additionally, pores may also be clogged with pad material, used slurry
abrasive particles and polishing by-products, a phenomenon known as pad glazing
(Oliver 2004). Figure 1.9 shows three different stages of a pad: a well-conditioned pad, a
plastic deformed pad and a glazed pad.
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(a)

(b)

(c)

Figure 1.9: SEM image of (a) a well conditioned pad,
(b) a plastic deformed pad and (c) a glazed pad

For certain types of pad material, the surface of the polishing pad will undergo
plastic deformation due to continuous force from a wafer against the pad. Plastic
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deformation is the major cause of pad flattening. Furthermore, in combination with
certain slurries, pad glazing occurs. The abrasive particles of the slurry and polishing byproducts (i.e. pad debris and chemical by-products) clog the pores and cover the pad
asperities. Such mechanisms greatly decrease the ability of the pad to hold and transport
slurry. This condition can adversely affect wafer uniformity and the removal rate of CMP
(Stavreva et al. 1997). To overcome both pad flattening and pad glazing problems, an
abrasion process known as diamond conditioning is employed to restore asperities on the
pad surface. The conditioner plays an important role in continually regenerating the pad
surface by opening the pores and refreshing the surface asperities. The asperities on the
pad directly related to polishing rate and the choice of diamond conditioner have a great
role in material removal (Lawing 2002). A study using Dual Emission Laser Induced
Fluorescence (DELIF) also indicated that conditioning increased the thickness of the
fluid layer beneath the wafer (Coppeta et al. 1997).
In a full CMP sequence, pad conditioning can be performed in in-situ (during
polishing) or ex-situ (between polishes) depending on the combination of consumables
for optimum processing and the conditioning settings. In addition to conditioning during
the CMP process, pad break-in, namely pad conditioning before using the pad for the first
time, is also necessary. It is aimed to erase the topography of a new pad in order to reach
a new equilibrium as well as to wet the pad surface for better slurry transport. Pad breakin is to stabilize the pad performance in CMP modules. It should be noted that pad
conditioning comes at the cost of pad wear. Although aggressive conditioning is likely to
continuously regenerate the pad surface, the impact on the extent of pad wear is
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significant and ultimately may prove costly. For this reason, conditioning recipes are
selected in order to optimize pad life and polishing performance.

500 µm
Figure 1.10: SEM of the top view of conditioner

A pad conditioner typically consists of an array of diamonds embedded on nickel
plated or steel discs. Figure 1.10 shows the top view of SEM images of embedded
diamonds. The size of diamonds is typically determined by the grit system. Grit size
refers to the average size of the diamonds. Higher grit size number indicates that the
average size of the diamonds is smaller and finer. Typical diamond conditioning discs
can be categorized in several ranges from coarse (16 - 24 grit), to medium (36 - 60 grit),
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fine (80 - 120 grit) and superfine (150 – 325 grit). These grit size values correspond to
mean abrasive diameters of approximately 270 to 66 µm respectively (McCauley et al.
2004). The smaller grits typically yield a fast and aggressive stock removal, while the
higher grits cause a smaller stock removal but with a finer pad surface finish
(www.grindingwheel.com).
Figure 1.11 compares the surface condition of a pad after conditioning using
diamond discs with different grit size. Higher grit conditioner (i.e. 200-grit) abrades the
pad gentler; however it does not roughen the surface completely. It fails to open up the
pores of the pad. If the pad is under-conditioned, the polishing performance will not
remain stable. The removal rate of the CMP process will drop significantly (Stavreva et
al. 1997). In a fixed-time-based CMP process, removal rate drop consequently leaves the
material or residue layer in the wafer surface. Such a wafer will need to be polished again
for a 100% surface clearing. In the case of the 60-grit conditioner, the conditioning is too
aggressive, and the micro-structure of pores have been destroyed; this represents overconditioning which will shorten pad life, thus leading to higher cost of ownership and
less tool availability.
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(a)

(b)

(c)

(d)

Figure 1.11: SEM of Freudenberg FX-9 pad under various sizes of diamond: (a) new pad,
(b) 60-grit, (c) 100-grit and (d) 200-grit
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Diamonds can be embedded in different arrays. Figure 1.12 shows surface
topographies of 2 different diamond arrays: random grid and regular x-y spacing. It can
be seen that every diamond is unique in shape and only a small percentage of the
diamonds have the sharp edge facing upward in the normal direction. Some are recessed
deeply in the metal disc while a couple of them protrude. During a CMP process, only the
real active diamonds (i.e. with enough protrusion) are involved in pad conditioning
(Borucki et al. 2007). Pad conditioning is a random mechanism at the actual contact
interface; the evaluation of diamond conditioners is usually marked by their overall
impact on polishing performance and pad wear.

500 µm

500 µm

(a)

(b)

Figure 1.12: SEM of conditioners with two different arrays, (a) random grid
and (b) regular x-y spacing
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The contribution of a conditioner during polishing depends on many factors, such
as pad type, grit size and patterns of the diamonds, sharpness of cutting edges, protrusion
of diamonds and the polished substrate. Aside from conditioner design, operating
parameters (i.e. conditioner down force, rotation rate, sweep frequency) greatly affect pad
wear rate, removal rate and wafer-level uniformity.

1.4.4

Wafer
Silicon wafers are grown from a single crystal ingot, followed by a sequence of

sawing, shaping and lapping steps (Wolf 2004). It is then followed by subsequent device
integration. The typical appearance of a wafer to be polished in the CMP process is
shown in Figure 1.1. In the current state-of-the-art, each wafer consists of multiple dies.
Each die has a specific computing capability and consists of millions of solid state
electronic devices. The patterning and deposition process during device integration and
interconnect metallization causes a relatively high variation in surface elevation within
the die as shown in Figure 1.13. In IC fabrication, the CMP module is used to polish
patterned wafers from the previous manufacturing process. On the other hand, blanket
silicon wafers (i.e. a silicon wafer with a plain and thin silicon dioxide or copper sheet)
are commonly used in the early development of CMP consumables and process
optimization.
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Topography of single die in a wafer (Source: D. Boning)
Figure 1.13: Topo

In the course of IC development, wafer diameters have gone from 100-mm
10
in the
late 1970s to the current 300
300-mm
mm wafer. In order to promote a high volume
manufacturing (HVM) environment while maintaining llow production costs, IC
companies always try to advance the development and the implementation of larger
diameter wafers. Larger wafers enable more chip dies per wafer, thus yielding a greater
throughput.

1.5 Challenges in CMP
As described in previous sections, the CMP process involves several sets
set of
consumables using various polishing parameters. Altogether, the overall process is aimed
to produce an optically flat surface which is free of defects to allow the integration of
other IC fabrication processes. IIn reality, there are many challenges that are uniquely

63

associated with CMP. This section is intended to highlight some of the key challenges
associated with CMP in IC manufacturing.

1.5.1

Local and Global Planarity
As illustrated in Figure 1.14, the pattern density on a wafer surface varies

significantly from low to high density and the subsequent deposition results in layers with
similar topography to the underlying pattern. CMP must be employed to eliminate the
topography prior to processing the next fabrication steps. The ultimate goal is to achieve
a perfect planarity throughout the surface of the wafer as depicted in Figure 1.15.

Low Density

High Density

Figure 1.14: Illustration of pattern density

After deposition

Ultimate goal after CMP

Figure 1.15: Illustration of surface topography after deposition and CMP
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As the surface is polished, the topography is reduced with time. Figure 1.16
1.
depicts this process. The step height refers to the difference in height of the low and high
regions. It is obvious that the goal is to remove the step height, thus achieving local
planarity.

Bon
Figure 1.16: Step height and locall planarity (Source: D. Boning)

However, the removal process of bulk material depends on the pattern density.
Lower pattern density tends to a more aggressive bulk removal than higher pattern
density. This mechanism iis related to the pad in contact with the lower regions. For high
pattern density, the distance between the two higher regions is too close for the pad to
conform. Hence, the removal rate in higher regions dominates the bulk removal process.
In contrast, low pattern density imposes further distance between two higher regions.
reg
This condition allows the pad to conform to this void instantaneously; thus significantly
increasing the removal rate in lower regions as well. This dynamic process is illustrated
in Figure 1.17.. Various pattern density regions across a given die ex
exist
ist on a nonnon planar
wafer surface. During CMP, variation in polishing rates results in global non-planarity.
non
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Figure 1.17: Local and global planarity as a function of polishing time

Local and global planarity during the CMP process is also affected by the
property of pad material. A soft pad fully conforms to the topography of the non-planar
wafer surface; hence it simultaneously polishes the low regions as well as the high
regions. A hard pad dominantly polishes the high regions, however it would have a
higher probability of inducing defects such as scratches. Medium pads slightly conform
to the topography meaning that as the step height of the topography is decreased, the low
and high regions will both be planarized. So it is important to choose pad materials that
conform to topography to an extent sufficient to minimize global non-planarity, while
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being rigid enough to achieve local planarization within a given die. Alternatively, CMP
process can be done in two subsequent stages. A hard pad is employed first to
significantly reduce the step height before it is followed by a soft pad to polish away the
defects.

1.5.2

Dishing and Erosion
Two of the most detrimental effects that can occur during CMP are dishing and

erosion. Figure 1.18 illustrates the difference between dishing and erosion.

Figure 1.18: Dishing and erosion

Dishing is referred to as the loss of material in the conducting line, here shown as
a copper line, with the oxide layer after CMP process as the reference. Erosion is defined
as the loss of both the oxide and conducting material with the oxide layer prior CMP
process as the reference. For erosion of the oxide to occur, the CMP process must polish
completely through the oxide layer. Over-polishing processing is the main cause of both
dishing and erosion. It is common that the metal layer is not polished and cleared in the
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same rate across the large region of a wafer. Hence, over-polishing processing is a
common practice to ensure the clearing of the excessive metal layer and it comes with the
cost of dishing and erosion to the region that has been cleared.

1.5.3

Surface Defects
Various types of surface defects as shown in Figure 1.19 are commonly found

after CMP processes. Most defects are typically induced and elevated by mechanical
means. Dust or particles originating from air, large defect-causing abrasive particles,
corrosive chemicals in the slurry, dislodged diamonds, pad debris due to abrasion by the
conditioner, chemical by-products and abnormal pads are the main source of defectcausing objects during CMP. Softer material in a wafer surface needs to be polished by
lowering the applied pressure and relative velocity of the pad-wafer. Depending on the
severity of the defect, wafers may not be re-processed; hence reducing the throughput. It
is also noteworthy to examine the source of the defects.
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Surface Particle

Embedded
Particle

Ripout

Residual
Surface

Micro-scratch

Scratch

Figure 1.19: Various types of surface defects

1.6 Cost of Ownership and Environmental Considerations
CMP processing has a large environmental and economic effect due to the high
use of process consumables. CMP processing uses water extensively to dilute slurry and
clean the pad and wafer between polishing. It has been estimated that the CMP process
accounts for as much as 40% of the entire water consumption in an IC Fab (Corlett
1998). Other than water, the overall cost of ownership (COO) of CMP includes pads,
slurry, equipment, labor, and other materials.
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Slurry usage represents almost half of the total cost of ownership of the CMP
module. It also contains environmentally harmful chemicals. Due to the high
concentrations of CMP slurry constituent chemicals and complex reaction products, the
slurry regeneration technology faces several difficulties satisfying the high volume
manufacturing (HVM) which requires stringent slurry and module target specifications.
Many inorganic or organic chemicals in the slurry and solvent are used during the CMP
process to polish and clean the wafer. Depending on the pad design, slurry utilization is
relatively small and varies between 2 and 25% (Mitchell et al. 2002). Most of the slurry
injected on top of the pad is discharged to the waste stream without ever being delivered
in the pad-wafer region. Therefore, optimizing CMP slurry process parameters to reduce
slurry usage is the best solution to achieve a more cost effective and environmentally
benign process.
The pad is another important consumable. Increasing the number of wafer
polishes per pad can not only reduce the expense of the pads, but also can increase
polisher availability. The pad life is related to slurry chemical, pad conditioning, and
other factors.
CMP processing relates to many variable inputs, which have complicated
interactions with each other. In understanding the fundamental mechanisms of the
process it is also very important to make the CMP process more efficient, and to reduce
consumables in order to achieve a more environmentally friendly process. A majority of
the work done in CMP is motivated by the ultimate goal of creating smarter and more
efficient processes. This means lowering COO and environmental impacts. Several
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studies in this dissertation consider the possible impacts on these critical and relevant
issues.

1.7 Research Motivation and Goals
The primary motivation of this work is to explore solutions to the CMP
challenges outlined in Section 1.5. These solutions are in the form of various
planarization strategies, ranging from implementing process parameters to investigating
different consumable sets. These are also evaluated with the purposes of minimizing the
environmental and COO impacts. A technology to screen out abnormal consumables
before being used in IC manufacturing is essential to prevent any inconsistencies in the
production line. In addition, real-time methodologies are needed to identify defect
occurrence during the CMP processes. Fundamental studies and experimental results are
used to provide further insight into the CMP process, which can be used to design future
tools. There are seven primary studies in this dissertation, which each have individual
motivations that contribute to the overall goal of this work. These studies appear as
chapters and the motivation of each is separately described below.

•

A method for direct measurement of substrate temperature during copper
CMP (Chapter 4): This study explores a method enabling a direct
measurement of wafer temperature distribution in real-time. As indicated in
several published studies, copper removal rate is affected by the process
temperature. Hence, a better understanding of temperature distribution across
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the wafer helps in more thoroughly understanding the removal rate of CMP
processes. The fact that dishing and erosion across the patterned wafer are
significantly attributed to the wafer’s non-uniform removal rate distribution is
the other motivation of this research.

•

Effect of slurry injection position on slurry mixing, friction, removal rate and
temperature during copper CMP (Chapter 5): As explained in Chapter 1.6,
slurry usage represents almost half of the total cost of ownership of the CMP
module and it also contains environmentally harmful chemicals. Due to the
high concentrations of copper CMP slurry constituent chemicals and complex
reaction products, the slurry regeneration technology is difficult to satisfy the
high volume manufacturing which requires stringent slurry and module target
specifications. Therefore, this study is focused in reducing slurry usage by
exploring the slurry injection position.

•

Characterization of thermoset and thermoplastic polyurethane pads, and
molded and machined grooving methods for oxide CMP applications (Chapter
6): This chapter investigates the effect of pad material, grooving method and
grooving type on various aspects of CMP performances such as removal rate,
coefficient of friction, and pad temperature transient. A simulation on removal
rate is also performed to understand the chemical and mechanical contribution
of the consumables. The methodology shown in this chapter can be effectively
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implemented in exploring various consumables’ sets that can lead to a more
cost-effective and environmentally benign process (such as faster removal rate
for less consumables being used).

•

Stability ratio and critical coagulation concentration: Comparison of turbidity
and low angle light scattering methods (Chapter 7): A technology to screen
out abnormal slurries before being used in IC manufacturing is a must to
prevent any inconsistencies in the production line. The presence of larger
particles and a less stable colloid system that lead to enhanced particles
aggregation can increase scratch defects during CMP. Hence, the stability of a
colloidal suspension is a critical property in CMP slurry. However, a method
of measurement with high reproducibility is not easily demonstrated. This
work explores simultaneous turbidity and low angle light scattering to
quantify the stability ratio under well-defined mixing conditions on latex
model and ceria-based slurry.

•

Feasibility of real-time detection of abnormality in inter dielectric slurry
during CMP using frictional analysis (Chapter 8): It has been investigated that
abrasive particles agglomeration, large abrasive particles as well as the
solidified particles generated along the slurry supply system are the main
causes of the defect formation during polishing. In addition, abrasive particles
in injected slurry tend to agglomerate during the polishing process due to
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fluctuations in local particles or salt concentration under dynamic processing
conditions. Hence, real-time methodologies (i.e. via spectral analysis of force
data as described in this chapter) are needed to give an advance warning in
detecting the presence of defect-causing particles involved during the
polishing process.

•

Effect of pad break-in time and in-situ pad conditioning duty cycle for porous
and non-porous pads in CMP (Chapter 9): Pad break-in and pad conditioning
plays an important role in regenerating the asperities to ensure the pad’s
ability to hold slurry. As a conditioning process ultimately wears down the
pad, excessive conditioning will shorten pad life. Hence, the optimization of
break-in and conditioning schedule is imperative. This work underscores the
importance of pad break-in to achieve early steady-state polishing through
optimum break-in time and to extend pad life through an optimum
conditioning duty cycle.

•

Applications of force spectral analysis in shallow trench isolation CMP
(Chapter 10): The current-state-of-the-art technology of shallow trench
isolation (STI) CMP is based on the pre-defined polishing time. Variation of
the incoming STI wafers coupled with a drift in CMP performances associated
with CMP consumables (such as pad and conditioner end-of-life) significantly
result in large variation of the final polished wafers. Under-polished (i.e. less
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polished time than the needed time) wafers need further polishing work to
clear the leftover overburden layer; meanwhile, over-polished wafers may
result in severe dishing and erosion. Both conditions require wafers to be reprocessed or discarded, hence reducing total throughput. This study explores a
combination of unique spectral fingerprinting and analysis of force variance
(based on shear and down force) for monitoring the evolution of the STI
polish process in real-time that can lead to an optimum polishing time
that is unique for every wafer.
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CHAPTER 2
EXPERIMENTAL APPARATUS

The studies in this work utilized several different characterization techniques and
tools. The CMP tools are described in Chapters 2.1 and 2.2. The 2 major CMP systems used
in this work are the scaled Innovative Planarization Laboratory (IPL) 100-mm CMP tool and
the Araca APD-500, a 200-mm polisher and tribometer at the University of Arizona. The
characterization techniques were a dynamic mechanical analyzer, a reflectometer, the particle
sizing systems (PSS) NiComp 380 and the Malvern Mastersizer 2000. The general theoretical
principles and techniques associated with these tools are explored in Section 2.3.

2.1 Innovative Planarization Lab 100-mm Polisher and Tribometer
Figure 2.1 shows the picture of the 100-mm polisher in IPL at the University of
Arizona. The main body of the apparatus consists of a Struers Rotopol-35® tabletop
polisher with a 12-inch diameter aluminum platen. A rotating drill press is connected to a
wafer carrier to provide the variable rotation and down force control to the wafer when in
contact with the pad during polishing. A traverse with a moveable weighted carriage is
mounted atop the drill press. The weighted carriage is driven by a motor system that
allows it to move along two linear rails. Hence, by adjusting the position of the weighted
carriage on the traverse, the down force onto the wafer can be varied in a certain range.
During polishing, the traverse is maintained to be parallel to the platen.
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Figure 2.1: The 100-mm polisher and tribometer

The conditioning apparatus is a removable attachment to allow in-situ or ex-situ
conditioning. The conditioning system rotates the diamond disc conditioner and also
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sweeps it across the pad. The conditioner is a 100-grit diamond disc made by TBW

®

Industries with a diameter of 2 inches. The diamond disc is installed into a gimbaled
carrier with a spring system. The gimbaled system allows for a restricted pivoted
movement which compensates for the dynamic vibration or tilting of the conditioner
during conditioning. Various down pressures of the conditioner can be achieved by
changing to a different spring constant. A Tekscan® pressure mapping sensor is
positioned beneath the conditioner under the static conditions to determine the downforce
of the disc.
To measure the shear force between the pad and the wafer during polishing, a
sliding table is placed beneath the polisher as seen in the schematic of Figure 2.2. The
sliding table consists of a bottom and a top plate that the polisher is set upon. The top
plate is connected to the bottom plate using two parallel slider rods. The orientation of the
slider rods is based on the shear force orientation between the wafer and pad during
polishing. The bottom plate is bolted to a rigid table. As seen from the schematic of the
top view of the platen, the pressure from the traverse is applied to the wafer. As the wafer
and pad are engaged and rotated with the same angular velocity, the top plate will have
the tendency to slide with respect to the bottom plate in one direction due to the friction
generated between the pad and wafer. However, a load cell is installed and coupled to
these two plates to prevent the top plate movement. At the same time, the load cell
converts the dynamic force exerted during polishing into a voltage signal. The load cell
sends a voltage output to a data acquisition board to reflect the magnitude of the force
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using the calibration data (i.e. force versus voltage). A computer synchronizes the load
cell to the polishing process so that real-time friction data can be obtained.

Applied Wafer
Pressure

Diamond Disc
with Rotation & Translation

Slider

Load Cell
Load Cell

Sliding Friction Table

(a)

(b)

Figure 2.2: (a) Side view schematic and (b) image of sliding friction table

For a given run, the coefficient of friction (COF), shown in Eq. 2.1, is defined as
the ratio of the shear force (as determined experimentally from the calibrated voltage
output of the strain gauge) and the normal force applied to the wafer.




 =  


(Eq. 2.1)

!"#  

2.1.1 Table Top Polisher
®

The tabletop polisher is a Struers Rotopol 35 rotary polisher. The rotation,
ranging from 40 to 600 RPM, is controlled automatically via Labview software. Labview
software generates a voltage signal to the converter to control the platen speed. The
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controlled speed can be set with increments of 10 RPM up to the desired value. The
polisher rotation is pre-calibrated by the manufacturer. The rotation speed of the polisher
is monitored by using a tachometer to confirm the calibration.

2.1.2 Wafer Carrier and Polishing Head Mechanism
The wafer carrier is manually fitted and tightly secured on the head tip of a drill
press. It is imperative to setup the wafer carrier so the traverse is perfectly parallel to the
platen when the wafer contacts with the pad. This condition is to make sure a precise
down force is applied to the wafer. The applied down force is based on the location of the
weighted carriage and calibrated when the traverse is perfectly horizontal.
The construction of the wafer carrier consists of a brass post connected with a flat
aluminum plate using a gimbal. The gimbal system acts as a pivot to allow a flexible
movement of the aluminum plate. During polishing, the dynamic process among the pad,
wafer and slurry cause a dynamic tilting of the wafer. Hence, the gimbal system has
become a standard design to allow such movement. The diameter of the flat plate is about
5.5 inch, one-half inches larger than the 4-inch wafer. A backing film, made by PR
®

Hoffman , is attached to the polished side of the wafer carrier. The backing film consists
of a sheet of carrier film and retaining ring. The geometry of the retaining ring is 4.02
inches in inside diameter and 5.5 inches in outside diameter. The retaining ring has a role
to secure the wafer attached on top of the carrier film from slipping away during
polishing. In the meantime, it is also critical to have a retaining ring which is thinner than
the thickness of the polished wafer so that only the protruded surface of the wafer
interacts with the pad. The carrier film is a buffed porous material backed by a non-
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absorbent fabric. The buffed porous material, when wet, produces a sufficient adhesion
force to securely hold the wafer in place. The backing fabric allows the pad to stay
resilient evenly across the full width of the recess during the polishing. The wafer carrier
film and retaining ring assembly are shown in Figure 2.3.

Figure 2.3: Wafer carrier with backing film

The wafer carrier, with the drill press, is controlled by a DC motor controller
which allows continuously variable wafer rotation speeds of approximately 0 to 150
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RPM. The dial setting of the controller is calibrated by using a tachometer to determine
the corresponding rotational speed of the wafer.

2.1.3 Force Transducer
A force transducer is a device to convert the applied force into a voltage signal.
The voltage signal is then sent to a converter box. A Labview program is built to display
the voltage value. The generated voltage signal is linearly correlated with the force
applied to the force transducer. The linear correlation equation can be generated by
plotting several points of voltages versus forces. The calibrated force transducer is then
employed to calibrate the traverse.
Figure 2.4 shows the image of the calibration setup for the force transducer. The
whole apparatus is secured on the rigid table. The force transducer is placed into a small
round recess on the bottom plate of the calibration apparatus. The rod is placed through
the slot of the calibration apparatus and pointed against the transducer. A metal support
plate is then placed on the top of the rod. A set of weights, placed on the plate, will
transfer the down force through the rod onto the transducer. By changing the weights on
the plate, which affects the actual force applied directly to the transducer, the
corresponding voltage outputs can be recorded.
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Figure 22.4: Setup for calibration of force transducer

2.1.4 Traverse
A traverse consists of two parallel rails to stably hold the weight carriage. The
traverse is equipped with a stepper motor mounted at the end of the traverse to move the
weighted carriage forward or backward along the rails for aadjusting
djusting the applied down
force to the wafer carrier. The stepper is synchronized through a computer via a Labview
program for a precise and automatic system to locate the weight carriage. Figure 2.1.5
shows the image of the traverse
traverse. The traverse is supported
rted by two columns. One of the
columns acts as a pivot point and the other column is connected directly to the drill press.
The force exerted in the drill press is transferred to the wafer carrier. With the same
weight carriage, the wafer carrier exhibits the lowest applied force when the carriage is
on top of the pivot point. The applied force increases as the weight carriage is moved
closer to the drill column. It reaches the maximum force when the weight is located
directly on top of the drill column. A calibration is needed to correlate the location of the
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weight carriage with the actual force applied to the wafer carrier. The correlation
equation is inputted in the computer software.

Figure 2.5: Weight carriage mounted on the traverse

To calibrate the traverse, a brass rod was placed into the chuck of the drill press
and positioned on top of a force transducer which was placed on the surface of the platen.
The height and position of the brass rod was such that the traverse would lie parallel with
the platen upon contact with the force transducer. A water leveler was used to correctly
adjust the position. Later during the experimental investigation, when the wafer and pad
were in contact, the traverse had to be kept parallel to the platen as well. At this point, the
weighted carriage was moved across the rails via a stepper motor. Based on the positions
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of the weight carriage on the traverse, force measurements were recorded from the force
transducer. The initial traverse position, or zero position, was set at the point that would
be on top of the pivot point of the drill press without tipping the traverse and weights
backwards. A standard weight of 65 lbs was mounted on the carriage; the pressure for a
4-inch wafer at the zero point was 1.3 PSI. This indicated the lowest applied wafer
pressure of the tool. To determine the exact applied wafer pressure as a function of
traverse position, the mean pounds encountered by the force transducer was plotted
against the number of steps away from the zero point. This calibration also showed a
linear relationship. Conversions to applied wafer pressure simply required dividing the
given weight values by the wafer area.

2.1.5 Friction Table
A load cell is installed between the sliding friction tables as shown in Figure 2.2.
The measurement tip of the load cell is secured to the upper table and the bulk part of the
load cell is fixed on the lower table. The shear force generated in the platen during
polishing is transferred to the upper table. Even though there are two sliders between
upper and bottom plates, the load cell is placed to restrict such movement. The
compression and exertion forces will be sensed by the measurement end, then the signal
in the form of the voltage output will be transferred to the Labview interface. The
sensitivity and the limit of the load cell are important factors to ensure the accuracy of
measurement. The application of shear force should be less than the rated capacity of the
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load cell. Therefore, the selection of the load cell is based on the value of the applied
pressure on the wafer.
Since the load cell is capable of sensing force only in a direction parallel to the
slider, it is required to set the polisher position so that most of the shear force is parallel
to the slider movement. Therefore, the orientation center of the platen to the center of the
wafer carrier has to be perfectly perpendicular to the direction of the slider. This
requirement is strictly performed to ensure that frictional readings are only being
generated in the direction of sliding and were not lost to an alternate axis.
During calibration, a pulley system is attached to the end of the rigid table for
calibration. The pulley system is along the direction of the shear force caused by the padwafer contact. A screw at the end of the top plate of the friction table holds a sturdy wire
that rests over the pulley and hangs over the edge of the table for a set of weights. This
configuration allows for the weights to apply a force onto the measurement tip of the load
cell. Variable lateral forces can be applied to the strain gauge of the friction table by
changing the amount of weight hanging over the edge of the isolation table.
During calibration, an initial measurement is taken when there is no pulley system
to set the voltage output to zero. The zero point measurement should yield a zero volt
reading. The calibration process continues with the incremental addition of weights on
the pulley and the recording of corresponding voltage readings for each weight set. A
linear correlation equation is inputted into the LabVIEW program. Based on this
correlation, the real-time magnitude of shear force during polishing can be calculated
based on the voltage signal sent by the load cell. This voltage is converted into the real-
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time shear force in the unit of pounds. The applied down force is assumed to be constant
during polishing and the value is input separately as a parameter.
It should be noted that there are other factors which affect the accuracy and
repeatability of the measurement of the load cell. During calibration, everything is in the
static state, no movements and rotations are involved. However during polishing, the
contact between the wafer and the pad, the rotation and the sweep of the conditioner, the
delivery of the slurry and the variation of rotation rate, will inevitably affect the voltage
output of the load cell. A solution to the problem is to take a baseline measurement, in
which case every component (platen, conditioning arm and slurry) are in motion except
for the wafer on the pad. Later on, the baseline reading can be subtracted from the shear
force measurements of the wafer run, so that the shear force only induced by the padwafer contact is considered. This approach was taken for all experiments performed in
this dissertation.

2.2 The Araca APD – 500 Polisher and Tribometer
The APD – 500 tool is a single-platen polisher and tribometer designed for 200mm chemical mechanical polishing (CMP) and silicon polishing applications. It is
manufactured by Fujikoshi Machinery Corporation with hardware and software
integrated by Araca, Inc. for data collections and analyses. The tool has the unique ability
to accurately measure shear force and down force in real time during CMP. Force data
are analyzed by integrated software programs, and force spectra are generated to provide
fundamental characterizations of the tribological attribute of polishing processes. Figure
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2.6 shows the hardware components of the tool. Their functions are listed in the Table
2.1. Some individual hardware components and their functions are described in more
detail in subsequent sections.

Figure 2.6: The APD – 500 polisher and tribometer
Table 2.1: Parts of the APD – 500
Part Name
Part
A Wafer and conditioner carriers motors
B
Signal conditioners
C
Right panel

Function
Operate wafer and conditioner carriers
Reset and amplify force signal
See Figure. 2.8 for more details
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Part
D
E
F
G
H
I

Part Name
Control panel
Front panel
Platen, wafer and conditioner carriers
Inside panel
Platen base
Slurry/water tank and pump

Function
Control hardware operation
See Figure 2.7 for more details
See Fig. 1.6 for more details
See Fig. 1.7 for more details
Support platen
Store and pump slurry/water

The front panel of the APD – 500 is shown in Figure 2.7. Its components’
functions are listed in the Table 2.2.

Figure 2.7: The front panel of APD – 500
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Table 2.2: Parts of the APD – 500 front panel
Part

Part Name

A

Secondary ON switch

B

Secondary OFF switch

C
D
E

Emergency stop button
Manual/auto run switch
Auto run START button

F

Auto run STOP button

G
H

Tank agitator switch
Output data channels

Function
Turn on tool power after the primary “On/Off”
switch is turned on
Turn off tool power before the primary “On/Off”
switch is turned off
Stop tool operations immediately in emergency
Switch run mode between manual and auto
Start polishing sequence for auto run mode
Stop polishing sequence for auto run mode; reset
tool after alarm deactivation
Mix slurry in the tank
Output data to data acquisition board

The right panel of the APD – 500 is shown in Figure 2.8. Its components
functions are listed in the Table 2.3.

Figure 2.8: The right panel of APD – 500
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Table 2.3: Parts of the APD – 500 right panel

Part
Part Name
A Signal amplifier
B

Operation status light

C
D

Control panel
Primary ON/OFF switch

Function
Reset and amplify force signal
Indicate tool operation status (green light
indicates the tool is running without an error; red
light indicates the tool is running with an error)
Control tool operation
Turn on and off tool power

2.2.1 Polisher and Z-direction Load Cells
Figure 2.9 shows the body of the polisher and 2 load cells located in the front side
(i.e. Fz 1 and Fz 2). Its components’ functions are listed in the Table 2.4. The polisher
incorporates a stainless steel platen on which a polishing pad is attached. Some CMP
slurries contain oxidizer and can be in a highly acidic or basic solution; hence a stainless
steel material is chosen to minimize corrosion. The body of the polisher is set-up on top
of 4 load cells. Figure 2.10 illustrates the location of the 4 load cells from the top view.
The load cell converts the actual force during polishing into a voltage signal. The voltage
signal is then transferred to an amplifier and the output signal is ready for data
acquisition. The applied force is linearly correlated with the voltage signal and all load
cells are pre-calibrated by the manufacturer.
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Figure 2.9: Polisher and load cells of APD – 500

Table 2.4: Parts of the APD – 500 polisher base

Part
Part Name
A Polisher base
B
z-direction load cells

Function
Support platen
Measure down force (4 units, one on each corner)
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ells for down force measurement
Figure 2.10:: Location of the 4 load ccells

Figure 2.11 shows an example of actual forces applied on 4 load cells during
CMP. All load cells acquire the force measurement in a frequency of 1,000 Hz. Load
cells installed in Fz 2 and Fz 3 are placed nearby the wafer carrier head. Therefore, load
cells Fz 2 and Fz 3 have relatively higher actual forces than load cells in Fz 1 and
a Fz 4,
combined.

Figure 2.11: Example of actual forces app
applied on the 4 load cells during CMP
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The actual down force applied on top of the polishing pad is reported as the
summation of 4 load cells as shown in Figure 2.12.

Figure 2.
2.12: The overall actual down force during CMP

2.2.2 Wafer Carrier System and X- and Y-direction Load Cells
Figure 2.13 shows the wafer carrier system. A motor and a hydraulic piston are
installed for the rotation and vertical movement of the wafer head (i.e. the brown circular
ci
head). Two separate vacuum
vacuum-pressure
pressure lines are installed inside the wafer carrier system.
One line is connected to holes in a ceramic template for holding the polycarbonate
template (i.e. the wafer holder). The holes in the ceramic template are to allow
al
the
vacuum line to hold the polycarbonate template during polishing. The other line is for
applying pressure to a chamber for the whole ceramic template, which applies the wafer
down force during polishing
polishing.
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Figure 2.13: Wafer carrier system of APD – 500

Figure 2.14 shows the ceramic template of the wafer carrier head. The ceramic
template is secured by a circular rubber sheet along the perimeter to the outer part of the
head (i.e. brown stainless steel). The rubber sheet acts as a gimbal system for the ceramic
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template to accommodate the dynamic process among the pad, wafer and slurry causing a
dynamic tilting of the wafer during polishing.

Figure 2.14: Ceramic template in the wafer carrier head

Figure 2.15 shows the polycarbonate template with a backing film, made by PR
®

Hoffman , attached to the polished side. The backing film consists of a sheet of carrier
film and a retaining ring. The geometry of the retaining ring is 7.895 inches in inside
diameter and 8.9 inches in outside diameter. The retaining ring has a role to secure the
wafer that is attached on top of the carrier film from slipping away during polishing. In
the meantime, it is also critical to have a retaining ring which is thinner than the thickness
of the polished wafer so that only the protruded surface of the wafer interacts with the
pad. For this system, the pocket depth is 0.025 inches. The carrier film is a buffed porous
material backed by a non-absorbent fabric. The buffed porous material, when wet,
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produces a sufficient adhesi
adhesion
on force to securely hold the wafer in place. The backing
fabric allows the pad to stay resilient evenly across the full width of the recess during the
polishing. The wafer carrier film and retaining ring assembly in the polycarbonate
template are shown in Figure 2.15.

Figure 2.15:: Polycarbonate template with backing film installed in the polishing side. (a)
is the polishing side and (b) is the back side

As seen in Figure 2.15(b),
(b), there is a polycarbonate ring protruding along the
perimeter of the back side of the polycarbonate template. The inner diameter of this ring
is constructed slightly larger than the diameter of the ceramic template. The
polycarbonate template is manually loaded to the ceramic template. The vacuum line is
turned on to securely hold
old the polycarbonate template as shown in Figure 2.16.
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Figure 2.16: Polycarbonate template installed in wafer carrier head

To measure the shear force during CMP, two load cells in an X- and Y- direction
are installed in the wafer carrier system as shown in Figure 2.17. The wafer carrier
system is constructed on two parallel plates (i.e. stainless steel plate) attached on top of
the rigid frame of the APD – 500 (i.e. painted in white). Between the bottom plate and
rigid frame of the APD – 500, there are two parallel sliders that allow the bottom plate
movement to stay in the same orientation as the center of the pad and the center of the
wafer. A load cell called ‘Fx’ is installed, shown in Figure 2.17, to restrict such
movement and to quantify forces in that particular direction. Between the top and bottom
plates, there are two parallel sliders that allow the movement of the top plate to stay
within a perpendicular orientation to the center of the pad and center of the wafer. A load
cell called ‘Fy’ is installed, shown in Figure 2.17, to restrict such movement and to
quantify forces in that particular direction. The shear force generated between the pad and
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wafer during polishing is transferred to the top and bottom plates. The load cells convert
the actual force during polishing into a voltage signal. The voltage signal is then
transferred to an amplifier and the output signal is ready for data acquisition.
acquisition The force is
linearly correlated with the voltage signal and all load cells are pre
pre-calibrated
calibrated by the
manufacturer.

Figure 2.17
2.17: APD – 500’s load cells in X- and Y-direction
direction

During polishing
polishing, it must be noted that the force in the X--direction is not
significant. The orientation of the wafer carrier, platen
platen,, Fy load cell and Fx load cell
maximizes the shear force generated during polishing to the top plate, i.e., Fy load cell.
The forces in the Fx load cell tightly fluctuate in the 0 lbf region as shown in Figure 2.18.
Therefore, in this dissertation, the forces in the Fy load cell are reported as the actual
shear force.
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Figure 2.18: Example of 33-D forces during CMP using APD – 500

2.2.3 Pad Conditioning System
The pad conditioning system of the APD – 500 is shown in Figure 2.19.
2.
A motor
is installed for the rotation of the conditioner disc. Via the rail
rail,, the conditioner is also
sweeping the pad radially during polishing. The conditioner sweeping schedule can be
sectioned into 10 different zones. Users can input the length of the zone as well as the
sweeping speed or the dwelling time in the defined zone.
The conditioning down force depends solely on the dead weight of the conditioner
head and the metal rod that connect the conditioner head to the conditioner system. To
apply a different conditioning down force, additional dead weight can be placed on top of
the conditioner head. Figure 2.20 shows a dead weight installed on top of the conditioner
condi
head.
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Rail

Figure 2.19: Conditioner system of APD – 500
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Figure 2.20: Conditioner head with a dead weight

Figure 2.21 shows the side view of the conditioner head. It can be seen that there
is a rubber sheet installed between the conditioner disc and its upper plates. A pressure
line is connected to a chamber surrounded by the rubber sheet and during polishing it is
able to accommodate the dynamic processes among the pad, disc and slurry that cause a
dynamic tilting of the disc during polishing. The component of the conditioner head is
shown in detail in Figure 2.22. Its components functions are listed in the Table 2.5.
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Rubber sheet

Conditioner disc
Figure 2.21: Side view of the conditioner with the case being dissembled

Figure 2.22: Components of a conditioner set
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Table 2.5: Parts of the APD – 500 conditioner system

Part
Part Name
A Attachment plate
B
Conditioner casing
C

Flex plate

D
E
F
G

Diamond disc (one)
Attachment screws
Base plate
Inner plate

Function
Provide attachment to conditioner carrier
Contain conditioner
Seal base plate to attachment plate and provide
gimbal mechanism
Condition pad surface
Attach diamond disc to base plate
Anchor diamond disc to attachment plate
Attach flex plate to base plate

2.2.4 Slurry Distribution System
The APD – 500 has three independent slurry tanks as shown in Figure 2.23. Each
tank is equipped with an agitator to constantly mix the slurry. The slurry is pumped to the
pad surface using an electromagnetic pump.

Figure 2.23: Three slurry tanks for the APD – 500
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The tubing of the slurry is directed to the pad surface using a slurry delivery
nozzle with a blue and orange color shown in Figure 2.24.

Figure 2.24: Slurry delivery nozzle

2.2.5 Data Acquisition Program
The data acquisition program designed for the APD – 500 is written in Labview.
The data acquisition program has two sub-programs: a conditioning down force program
and a polishing measurements program. If in-situ conditioning is performed during
polishing, it is necessary to measure the conditioning down force before polishing tests.
This is due to the fact that the down force measured during polishing includes the
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conditioning down force. Therefore, the conditioning down force must be subtracted
from the measured down force to obtain the actual wafer polishing force. The actual
down force is used to calculate the coefficient of friction. Figure 2.25 shows the interface
of the conditioning down force program.

Figure 2.25: Data acquisition program: Conditioning down force
The polishing measurement program, shown in Figure 2.26 is used to acquire the
polishing parameters in real-time during the actual wafer polishing. The interface
displays the collected data in real-time that includes:

•

Forces
The graph shows Fx, Fy, and Fz measurements. Data for Fx, Fy, Fz are
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shown in blue, red, and green, respectively.
•

Slurry flow rate
The graph shows the flow rates of tank 1, tank 2, and tank 3 in blue, red,
and green, respectively.

•

Velocity
The graph shows the rotational velocity of the pad, wafer, and conditioner
in blue, red, and green, respectively.

•

Conditioner position
The graph shows the conditioner position relative to the edge of the platen.

•

Conditioner oscillation
The graph shows the conditioner sweep velocity

Figure 2.26: Data acquisition program: Polishing measurement
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2.2.6 Tool Specifications
Tool and major hardware specifications for the APD – 500 polisher and
tribometer are listed in Table 2.6.

Table 2.6: The APD – 500 components specifications (Source: APD – 500 user manual)

Dimension
APD - 500

Platen

Wafer Carrier

Conditioner
Carrier

Slurry/Water
Delivery System
Load Cell

Weight
Power supply
Air supply
Diameter
Material
Rotation direction
Rotation range
Flatness
Cooling water supply
Wafer diameter
Down force range
Down force control
Rotation direction
Rotation range
Conditioner diameter
Rotation direction
Rotation range
Sweep distance
Sweep frequency range
Down force
Number of tanks and pumps
Tank volume
Pump type
Flow rate range
Number of load cells
Maximum load
Temperature range

L (1.10 m)
W (0.66 m)
H (1.79 m)
Approximately 650 kg
AC 200 V, 3 phases, 60 Hz, 10 kW
0.5 MPa, 550 l/min
500 mm
SUS410
Counter-clockwise
0 - 200 rpm
Convex 10 µm
0.3 MPa, 15 l/min
200 mm
0.7 - 4.2 PSI
Pneumatic, + 0.4%
Counter-clockwise
0 - 200 rpm
~ 100 mm
Counter-clockwise
0 - 100 rpm
147 mm
0 - 23 times/min
5.5 - 19 lbf
3
10 liters
Electromagnetic pump
0 - 300 ml/min
6
1 kN
-10 - 50 ºC / 14 - 122 ºF
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2.3 Analytical Instrumentation
2.3.1 Infrared Camera
Infrared thermography is used for recording pad temperature transients during the
polishing. The pad temperature information is often used to estimate the wafer
®

temperature. An Agema Thermovision 550 infrared camera is used in this study. As
shown in Figure 2.27, the camera is mounted on an adjustable arm and positioned to
image the CMP process at the leading edge of the wafer. A computer equipped with the
®

ThermaCAM Researcher 2001 software is used to control the camera to capture the
temperature data. The data can be analyzed later to track the history of temperature
transient. Individual spots or areas can be selected from the images and the temperatures
can be plotted at those locations for the entire sequence. These data points are then either
averaged or examined as a function of time. The IR camera is calibrated to record
accurate temperature measurements based on the emissivity of the pad (White 2003).
Based on emissivity of the material and the distance from the lens to the sample, a
temperature resolution of 0.1°C can be achieved. During polishing, the camera recorded
the thermal images at a frequency of 5 Hz at ten points around the leading and/or trailing
edges of the wafer. Since direct thermal readings could not be acquired in the pad-wafer
interface, the above ten points along the periphery of the wafer allowed for a suitable
estimation of the mean process temperature experienced during polishing.
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Figure 2.27: The IR camera is aimed to the polishing pad

2.3.2 Dynamic Mechanical Analyzer
Dynamic pad properties such as storage modulus and loss modulus were found
using TA instrument’s dynamic mechanical analyzer (DMA) 2980 (see Figure 2.28). The
DMA measures the viscoelastic response of a pad sample as a function of a constant
sinusoidal stress and changing temperature. To achieve these testing conditions, polishing
pad samples were cut as rectangles (approximately 18 mm × 36 mm) and placed into a
single cantilever system within an isolated chamber. Within the chamber, the long ends
of the pad sample were clamped with a torque wrench (approximately 5 lbs), where one
end was fixed in position and the other was free to oscillate sinusoidally. During testing,
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the chamber would be closed off and an internal heating/cooling system would change
the temperature at a designated rate. The experimental conditions used for CMP pad
testing included a thermal ramping rate of 3°C/min from -115°C to 175°C. Resulting
mechanical responses were detected by the tool and reported as a function of temperature.

Figure 2.28: TA instrument’s dynamic mechanical analyzer (DMA) 2980

The following are definitions of the analytical results obtained from the DMA:

Glass Transition Temperature (Tg) – The temperature at which a material changes from
glass-like to rubber-like properties. When analyzing this parameter with the DMA, Tg can
either be detected by a distinct onset of the storage modulus vs. temperature curve, or a
distinct peak on the loss modulus vs. temperature curve (see Figure 2.29).
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Storage Modulus – A term used to quantify the dynamic elastic energy stored in a
specimen due to an applied strain, usually described in units of MPa. In general, it is
considered a measure of a material’s bulk softening with changing temperature and can
also be an indicator of a specimen’s glass transition temperature (Tg). Figure 2.29 shows
the indicating point for the storage modulus Tg of a polishing pad and the slope range that
is often considered for determining the extent of pad softening. The storage modulus has
a flexural (E’) and shear component (G’), which are dependent on the direction of the
phase angle during testing. Equations 2.2 and 2.3 define these parameters

$ % = 2'1 + Σ+. -′
-% =

/0
0

cos 4

Eq. 2.2
Eq. 2.3

In the above equations, Σ is a Poisson ratio constant for isotropic materials, σo is
stress, eo is strain and δ is the phase lag angle obtained from specific testing conditions.
The phase angle of the pad samples in DMA are such that the flexural component of the
storage modulus is obtained.
The storage modulus, although different from Young’s modulus in principle, is
often used to define a material’s mechanical strength. As it has been described above, the
two analytical parameters have distinctly different physical meanings, however in the
CMP research arena, both parameters are often used to define polishing pads. Since these
parameters are often interchanged and compared, it is important to realize their
relationship with one another.
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The storage modulus can be related to Young’s modulus in the following manner.
As seen in Equation 2.4, Young’s modulus is defined as a measure of longitudinal strain
(σ), or the ratio of normal stress (ε) to the corresponding strain for tensile or compressive
stresses less than the proportional limit of the material.

$=

/

Eq. 2.4
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Figure 2.29: An example of DMA result of a polishing pad

Loss Modulus – A term used to quantify the dissipation of energy of a specimen as a
function of temperature, usually described in units of MPa. In a general sense, this
parameter is an indicator of a material’s glass transition point and is identified by a signal
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peak over the tested temperature range. Loss modulus has a flexural (E”) and shear
component (G”), which are dependent on the direction of the phase angle during testing.
Equations 2.5 and 2.6 define these parameters.

$" = 2'1 + Σ+. -"
-" =

/0
0

sin 4

Eq. 2.5
Eq. 2.6

Tan δ – A parameter that is calculated as the ratio of the flexural loss modulus to the
storage modulus as shown in Equation 2.7. This term is used to indicate the toughness of
a specimen (based on area calculations underneath the resulting signals) and can only be
compared relative to comparable signal results. This parameter can also be used as an
indicator of the glass transition for a specimen as shown in Figure 2.29.

tan 4 =

;"

;<

Eq. 2.7

2.3.3 Film Thickness Measurement
Film thickness measurements were performed following all ILD polishes in order
to determine the removal rates and uniformity associated with a certain polishing process.
This analysis was done on a reflectometer. The basic principle of a reflectometer is to
measure the thickness of light-transparent material films by measuring the polarization
state of a light beam following its reflection on the material. This light source can be
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varied in wavelength and is usually projected on the film sample at an oblique incidence.
As film thickness on a wafer changes, so does the polarization sensitivity of the reflected
light. This change in polarization is then converted into a specific film thickness that can
measured on order of Angstroms.
Thickness of copper removed during polishing is calculated using the weight
difference prior and after polishing. An Ohaus Analytical Plus® scale was used to
determine the amount of material removal to within a thousandths of a gram.

2.3.4 PSS NiComp 380
The PSS NiComp 380 (shown in Figure 2.30) is an instrument capable of measuring
both mean particle size distribution (PSD) and particle zeta potential of abrasive particles (i.e.
silica and cerium oxide) in CMP slurries.

Figure 2.30: PSS Nicomp 380
The PSS Nicomp 380 uses a technique called single particle optical sensing

(SPOS) and therefore requires a sample that is extremely diluted. The technique is based
on the passing of a single particle passing through a laser. The passage of a particle
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through the detection zone causes a detected pulse, the magnitude of which depends on
the mean diameter of the particle. The detector is designed to provide a monotonic
increase in pulse height with increasing particle diameter. As the solution is analyzed, the
number of particles in each user-defined particle size are determined and reported as a
particle size distribution (PSD). A cuvette cell with electrodes is used for zeta potential
measurements. The solution being analyzed must be very dilute so as to minimize
multiple scattering which may give false measurements of large particles that are actually
multiple small particles.
By definition, the zeta potential of a particle is the electrical charge of the particle
at the surface of shear between the particle and the solution and is located at the edge of
the fluid boundary layer surrounding the particle. The zeta potential is dependent on the
particle type and solution pH and can vary from 0 mV at the point of zero charge (point
of zero charge, PZC, is the pH where the charge of a surface changes from a positive
value to a negative value) to the true surface charge of the particle under vacuum
conditions. The zeta potential is a measure of the suspension stability (Hiemenz et al.
1997): an increase in the magnitude of the zeta potential from the slurry PZC generally
indicates greater particle dispersion within the slurry system and higher stability.
To measure the zeta potential, a diluted slurry solution is placed in a cuvette with
electrodes through which a laser is sent. The suspended particles will possess a surface
charge, provided the solution is not at the PZC, and will move when an electric field is
applied to the solution.
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Under an applied electric field, the particles would move in one direction
scattering the laser. However, by alternating the direction of the field, the particles will
move back and forth between the electrodes at a velocity relative to their surface charge
and the applied potential. This velocity can be determined by measuring the Doppler shift
of the laser light scattered by the moving particles.

2.3.5 Malvern Mastersizer 2000
The Mastersizer 2000 (see Figure 2.31) uses static light scattering (SLS) to
measure the PSD of a suspension. In SLS, the angular dependency of the time-meanintensity of laser light scattered by particles in a suspension is measured. Figure 2.32
illustrates the internal structure of the Mastersizer.

Figure 2.31: Malvern Mastersizer 2000
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Figure 2.32: Internal structure of Malvern Mastersizer 2000

One of the major advantages to using the SLS technique is that the range of
particle sizes accurately measured is much larger than that of dynamic light scattering
(DLS). The figure shows the multiple detectors in the tool allowing the angular
dependency of the average scattering intensity to be determined which is then used to
calculate the particle sizes as a function of the refractive index of the solute and the
wavelength in the incident light originating from the source, L.
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CHAPTER 3
GENERAL THEORY

This chapter describes a general theory of tribology and material removal mechanism
associated with CMP. Specific theoretical approaches will be discussed in each chapter
separately.

3.1 Tribology and Its Application to CMP
Tribology is the study of friction, wear and lubrication between solid surfaces.
Earlier studies in tribology used a lubricated journal bearing with a shaft inside as shown
in Figure 3.1.

Figure 3.1: Journal bearing-shaft set-up

The shear force between the shaft and the wall of the journal bearing was
recorded and the coefficient of friction (COF) was calculated as the shear force divided
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by the normal force applied to the shaft. The Hersey number in the journal bearing-shaft
setup is defined as (Hersey 1966):

= > ? @ABC

=

µ.D
E

Eq. 3.1

In the Hersey number, u represents the relative linear velocity of the shaft to the
bearing, while µ is the viscosity of the lubricant and P denotes the applied pressure to the
shaft. It should be noted that the Hersey number is in units of length.
The journal bearing-shaft setup is a two-body contact system. Based on the plot of
COF versus the Hersey number, the Stribeck Curve characterizes three different
lubrication regimes as described in Figure 3.2.

Figure 3.2: Stribeck curve of journal bearing-shaft system
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The first region is known as boundary lubrication, which is in the leftmost portion
of the curve. Boundary lubrication occurs where two solid surfaces are rubbing in
intimate contact, in the extreme case without any fluid between the surfaces. In boundary
lubrication, there is almost no change in COF with an increasing Hersey number. The
next region corresponds to the partial lubrication regime and lies on the portion of the
curve where the onset of a steeply decreasing slope in COF occurs. Partial lubrication
occurs as the velocity is increased and the pressure is decreased causing a partial
levitation of the shaft from the journal bearing. The final lubrication regime is
hydrodynamic lubrication where the shaft has completely separated from the journal
bearing due to the extreme velocity and low pressure applied. In this region a full fluid
film thickness exists between the journal bearing and the shaft (Ludema 1996).
In a CMP application, a three-body contact is made instead of the two-body
system. The shear force is induced due to the intimate interaction among the pad, wafer
and slurry particles.

3.1.1 Sommerfeld Number
Even though the CMP system appears to be very different from the model that
Stribeck set-up, the same principles of tribology can be incorporated as long as the
Hersey number is re-defined to adequately build Stribeck curves representing the CMP
system. A characteristic length is added to the denominator of the Hersey number so that
the number becomes a dimensionless parameter known as the Sommerfeld number, So
(Ludema 1996).
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Eq. 3.2

In the above equation µ is the slurry viscosity, u is the relative pad-wafer average
linear velocity, p is the applied wafer pressure, and δ is the effective slurry thickness in
the pad-wafer region. The determination of u and µ are fairly straightforward as the latter
can be measured experimentally for a given slurry, while the former depends on tool
geometry and angular velocities of the wafer and the platen.
In CMP, film thickness between the wafer and the pad is a complicated function
of pad porosity, pad compressibility, velocity, pressure, slurry viscosity, and wafer
curvature (Coppeta et al. 1997 – Thakurta et al. 2000 – Runnels et al. 1994 – Mullany et
al. 2003 – Levert 1997). Further investigation using DEUVEF (Dual Emission UV light
Enhanced Fluorescence) experimental setup has shown that the slurry film thickness in
the pad-wafer region ranged from 20 to 80 microns (Lu et al. 2004). Such a range of fluid
thickness is very close to the value of pad roughness measured in this study by stylus
profilometry. This film is considered to distribute the pressure and eliminate the effect
caused by different grooves. Therefore the wafer pressure is defined as the applied down
force divided by the wafer area. For simplicity, slurry film thickness, which varies only
slightly with pressure and velocity, may be assumed to be equivalent to the extent of pad
roughness (Ra). This approximation resulted in the calculated Sommerfeld number to
shift to the right or to the left (i.e. increase or decrease with respect to the actual value of
the Sommerfeld Number). However, it had no effect on the overall trends of the
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individual Stribeck curves. The relative standard deviation for surface roughness was less
than 10 percent for all the values measured.

3.1.2 Coefficient of Friction
As the wafer and pad are engaged, there is shear force between the pad and wafer.
The shear force is measured by a load cell that is connected to a computer as described in
Chapter 2. The computer, which is equipped with the National Instrument LabView

®

software, synchronizes the force from the load cell to the polishing process so that the
real-time shear force data can be obtained.
Several important parameters related to the measurement of shear force include
sampling frequency (total sampling number per second) and sampling time. In this
dissertation, shear force data are recorded at a sampling frequency of 1000 Hz. Once the
wafer touches the pad, shear force data will be recorded immediately for the whole
polishing process. This enables real-time coefficient of friction data to be collected
during polishing. The coefficient of friction is defined by shear force divided by down
force. Eq. 3.3 shows that average coefficient of friction can be calculated by average
shear force divided by applied down force. For a 100-mm polisher, the applied downforce is based on the dead weight from the calibrated traverse. The actual down-force is
assumed to be constant for the whole polishing process. Figure 3.3 shows the shear force
of a blanket oxide wafer using a 100-mm polisher under 4 PSI polishing pressure. The
average COF of this particular process is 0.46 measured by dividing the average shear
force with the applied down-force.
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Eq. 3.3

Figure 3.3: Transient shear force of blanket oxide wafer polishing using 100-mm polisher
under 4 psi polishing pressure

For the APD – 500 system, there are 4 load cells to directly measure the actual
down force in addition to the load cell that measures shear force. Figure 3.4 shows the
shear force and down force of blanket oxide wafer polishing using the APD – 500
polisher and tribometer. Since there are actual down force and shear force measurement,
the transient COF can be calculated using Eq. 3.4.

H =

  I
!"#  I

Eq. 3.4
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Figure 3.4: Transient shear and down force of oxide wafer polishing using APD – 500
polisher and tribometer

The transient COF is shown in Figure 3.5.

Figure 3.5: Transient COF based on Figure 3.4

In this case, the average COF can be calculated using:

J
KL
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M

#

Eq. 3.5
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3.1.3 Lubrication Mechanism of the CMP Process
By plotting the COF against the Sommerfeld number, the resulting graph is
known as the Stribeck Curve. This plot gives direct evidence of the extent of waferslurry-pad contact. There are three major modes of contact which can be envisaged in
Figure 3.6.

Figure 3.6: Stribeck curve related to CMP process
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The first mode of contact is boundary lubrication where all solid bodies are in
intimate contact with one another and the COF does not depend on the Sommerfeld
number. The second mode is partial lubrication where the wafer and the pad are partially
contacting each other. As the Stribeck Curve transitions from boundary lubrication to
partial lubrication, the slope of the line measuring COF becomes negative. Finally, the
hydrodynamic lubrication mode of contact occurs at larger values of the Sommerfeld
number where the fluid film layer totally separates the pad and the wafer, and COF once
again becomes independent of the Sommerfeld number, albeit at a much lower value.

3.2 CMP Removal Mechanism
Both chemical and mechanical reactions occur during either oxide or metal CMP
processes. The mechanical contribution is due to pressure and abrasion by slurry particles
on the substrate surface. For chemical effects, the chemicals in the slurry react with the
substrate structure, weakening the surface bonds or forming a new product layer that
allows the material to be more easily abraded. Metal CMP slurries include strong etching
and oxidizing chemistries to attack the metal and to dissolve them. A passivation agent to
protect the metal surface from etching in undesired areas may also be included in the
metal slurry. For example, for copper CMP, the oxidizers (such as hydrogen peroxide,
ammonium hydroxide and ammonium persulfate) first react with the copper surface to
form an oxide film. At the same time, a passivating chemical (complexing agent) in the
slurry also adsorbs or later on reacts with the copper surface, preventing further oxidation
of the metal. Then, the shear force due to contact and relative movement between the
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wafer, the pad and the particles, removes the passivation layer and oxide film from the
copper surface. The fresh copper is then exposed and reacts with the slurry chemicals,
and is worn off again, thus leading to the gradual planarization of the wafer surface.
However, there are some challenges to the CMP process as described in Chapter 1.5. The
main ones include metal or dielectric scratching, metal corrosion or penetration with
chemicals, excessive metal removal from within trenches and vias (dishing), excessive
dielectric removal in dense arrays (erosion) and post-CMP slurry residual particulates.
All these defects are fatal to the performance of the chips and extreme efforts are put
forth to avoid such defects.

3.2.1 Various Removal Models in CMP
Removal rate modeling is very important to predict the polishing performance
such as removal rate, and surface damage. The most classical removal model for CMP
was developed by Preston in 1927 based on the glass polishing process. It related the
relative velocity (V), pressure (p), and slurry chemistry to material removal rate (RR) and
stated the first order dependence of the removal rate on pressure and relative velocity
(Preston 1927). The constant k incorporates all slurry and pad effects.

PP = Q. . R

Eq. 3.6

Although Prestonian behavior is found in many cases, the CMP process for most
oxide materials can be better predicted by certain modifications to the Preston Equation.
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For example, Tseng and Wang (1997) proposed a mechanical model based on the normal
and shear stresses occurring during CMP. The modified Preston Equation is written as:

PP = Q. 

SU

T . R UV

Eq. 3.6

In this model, the abrasive particles first are indented into the polished wafer to
cause plastic deformation. Residues from the indentation are then carried away by the
flowing slurry to complete a removal cycle. Pressure and velocity are not equally
weighted in determining the amount of material removed with the modified Preston
Equation. The removal rate is nearly twice as dependent on pressure as it is on wafer
velocity.
Zhao and Shi (1998) considered the rolling and embedding of slurry particles at
the pad-wafer interface and proposed another model for soft pads in their modified
2/3

Preston Equation. They proposed that removal rate had a p dependence rather than just
P. When the harder particles are embedded into a softer pad, increasing the pressure will
increase the wafer-to-pad contact area and not the contact pressure.
During polishing, the wafer makes contact with pad asperities, while the slurry is
supplied at the interface of the pad and the wafer. The wafer surface will be exposed to a
combination of physical contact with the pad and the abrasive particles, and flow contact
with the slurry. CMP is a complicated process and more complex models, based on fluid
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mechanics and contact mechanics, are required to capture the fundamental aspects of the
CMP process.
Runnels and Renteln (1993) firstly proposed that the wafer and the pad were in
intimate contact during polishing, especially at high pressure and low velocity. Then
Runnels and Eyman (1994) developed another model based on the premise that there was
a layer of fluid film under the wafer surface. This flow model used the Navier-Stokes
Equations to solve the three dimensional pressure profile and fluid film thickness. Their
results showed the existence of a fluid layer and sensitivity of the minimum film
thickness to the pad rotational speed, wafer curvature and viscosity of the fluid. Another
model by Runnels (1994) predicted feature scale removal rates and erosion profiles based
on the pressure and velocity of the slurry film.
Sundararajan (1999) proposed one of the most complete fundamental treatments
of the CMP process mechanism for copper CMP. The model incorporated the effect of
chemistry and hydrodynamics of the slurry flow. The two models developed incorporated
the Lubrication Model for slurry flow and the Mass Transport Model together: The
Lubrication Model indicated how the parameters interacted to determine the velocity,
pressure, and thickness in the slurry. The Mass Transport Model used this velocity field
to predict the average polishing rate for copper CMP.
There are other mechanisms that have been proposed to be responsible for the
oxide and metal polishing. These included the surface film formation (Kaufman et al.
1991), passivation of surface in the metal CMP (Hernadez et al. 2001), dissolution under
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the limit of mechanical assistance (Luo et al. 1997) and surface plasticity and dislocation
(Rajan 1996).

3.2.2 Langmuir-Hinselwood Removal Rate Model
The Innovative Planarization Laboratory group at the University of Arizona has
developed a series of removal models for CMP processes. In these models, material
removal rates can be described well by a subset of the Langmuir-Hinshelwood Model
summarized below. In this model, n moles of an unspecified reactant R in the slurry react
at a rate k with the film, M, on the wafer to form a product layer L on the surface,
1
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Eq. 3.7

The reacted layer is then removed by mechanical abrasion with a rate k ,
2
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Eq. 3.8

The abraded material L is carried away by the slurry and is not re-deposited. The local
removal rate in this sequential mechanism is

PP =

^_ XO K

` abO c
b]

Eq. 3.9
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where M is the molecular weight of the layer, ρ is the density and C is the local molar
w

concentration of reactant. It is assumed that there is little reactant depletion so that C
remains constant. This allows C to be absorbed into k and be set to unity, C = 1. Eq. 3.9
1

can be expressed as

PP =

^_ XO X]

` XO aX]

Eq. 3.9

The mechanical rate k2 can be modeled in several ways; for simplicity, we take it
to be proportional to the frictional power density as suggested by Preston’s law and
experimental observations of a linear relation between removal rate and COF in
mechanically limited removal,

k 2 = c p µ k pV

Eq. 3.10

where µk is the COF and cp is an empirical proportionality constant. The chemical rate k1
is taken to be of the Arrhenius form,
k1 = A. exp( − E / kT ) ,

Eq. 3.11

where E is the activation energy of the rate limiting step and A is an empirical preexponential factor.
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3.2.3 Flashing Heating Thermal Model
Average removal rates during polishing can be modeled using a two-step
Langmuir-Hinshelwood Model (Eq. 3.9 to 3.11) that abstractly includes both a
mechanical removal step and a rate-limiting chemical step provided that a two-step
mechanism is correct for the slurry chemistry. The chemical reaction step in this, or any
other model that includes chemistry, requires a reaction temperature. The compact
temperature formula (Eq. 3.12) was discovered to be a key part of the explanation for
why very different rates are sometimes observed at fixed pV but for different
combinations of p and V.

 =  +

d

ef

R

Eq. 3.12

In Eq. 3.12, Ta is the ambient temperature, and β and the velocity exponent, a, are
fitting parameters. Because of the relatively small contact area, fraction and high actual
contact pressure between a well-conditioned pad and the wafer under typical loading
conditions, material removal at a fixed point on the wafer surface occurs during a series
of brief encounters with pad asperities that last on the order of microseconds and are
randomly separated in time (Shan, 2000). A physical analysis of pad asperity tip heating
suggests that as a particle-laden asperity passes over a point on the wafer, the temperature
of the wafer surface momentarily rises or flashes above the local mean temperature. If the
mean flash temperature increment is sufficiently large, then for activation energies in the
typical range 0.4-0.7 eV, the surface reaction rate that occurs during and shortly after
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each flash event can dominate the mean rate between events. Thus, a detailed analysis of
lubricated asperity heating is an important element for understanding reaction
temperatures and how removal rates vary under different loads and sliding velocities. The
same analysis shows why the temperature increment in Eq. 3.12 is a power law in V.
Consider a pad asperity that is sufficiently tall to contact the wafer once per pad
rotation. Between encounters, heat is removed from the asperity tip by the pad bulk and
slurry and it therefore approaches the wafer at its lowest temperature in the current cycle.
This may be considered a thermal initial condition for the next wafer encounter. When
the asperity encounters the wafer, a thin lubrication layer forms at the asperity tip. The
asperity tip lubrication layer is distinct from the fluid film under the wafer – it contains
active slurry particles and therefore has an average thickness on the order of the mean
particle diameter or less. Heat from friction and chemical reactions is generated in the
nano-lubrication layer and transferred to the pad, wafer surface and slurry. As the
asperity proceeds under the wafer, the tip heats up, becoming hottest when it exits the
wafer. If the nano-lubrication layer is sufficiently thin, temperature continuity implies
that the wafer and asperity tip will have approximately the same temperature. Assuming
that the greatest part of the wafer surface chemical reaction occurs during an encounter,
the mean reaction temperature on the wafer surface is then approximately

 =  +  + 

Eq. 3.13
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where Ta is the ambient temperature,  is the mean pad temperature increment above

ambient at the wafer leading edge and  is the mean flash temperature increment due to
asperity encounters. The mean pad temperature increment at the pad leading edge is
proportional to the frictional power density,
 = g µX R

Eq. 3.14

where µk is the COF and cb is a proportionality constant that depends on time. Here, the
steady state value of cb will be used and thus will slightly overstate the pad temperature
increment. Values for cb can be estimated empirically from IR temperature data or
calculated with a thermal model. By applying a simple model for surface heating, the
flash temperature increment, averaged over the wafer surface, can be shown to be
approximately
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Eq. 3.15

where o  is the product of pad density, heat capacity and thermal conductivity, ζ is a

constant that depends on tool geometry and wafer size,  is the mean real contact

pressure and  is the fraction of frictionally-generated heat that enters the asperity tip.
For polishing on a concentric groove pad, which mitigates hydrodynamic pressures that
can affect  , all of the parameters on the right side of Eq. 3.15 except for the pad heat
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partition factor  are independent of V. Given the mean reaction temperature , the
chemical rate k1 on the surface is modeled with an Arrhenius expression shown in Eq.
3.11. The mechanical rate k2, shown in Eq. 3.10, is proportional to the frictional power
density. If a Langmuir-Hinshelwood two-step removal model applies to the slurry
system, then the final reaction rate has the same expression as shown in Eq. 3.9.
A crucial element of the above model is the pad heat partition fraction,  . To
calculate this factor, a transient 3D finite element thermal model is used. This model is
with heat advection using the geometry shown schematically in Figure 3.7.

Figure 3.7: Schematic cross section of a model for lubricated sliding between an asperity
and a copper surface

The geometry includes the copper substrate, a thin copper oxide layer, the asperity
tip, and the nanolubrication layer. The substrate in the model slides relative to the
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asperity tip with velocity V and the slurry in the lubrication layer has simple shear flow.
These two layers together advect much of the frictional heat away from the asperity tip.
The model is integrated in time until the total heat flux carried away by each component
reaches steady state. The factor  is then the ratio of the heat flux to the asperity to the
total input energy density.
The mean size, s, of the contact region in Figure 3.7 is an important parameter and
is approximated using Greenwood and Williamson theory (Greenwood 1966). When the
heights of the tallest asperities are exponentially distributed, as they often seem to be in
practice, the mean contact area can be shown to be
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Eq. 3.16

where  is the summit area density,  is the mean tip curvature, λ is the characteristic
decay length for summit heights in the right-hand tail of the summit height probability
;

density distribution and $ ∗ = tu] is the effective pad modulus.  is the void fraction of
the polishing pad. The mean asperity contact pressure, which is needed both in the heat
partition calculation and in Eq. 3.15, is given by
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Eq. 3.17
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The thickness and thermal properties of the nano lubrication layer are also
important in the heat partition calculation. Since the actual mean thickness is unknown, a
range of thicknesses between near contact and the mean slurry particle diameter is used.
For the dilute slurry used here, the particle size is small and the weight density is low, so
the lubrication layer should be thin and the thermal effect of the particles negligible. For
large particles at higher weight fractions, it is important to include their thermal effect.
The pad heat partition fraction can be approximated very well by a power law,

 =
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Eq. 3.18
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where  is a constant, V is the pad-wafer sliding velocity and e is the exponential factor
of V. Now, Eq. 3.15 has the following form:
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where the quantity in parentheses is the factor β in Eq. 3.12. Collecting the above
equations, the mean reaction temperature for copper then has the form:

ViFb nlO f

~
O R
jk`Kl m  e | U]

 =  + g µX R + }

Eq. 3.20
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where both increments are proportional to the frictional power density but the flash
increment has an additional dependence on Ve through  and on p-1/2 through Eq. 3.17.
The parameters and e also have some pressure dependence through the mean contact size
s. Eq. 3.20 is called as the “physical” form of the flash heating model. To simplify it into
a compact form analogous to Eq. 3.20,

 =  + vg +
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Eq. 3.21

From a fitting perspective, the main difference between the compact and physical
forms is that the compact model does not explicitly capture the dependence of β and a on
pressure.
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CHAPTER 4
A METHOD FOR DIRECT MEASUREMENT OF
SUBSTRATE TEMPERATURE DURING COPPER CMP

A method was developed to directly measure the substrate temperature during copper
CMP. Using specially designed wafer carriers, substrate temperatures were obtained in
real-time with an infrared camera. Results indicate that substrate temperatures are higher
than pad temperatures. In addition, the substrate temperature distribution appears to be
closely related to slurry flow beneath the substrate during polishing. A three-dimensional
thermal model was also developed to simulate the pad and wafer temperatures.
Simulations support the interpretation of the experimental data.

4.1 Introduction
CMP has been widely used to planarize copper dual-damascene structures in
integrated circuit (IC) manufacturing. In copper CMP, temperature has been shown to
play a significant role in the process (Li et al. 2004 – Borucki et al. 2004 – Sorooshian
2004 et al. – White et al. 2003). For example, previous studies indicate that pad
temperature increases as a result of frictional heat generated during polishing, and that
there is a clear correlation between the pad temperature transient and the copper removal
rate (Li et al. 2004 – Borucki et al. 2004). Large pad temperature transients lead to
polished copper substrates with elevated temperatures, thus rendering enhanced oxidation
reactions on the substrate surface and a high copper removal rate. Recently, several
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models have been developed showing that copper removal rate is highly sensitive to the
substrate temperature (Li et al. 2004 – Sorooshian et al. 2004 – Renteln et al. 1999)
However, there have been no reports of direct measurement of substrate temperature
during copper CMP. Consequently, this study aims to obtain the real-time substrate
temperature in order to verify the correlation between the substrate temperature and the
copper removal rate.
Previous experimental studies on the thermal attributes of the CMP process have
been focused on pad temperature measurements and the effect on material removal rate
(Wang et al. 1998 – Hocheng et al. 1999 – Kim et al. 2002). For example, Kim et al.
used an infrared camera to measure the pad temperature during thermal oxide polishing
and concluded that the material removal mechanism, under the effect of temperature, was
determined by an increase in the chemical reaction rate. Sugimoto et al. attached
thermocouples to the back of the silicon dioxide wafer to measure the substrate
temperature during oxide polishing (Sugimoto et al. 1995). However, the thermocouples
reported the substrate temperature about every 30 seconds, thus not providing a complete
thermal record of the polishing process.
In this study, a method is explored to directly measure the substrate temperature
during copper CMP. With specially designed wafer carriers, an infrared camera is used to
measure pad and substrate temperatures simultaneously. In contrast with thermocouples,
the infrared camera enables not only more accurate, but also uninterrupted acquisition of
substrate temperature during polishing. The temperature distributions on the pad and
substrate are investigated and shown to be coupled to slurry flow beneath the substrate. A
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three-dimensional thermal model is then developed to simulate pad and substrate
temperatures and to confirm the interpretation of the thermal data.

4.2 Direct Measurement of Substrate Temperature
Two novel wafer carriers were used for direct measurement of substrate
temperature. Figure 4.1(a) shows the first carrier with one concentric slit that is 3 mm
wide and located 2.5 cm away from the carrier center. Figure 4.1(b) shows the second
carrier with three concentric slits that are also 3 mm wide and located 1.25, 2.5 and 3.75
cm away from the carrier center, respectively. Each slit was cut entirely through the
carrier except for three small spokes that connect the inner and outer parts of the carrier
across the slit. A substrate template (wafer backing film) was attached to the carrier and
cut along the slits. During polishing, the copper substrate was pressed against the
template, with its back-side visible throughout the slits of the carrier allowing the infrared
camera to take the substrate’s thermal image. The infrared camera recorded five thermal
images every second with a resolution of 0.1 °C.
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Figure 4.1: Novel wafer carrier design with (a) one concentric slit and
(b) three concentric slits

The infrared camera was placed at two different positions (A and B) to obtain
substrate temperatures on different locations as shown in Figure 4.2. In this study, clock
position is used to define the location of the substrate temperature measurement. For
example, in Figure 4.2(a), the camera was placed at position A to record substrate
temperatures at the 3 and 9 o’clock positions, while in Figure 4.2(b), the camera was
placed at position B to acquire substrate temperatures at the 6 and 12 o’clock positions.
The pad leading and trailing edge temperatures were also collected from Figure 4.2(b).
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Figure 4.2: Infrared image of substrate temperatures from the three-slit carrier. The
infrared camera is placed at (a) position A to acquire substrate temperature at 3 and 9
o’clock positions and (b) position B to acquire substrate temperature at 6 and 12
o’clock positions
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A computer program was used to extract pad and substrate temperatures from the
thermal images provided by the infrared camera. A cluster of ten observation points were
selected at each location to report the pad leading and trailing edges and substrate
temperatures (P1 to P6). Since the observation points were fixed as shown in Figure 4.2
and the carrier rotated continuously, there was a possibility that the temperature of the
spokes was reported during the thermal analysis. The probability of this depends on the
proportion of the slit area occupied by spokes. It was observed that the temperature of the
connecting spoke is lower than that of the polished substrate during the polishing process.
Figure 4.3(a) shows maximum, minimum and mean temperatures obtained at the
6 o’clock position in the outer slit of the three-slit carrier. The three temperatures are
close to one another because the three connecting spokes occupy a relatively small
fraction of the area of the slit. In comparison, for the inner slit, where the fraction of the
area occupied by the spokes is the largest, there is significant difference among the
measured maximum, minimum and mean temperatures as shown in Figure 4.3(b). The
difference among the measured maximum, minimum and mean temperatures for the
middle slit falls between these two extremes (not shown here). Therefore, to eliminate the
possibility of reporting the spoke temperature, the highest temperature among the ten
observation points of each cluster is selected to represent the local substrate temperature
in all of the remaining figures.

145

Figure 4.3: Comparison of maximum, minimum and mean temperatures
in the (a) outer slit and (b) inner slit
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4.3 Experimental Procedure
All polishing was performed on a 100-mm polisher and tribometer. The polisher
and its associated accessories have been described in detail in Chapter 2.1. Prior to data
acquisition, the pad was conditioned at the pressure of 3.45 kPa for 30 minutes using ultra
pure water by a 100-grit diamond disc from TBW® Industries which rotated at 30 RPM
and oscillated at 0.33 Hz. Pad conditioning was followed by a 5-minute pad break-in with
Fujimi PL-7102 slurry. The same rotational velocity and oscillation frequency were used
for in-situ pad conditioning during polishing. Slurry was injected onto the pad center with
a constant flow rate of 80 ml/min. The one-slit carrier was used to polish 4-inch copper
discs with a purity of 99.99 % on a Freudenberg FX-9 flat pad. The polishing pressure
was 17.25 kPa and the pad-disc relative sliding velocity was 1.12 m/s (140 RPM). The
three-slit carrier was used to polish 4-inch copper wafers on a Rohm and Haas IC-1000
concentric groove pad. The polishing pressure was 14.5 kPa and the pad-wafer relative
sliding velocity was 0.96 m/s (i.e. 120 RPM for polishing pad and copper wafer). The
metal stack of the copper wafers consisted of a 20,000 Angstrom PVD copper film on top
of a 1000 Angstrom PVD tantalum barrier layer. During polishing, both the pad and the
copper disc/wafer rotated in the counterclockwise direction. All copper disc and copper
wafers were polished for 75 seconds.

4.4 Results and Discussion
It should first be noted that the temperature on the back-side of the wafer or disc,
with only a brief delay, reflects the temperature of the surface on the front polished side.
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The thickness of the copper disc used in this study (hc) is about 457 µm. Assuming a
thermal diffusivity D = 1.12 cm2/sec (Wolf, 1983), the characteristic delay time for a
thermal signal on one side to reach the other side is t = hc2/D = 0.002 s. For the copper
wafer used in this study, the calculated delay is about 0.003 s. Therefore, although the
infrared camera took the thermal images of the back-side of the copper substrate during
polishing, the temperature it captured was very close to the temperature of the polished
side. In addition, since the fraction of the solid contact area between the pad and substrate
on the polished side is typically small, the measured back side temperature therefore also
reflects the temperature of the slurry at the polished side. It should also be noted that the
slurry temperature near the substrate surface may be different from the corresponding
point at the pad surface due to fluid shear by the pad and the substrate. When discussing
slurry temperature here, therefore, it is referred to the slurry near the substrate surface,
not the slurry on the pad surface.
Figure 4.4(a) shows the copper disc temperature transients at 6 and 12 o’clock
positions with the one-slit carrier during polishing. The copper disc temperatures at these
two positions are very close to each other. There is about a 0.2 second temperature signal
delay between these two positions (see Figure 4.4(a) magnified inset). This time delay is
very close to the time of the half rotational cycle of the disc (0.21 sec at 140 RPM),
suggesting that the delay is related to the disc rotation; i.e., the slurry measured at the 6
o’clock position shows up at the 12 o’clock position half a rotation later, creating a phase
difference.
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Figure 4.4(b) shows the pad leading (6 o’clock) and trailing edge (12 o’clock)
temperature transients during copper disc polishing. The temperature of the pad trailing
edge is higher than that of the leading edge due to the frictional heat generated during
polishing. Both the pad leading and trailing edge temperatures are lower than the copper
disc temperature shown in Figure 4.4(a).
Both the copper disc and the Freudenberg FX-9 flat pad leading and trailing edge
transient temperatures exhibit a fluctuation pattern as seen in Figure 4.4. This fluctuation
is likely caused by the conditioner sweep effect because the frequency of the temperature
fluctuation is very close to the conditioner oscillation frequency (i.e. 0.33 Hz). It is
observed that when the conditioner enters the slurry puddle located in the pad center
during polishing, it draws fresh and cool slurry from the puddle and transfers it to the
middle of the pad. The cool slurry causes a transient decrease in the disc and pad
temperatures for the next few pad rotations, which is then reversed by continued
frictional heating generated between the pad and the disc after the conditioner leaves the
puddle. This repetitive process, which is confirmed by the thermal images acquired by
the infrared camera, results in the copper disc and the pad temperature fluctuation noted
in Figure 4.4.
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Figure 4.4: Copper disc polishing on Freudenberg FX-9 flat pad. (a) shows the copper
disc transient temperatures and (b) shows the pad transient temperatures at the leading
and trailing edges
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Figures 4.5 and 4.6 show the radial temperature distribution of the copper wafers
polished on the IC-1000 concentric groove pad using the three-slit carrier. The wafer
o

temperature in the outer slit is about 1 C lower than that in the inner slit. This radial
temperature variation is related to the slurry flow and the heat transfer beneath the wafer.
Since fresh, cool slurry enters beneath the polished wafer around its perimeter, the
maximum heat transfer from the wafer to the slurry always occurs in the perimeter area.
This causes the wafer edge to be slightly cooler compared with its center.
Figures 4.5 and 4.6 also show that copper wafer temperatures fluctuate at a higher
frequency (about 1 Hz) compared with the copper disc polished on the Freudenberg FX-9
flat pad shown in Figure 4.4. In addition to the conditioner oscillation effect, there are
other factors that can cause the temperature fluctuation observed on the IC-1000
concentric grooved pad. For example, due to the relatively small groove width and
spacing, a small off-center pad placement is enough to cause different pad features
(grooves and land areas) to pass under the polished wafer at the fixed observation point.
The observation point on the wafer may receive full or no frictional heating depending on
whether it is over the grooved area or the pitch area. In addition, slurry mixing in grooves
may also contribute to the observed wafer temperature fluctuations.
Figure 4.5 shows that wafer transient temperature at the 3 o’clock position is
slightly lower than that at the 9 o’clock position. This result can be explained by the
slurry flow beneath the wafer. Fresh cool slurry is injected onto the pad center, close to
the wafer area at the 9 o’clock position. However, because both the pad and the wafer
rotate in the counter-clock wise direction, cool slurry that enters the gap between the pad
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and the wafer has to travel through the 3 o’clock position area before arriving at the 9
o’clock position. Therefore, slurry near the wafer surface at the 9 o’clock position has
been advected through half a carrier rotation further than the slurry at the 3 o’clock
position and consequently has had more heat transferred to it. Furthermore, as both the
pad and the wafer rotate in the counter-clock wise direction, there is an additional
backflow region near the 9 o’clock position area where fluid shear from the wafer and the
pad cancels each other, potentially leading to additional warming. The backflow region
and associated heating have been illustrated in independent simulations (Muldowney
2004).
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Figure 4.5: Copper wafer transient temperatures at (a) 9 o’clock position and (b) 3 o’clock
position. The copper wafer was polished on an IC-1000 concentric groove pad with the
infrared camera placed at position A
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Figure 4.6 shows that wafer temperatures at the 6 o’clock position are almost the
same or slightly lower than those at the 12 o’clock position, with the difference being the
greatest in the outer slit. This temperature distribution is also related to the slurry flow
beneath the wafer. Due to the counter-clockwise rotation of the pad and the wafer, slurry
arriving at the 12 o’clock position has simply acquired more heat during the previous half
rotation. Infusion of fresh, cool slurry around the wafer perimeter at the leading edge
similarly explains why the contrast is higher in the outer slit. The wafer temperatures in
the middle slit at the 12 o’clock position are almost the same as those at the 6 o’clock
position. This result is consistent with the copper disc temperature distribution shown in
Figure 4.4(a) as the middle slit of the 3-slit carrier is at the same radius as the slit in the
one-slit carrier used for the copper disc polishing.
Figure 4.6 also shows that both the pad leading and trailing edge temperatures are
lower than that of the wafer. Similar results are observed for the copper disc polishing on
the Freudenberg FX-9 flat pad as shown in Figure 4.4. The higher trailing edge pad
temperature is again due to the frictional heating associated with the polishing process.
While there are no temperature measurements for the pad immediately under the
substrate, it can be inferred that the pad surface is slightly cooler than the substrate. This
is supported by the observation that the pad trailing edge and leading edge temperatures
are always lower than the nearby substrate temperatures. The fact that the substrate is
always in contact with the pad but a material point on the pad can cool between
encounters with the substrate also supports this conclusion. The conclusion is also
confirmed by full three dimensional thermal simulations, which are described next.
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Figure 4.6: Copper wafer transient temperature vs. pad trailing edge temperature at (a) 12
o’clock position and (b) 6 o’clock position. The copper wafer was polished on an IC1000 concentric groove pad with the infrared camera placed at position B
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4.5 Thermal Simulations
The three-dimensional heat equation with advection was solved using the finite
element method on a model that includes the rotating pad, flowing slurry, and the corotating wafer, wafer backing film and aluminum carrier (Li et al. 2004). The model for
the carrier includes the wafer retaining ring and the thickness offset between the ring and
wafer. The model applies to flat (i.e. ungrooved) pads and ignores fluid transfer and
frictional heating by the conditioner. Thus, it most directly applies to the experiments
shown in Figure 4.4. The platen side of the pad and the slurry injection point were
referenced to the ambient temperature. Heat loss was allowed to the air from the exposed
carrier surface and from the slurry free surface using convective heat transfer boundary
conditions. As a check on the thermal effect of the presence of the slits, temperatures
were simulated both with and without slits in the carrier. The slurry thickness and flow
velocity field, needed to simulate heat advection by the fluid, were calculated at steady
state over the free surface of the pad using the thin film approximation to the NavierStokes equations. The thin film equation includes gravity driven flow, surface tension,
centripetal acceleration due to the rotating pad, direct advection by the pad surface and
fluid loss over the pad perimeter. At the carrier boundary, mass transfer to and from the
region under the retaining ring and wafer were matched with a Reynolds equation
solution for slurry flow in this region. Slurry in excess of the rate needed to feed the gap
under the retaining ring in the model remains in a bow wave at the carrier leading edge.
The non-uniform slurry height distribution under the carrier was determined by a threedimensional load and moment balance calculation that takes into account the fluid

156

pressures under the wafer and retaining ring, the solid contact pressure distribution and
frictionally induced tilting about the pivot point at the top center of the carrier. Solid
contact pressures were estimated using a Greenwood and Williamson rough surface
contact model as described in Chapter 3.2.3. The source of heating is the non-uniform
shear force from friction, which occurs on the slurry side of the wafer surface.
Simulation results are summarized in Figures 4.7 to 4.9. Figure 4.7 shows the
slurry thickness calculated on the free surface of the pad outside of the carrier region. The
central puddle and bow wave are visible in the figure (thicknesses do not exceed 1 mm
and are exaggerated for clarity). In the carrier region, Figure 4.7 shows the location of the
wafer retaining ring and the solid contact pressure between the copper disc and pad.
Frictional heating from disc-solid contact and heat transfer by the slurry results in a
general temperature increase in the pad, slurry and substrate, as shown in Figure 4.8. In
this figure, contours of disk temperature have been superimposed over a map of the slurry
temperature at 5 µm above the pad surface so that both can be viewed simultaneously. It
can be seen from this figure that the trailing edge pad temperature is higher than the
leading edge temperature. Examining the temperature field around the central puddle and
just under the carrier leading edge, we also see that the transport of fresh slurry into the
gap between the pad and the retaining ring and disc has cooled the disc between the 9
o’clock and 3 o’clock positions. In agreement with the thermal measurements, the
substrate is hotter at the center than at the edge and is nearly but not perfectly symmetric
about the center. The substrate is also hotter than the pad surface, confirming the
inference in the previous section. Temperatures at the disc front polished side (not
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shown) were verified to be the same as those at the disc back side. Finally, Figure 4.9
compares the calculated and measured pad temperatures near the leading edge of the
carrier (see Figure 4.4(b)) and the calculated and measured disc backside temperatures at
the 12 o’clock position in the one-slit carrier (see Figure 4.4(a)). Calculated disc
o

temperatures for the solid head are about 0.5 C hotter than those for the slitted head.
Except for the thermal oscillations caused by the conditioner, which were not simulated,
the model correlates well with measured temperatures on the disc and pad surface as
shown in Fig. 4.9.

Figure 4.7: Slurry thickness outside of the carrier region and solid contact pressure under
the carrier. The slurry thickness in the central puddle and bow wave are greatly
exaggerated for clarity. The ring of zero contact pressure (blue) under the carrier is due to
the wafer retaining ring, which does not contact the pad
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Figure 4.8: Simulated slurry and disc temperature increase for the flat pad experiment
in Figure 4.4 after 12 sec of polishing. Contours of the disc backside temperature
o

in 0.2 C increments are superimposed over a map of the slurry temperature
at 5 microns above the pad surface
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Figure 4.9: Calculated vs. measured temperature increases at the pad leading edge
(6 o’clock, black) and the disc trailing edge (12 o’clock, blue) for the one-slit carrier. The
measured coefficient of friction (COF) is also shown. The black and blue bold curves
are from a model with a carrier slit while the dashed curves
are from a model with a solid carrier.

4.6 Conclusions
In this study, a novel method is described for measuring the substrate backside
temperature during copper CMP. On highly conductive substrates, the back-side
temperature closely follows the front polished side temperature, which is in turn the same
as the slurry temperature near the substrate surface. During polishing on a flat pad, the
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copper disc temperature fluctuates with a frequency that is very close to the conditioner
oscillation. On a concentric groove pad, the effect of conditioning is ‘masked’ by the
grooves and the slurry mixing in the grooves. Results show that there is a temperature
distribution on the wafer surface and that the distribution is related to the slurry flow
beneath the wafer. Both the pad leading and trailing edge temperatures are lower than
that of the wafer, suggesting that the polishing pad directly under the wafer is also cooler
than the wafer. Results from the three-dimensional thermal simulations agree well with
the experimental observations and confirm the interpretation of the data.
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CHAPTER 5
EFFECT OF SLURRY INJECTION POSITION ON SLURRY MIXING,
FRICTION, REMOVAL RATE AND TEMPERATURE DURING COPPER CMP

In this study, the extent mixing of old slurry and new slurry on the polishing pad is varied
by the use of three different points of injection. Influences of the conditioner and bow
wave on slurry mixing can be inferred from the experimental results, which include
coefficient of friction data and pad and substrate thermal data. Results measured under
identical lubrication mechanisms show that the slurry injection position can play a
significant role in slurry mixing and slurry utilization efficiency. Slurry injection
positions that induce lower slurry mixing are found to increase copper removal rate.
Simulations of the bow wave and slurry puddle support the interpretation of the mixing
phenomena. This work underscores the importance of optimum slurry injection geometry
and flow for obtaining a more cost effective and environmentally benign copper CMP
process.

5.1 Introduction
CMP process has a large environmental and economic effect due to the high use
of process consumables, especially slurry. In certain CMP processes, slurry cost may
represent up to 50% of the total cost of ownership (COO) of the CMP module
(Philipossian et al. 2003 – Holland 2002). Along with COO issues, environmental
concerns can be significant since CMP slurry can contain non-environmentally benign
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and hazardous chemicals. The recovery and reuse of spent oxide CMP slurry has been
previously investigated (Kodama et al. 1996 – Kim et al. 2001). For copper, it is more
difficult to reclaim spent slurry due to the nature of the chemical constituents and the
presence of complex reaction products. Therefore, optimizing CMP slurry process
parameters to reduce slurry usage is the best solution to achieve a more cost effective and
environmentally benign process.
Several research groups have investigated individual aspects of the role of slurry
in the overall CMP process. Subjects of focus have been slurry chemistry (Grover et al.
1997 – Pietsch et al. 1995 – Kondo et al. 2000 – Satta et al. 2003), slurry film thickness
(Lu et al. 2004), numerical simulations of slurry fluid mechanics (Runnels et al. 1994 –
Fu et al. 1999 – Rogers et al. 1998 – Thakurta et al. 2001) and slurry fluid dynamics
(Philipossian et al. 2003 – Ali et al. 1997 – Coppeta et al. 2000). There has been,
however, little experimental research regarding the slurry injection position.
Residence Time Distribution (RTD) analysis showed that not all of the slurry
introduced onto the pad actually participates in the polishing process (Philipossian et
al.2003) Slurry utilization efficiencies ranged from 2 % to 22 %, depending on the
operating conditions and pad types. Slurry utilization efficiency was defined as the ratio
of slurry flow rate beneath the wafer to the total slurry flow rate introduced onto the pad.
On a concentric grooved pad, it was estimated that the maximum slurry utilization was
about 5 %.
Dual emission laser-induced fluorescence (DELIF) technique was used to
quantify slurry transport in the gap between the wafer and the pad (Coppeta et al. 2000).
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Result indicated that slurry mixing on top of the pad during in-situ conditioning was
found to be higher and slurry transport efficiency was lower than with ex-situ
conditioning. For a given input pulse of the new slurry, slurry transport efficiency was
defined as the volume of new slurry entrained beneath the wafer divided by the total
volume of slurry under the wafer. It was observed that in-situ conditioning reduced the
rate of new slurry entrainment beneath the wafer. This was reflected in the slurry mean
residence time, which was found to be higher with in-situ conditioning compared with exsitu conditioning. The difference was attributed to the fact that during in-situ processing,
the conditioner diluted the new slurry with the old slurry by pulling slurry out of the
grooves and transporting it to the land areas of the pad. Slurry mixing also increased
when the conditioner drew fresh slurry from the central puddle. It is observed that when
the conditioner entered the slurry puddle at the pad center, it drew new slurry from the
puddle and transferred it outward on the pad (Sampurno et al. 2005). This reduced the
amount of fresh slurry feeding the bow wave from the pad center.
In spite of the fact that in-situ conditioning reduces the efficiency of slurry
transport, the conditioner plays an important role in continually regenerating the pad
surface by opening the pores and refreshing the surface asperities. Without continuous
conditioning, the ability of the pad to hold and transport slurry decreases (Stavreva et
al.1997). This can adversely affect wafer uniformity and the removal rate of copper
CMP, thus making in-situ conditioning the preferred method for CMP.
In this study, it is hypothesized that mixing between the newly injected slurry and
the less reactive aged slurry degrades the chemical activity of the slurry, thus reducing
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the removal rate. In this study, three slurry injection positions are selected that induce
different slurry mixing conditions. Using a novel wafer carrier and an infrared camera,
the temperature of the wafer as well as of the surface of the pad are measured in realtime. The tribological mechanism is also investigated as a function of injection position
to identify any potential changes in the lubrication characteristics. The role of diamond
conditioner and the bow wave in slurry mixing are then evaluated experimentally.
Finally, the bow wave, the slurry thickness and the slurry puddle are simulated in three
dimensions to provide partial support for the interpretation of the mixing phenomena.

5.2 Experimental Procedure
All polishing was performed on a 100-mm polisher and tribometer. The polisher
and its associated accessories have been described in detail in Chapter 2.1. A specially
designed wafer carrier shown in Chapter 4 was used for direct measurement of the
substrate temperature. The wafer carrier had a circular slit, cut entirely through the carrier
except for three small spokes, allowing an infrared video camera to image the substrate
backside at a rate of 5 Hz and a resolution of 0.1 °C. A computer program was used to
extract pad and substrate temperatures from the thermal images as shown in Figure 5.1.
Bow wave and pad leading edge temperatures reported were found by averaging the
values at points P3 through P7 and P8 through P12, respectively. A cluster of ten
observation points at locations P1 and P2 were used in order to reduce the probability of
reporting the temperature of a spoke. (Sampurno et al. 2005)

165

Figure 5.1: Infrared image of system temperature. The substrate temperature is collected
at P1, and P2, the bow wave temperature at P3-P7 and
the pad leading edge temperature at P8-P12

Prior to data acquisition, the pad was seasoned with a 100-grit diamond disc
rotating at 30 RPM and oscillating at 0.33 Hz. The load applied on the diamond disc was
3.45 kPa. Pad break-in was done for 30 minutes using ultra-pure water. Pad break-in was
followed by a 5-minutes pad seasoning using Fujimi PL-7102 slurry containing hydrogen
peroxide. The above conditions were used for both in-situ and ex-situ conditioning
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methods. For ex-situ conditioning, the pad was conditioned for one minute using ultra
pure water prior to each copper polish. Polishing was performed for 75 seconds on 4-inch
copper discs having a purity of 99.99%. A Rohm and Haas IC-1000 concentric groove
pad was used as the polishing pad. The polishing pressure was 14.5 kPa and the pad-disc
sliding velocity was 0.96 m/s. During polishing, both the pad and the copper disc rotated
in a counterclockwise fashion. Before and after polishing, copper discs were rinsed, dried
and weighed using an Ohaus analytical scale with a resolution of 0.01 mg. The mass
change before and after polishing was used to compute copper removal rate.
Slurry was selectively injected at three different positions labeled A, B and C as
shown in Figure 5.2. Injection position A was at the pad center, B at the edge of the wafer
carrier on a line connecting the pad and wafer centers, and C at a position slightly
upstream of the conditioner. Injection position C followed the conditioner during the
sweep. Injection at C was performed only in combination with simultaneous injection at
B and at the same total flow rate used for B alone; thus it is referred also to this injection
configuration as B+C. The reason for B+C, as explained below, was to create a slurry
mixing and delivery configuration with characteristics between A and B. Total slurry
flow rates of 60, 80, 100 and 120 ml/min were used.
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Figure 5.2: Tool schematic showing slurry injection positions A, B and C

5.3 Results and Discussion
For ex-situ conditioning, slurry mixing at injection positions A and B is
dominated by the bow wave since there is no conditioner involved. Figure 5.3 shows the
coefficient of friction and copper removal rate associated with injection positions A and
B at slurry flow rates of 80 and 60 ml/min. Since COF values do not vary significantly
(Figure 5.3(a)), the lubrication mechanism can essentially be assumed to be the same in
each case. Figure 5.4 shows the substrate, pad leading edge and bow wave mean
temperatures associated with injection positions A and B. Again there are no significant
differences between injection positions at either flow rate. It is speculated that the fact
that the removal rate is lower at 60 cc/min than at 80 cc/min may be due to partial slurry
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starvation.
rvation. By considering a model of Couette (velocity
(velocity-driven)
driven) flow under the wafer
(Munson 2002),, it may be shown that the minimum flow rate needed to feed the
pad/wafer gap is Vδ 0 rw , where V is the relative sliding speed, δ0 is the pad/wafer
pad/wafe gap at
the wafer center and rw is the wafer radius. Under the conditions used here, and assuming
a 20 µm
m gap, the minimum rate would be about 61 cc/min. Thus, if not all of the injected
slurry enters the gap, or if the mean fluid thickness exceeds 20 µm, then there will be
partial starvation at 60 cc/min and hence a lower removal rate.

Figure 5.3:
3: (a) Coefficient of friction and (b) copper removal rate associated with
injection positions A and B with ex-situ conditioning at slurry flow rates
of 80 and 60 ml/min
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Figure 5.4:
4: (a) Copper disc temperature and (b) polishing pad temperature associated
with injection positions A and B with ex-situ conditioning at slurry flow rates of 80 and
an
60 ml/min

During in-situ conditioning, slurry mixing is induced by both the conditioner
co
and
the bow wave. Figure 5.5(a)
5(a) shows the COF associated with injection positions A and B
during in-situ conditioning at four different slurry flow rates. The COF values again are
very similar, indicating that the lubrication mechanism is the same. However, in contrast
to the ex-situ results, it is seen in Figure 5.5(b)
5(b) that injection at position B resulted in
higher removal rates by 2%, 8%, 5% and 15% relative to position A at slurry flow rates
of 120, 100, 80 and 60 ml/min, respectively. The removal rate difference is smallest at
120 ml/min, suggesting that rapid ddilution
ilution of spent slurry is minimizing the impact of
mixing on the removal rate.
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Figure 5.5: (a) Coefficient of friction and (b) copper removal rate associated with
injection positions A and B with in
in-situ conditioning at different slurry flow rates

6(a) shows the bow wave transient temperature for injection position A
Figure 5.6(a)
at a slurry flow rate of 60 ml/min. The bow wave temperature is seen to fluctuate at the
same frequency as the conditioner oscillation (0.33 Hz). It was observed that when the
conditioner
ditioner enters the central slurry puddle, it draws slurry from puddle toward the
outside of the pad (Sampurno et al. 2005 – Stavreva et al. 1999),, thus reducing slurry
delivery to the bow wave. This results in a sudden increase in temperature in the bow
wave
ave area since the infrared camera now receives a stronger signal from the warmer
underlying polishing pad. The amplitudes of the temperature fluctuations are
approximately the same as the difference between the pad aand
nd bow wave temperatures in
Figure 5.4. When the conditioner is not in the slurry puddle, the bow wave receives a
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higher volume of new and cooler slurry, causing the measured temperature to drop. Such
temperature fluctuations are not observed in the beginning of polishing since there is no
initial
ial difference between the pad and slurry temperature. Similar results were found at
120 ml/min.

Figure 5.6: Bow wave transient temperature for (a) injection position A and (b) injection
position B with in-situ conditioning at a slurry flow rate of 60 ml/min
ml
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As seen in Figure 5.6(b), the 0.33 Hz temperature fluctuation in the bow wave is
greatly reduced in amplitude for injection position B. This position was observed to
consistently result in development of a more stable bow wave and appeared to have a
reduced volume of fluid in the central puddle. Consequently, the conditioner induces
smaller perturbations in the flow to the bow wave when it draws fluid from the puddle,
thus causing less temperature fluctuation in the bow wave. Since injection at position B
reduces the intermixing of old and new slurry by the conditioner, a higher removal rate is
observed for position B than for position A (Figure 5.5(b)), particularly at lower flow
rates. Injection position B is therefore more efficient in slurry utilization than position A.
Figure 5.7 shows the substrate, polishing pad and bow wave mean temperatures
associated with injection positions A and B. At 120 and 80 ml/min, all three mean
temperatures are nearly the same, yet the removal rate is higher for B than it is for A.
This significant removal rate increase supports the hypothesis that reduced slurry mixing
in position B causes higher copper removal. More significant removal rate increases were
observed at flow rates of 100 and 60 ml/min since in addition to lower slurry mixing
associated with injection at B, removal rate is enhanced by higher substrate and polishing
pad temperature, as seen in Figures 5.7(a) and 5.7(b). Figure 5.7(c) indicates that the bow
wave temperatures are similar at each flow rate. This contrasts with the polishing pad
temperature, which is higher for B than for A for three of the four rates. This comes about
because the bow wave has less influence, and the conditioner has more influence on the
mixing of cold and warm slurry for position A than for position B, thereby resulting in a
cooler pad for A.
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Figure 5.7:
7: (a) Copper disc temperature, (b) polishing pad temperature and (c) bow wave
temperature associated with injection position A and B with in-situ conditioning at
different slurry flow rates

The difference between B and A during in-situ conditioning can be interpreted as
follows: Some
ome of the injected slurry is transferred outward on the pad by the conditioner
during in-situ polishing and that some of this transferred slurry is subsequently spun off
by the rotation of the pad without being entrained under the wafer. The slurry transfer
transf
itself reduces the amount of fresh slurry feeding the bow wave directly from the pad
center and the amount that can re
re-enter the bow wave. The re-entrant
entrant fraction, diluted by
mixing with older slurry that has accumulated in the grooves, ultimately encounters
encou
the
bow wave at the wafer leading edge at some distribution of rates along the pad radius.
radius
The net effect, though, is to reduce the fraction of fresh slurry delivered under the wafer
in the land areas where polishing occurs. After the conditioner lea
leaves
ves the slurry puddle,
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full flow to the bow wave is re-established and a higher fraction of new slurry is
entrained beneath the wafer in the land areas, resulting in higher slurry utilization,
transport efficiency and removal rates. Injection at B results in less volume in the slurry
puddle for the conditioner to access and mix and therefore a higher average rate of new
slurry delivery under the wafer than injection at position A.
In order to illustrate some of the points regarding the slurry puddle and bow wave
for positions A and B, a model of slurry flow model was used to simulate the puddle and
bow wave at steady state. The model is based on the thin film approximation to the
Navier-Stokes equations (Kondic 2003),

 h3
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( ∇ ( ρ gh − γ ∇
= ∇ ⋅ 
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 3µ
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p

v 
v
r ) − h V p 


Eq. 5.1

where h is the local film thickness, µ and ρ are the are the slurry viscosity and density,
v

respectively, g is the acceleration of gravity, Ωp is the pad rotation rate, V p is the local
pad velocity, and γ is the surface tension of the slurry. The above equation was solved
using explicit time integration and a finite element triangulation of the pad subject to
appropriate mass flow boundary conditions at the injection point(s), the wafer boundary,
and the exterior boundary of the pad. The model applies to flat (i.e. ungrooved) pads and
does not include fluid transfer by the conditioner. Nevertheless, as seen by comparing
Figures 5.8 and 5.9, the central slurry puddle in injection position A has significantly
more volume than the puddle from B, confirming that for injection position A, more
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slurry is accessible to the conditioner when it enters the slurry puddle. Simulations also
show that the bow wave for B is thicker than that for A. This is in agreement with
infrared camera data.

Figure 5.8: Slurry thickness outside of the carrier region associated with
injection position A. The slurry thickness in the central puddle and
bow wave are greatly exaggerated for clarity
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Figure 5.9: Slurry thickness outside of the carrier region associated with
injection position B

In a further test of the mixing hypothesis, a set of experiments involving injection
positions A, B and B+C was performed using in-situ conditioning with a lower hydrogen
peroxide concentration and at flow rates of 80 and 60 ml/min. For injection position
B+C, the slurry flow rate from position C was maintained at 20 ml/min, while the slurry
flow rate from position B was controlled at 60 or 40 ml/min to maintain the same total
slurry flow rate used for A and B. Figure 5.10 shows the coefficient of friction and
copper removal rate associated with injection positions A, B and B+C. Figure 5.10(a)
confirms that all conditions involved the same tribological mechanism. As before, it is
seen in Figure 5.10(b) that the removal rate for B exceeds that for A. For B+C, however,
the removal rate is intermediate between A and B. Relative to A, B+C has a smaller
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slurry puddle with which the conditioner can interact. B+C also has a supply of fresh
slurry moving with the conditioner. Therefore B+C has a higher removal rate than A.
B+C however has more mixing than B alone and therefore a lower removal rate than B. It
is observed that the removal rates associated with injection position A and B are
qualitatively similar to Figure 5.5(b), hence altering the peroxide concentration has not
changed the removal rate trend.
It is further observed from Figure 5.10(b) that at 80 ml/min, the removal rate for
injection position B+C is closer to B than to A. The opposite occurs at 60 ml/min. In
injection method B+C, the ratio of injected new slurry from injector C to the total
injected new slurry is 1:4 and 1:3 at flow rates of 80 and 60 ml/min, respectively. Since
the slurry in position C would certainly undergo slurry mixing induced by the
conditioner, a lower proportion of new slurry from position C corresponds to less slurry
mixing and therefore, as observed, higher removal rate. Figure 5.11 shows the substrate,
polishing pad and bow wave mean temperatures associated with injection positions A, B
and B+C. The temperature data has the same trend as Figure 5.7.

178

10: (a) Coefficient of friction and (b) copper removal rrate
ate associated with
Figure 5.10:
injection position A, B and B+C with in-situ conditioning at different slurry flow rates

Figure 5.11:
11: (a) Copper disc temperature, (b) polishing pad temperature and (c)
bow wave temperature associated with injection position A, B and B+C with in-situ
conditioning at different slurry flow rates
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5.4 Conclusions
This work has shown that the extent of the slurry mixing between new and aged
slurry influences copper removal rates. Higher slurry mixing lowers the removal rate
since the less reactive slurry degrades the chemical activity of the slurry under the wafer.
By pulling out aged slurry entrained in grooves and mixing it with the fresh slurry, the
conditioner intensifies slurry mixing.
Furthermore, results indicated that slurry injection position plays an important
role in the slurry mixing characteristics and slurry utilization efficiency. Injecting slurry
at the edge of the wafer carrier near the pad center reduces the extent of the slurry mixing
induced by the conditioner and increases the removal rate up to 15 % relative to injection
at the pad center, providing an opportunity to reduce slurry use significantly without
changing the lubrication mechanism.
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CHAPTER 6
CHARACTERIZATION OF THERMOSET AND THERMOPLASTIC
POLYURETHANE PADS, AND MOLDED AND MACHINED GROOVING
METHODS FOR OXIDE CMP APPLICATIONS

This chapter describes the effect of pad material, grooving method and grooving pattern
on interlayer dielectric chemical mechanical planarization. The polishing pads tested
consist of thermoplastic and thermoset polyurethanes synthesized using two different
processes. Grooves created using a molding technique are compared with grooves formed
by mechanical cutting. The concentric groove design is also compared with the
logarithmic spiral positive grooving design. Experimental data collected include removal
rate, coefficient of friction, shear force variance, pad temperature and dynamic
mechanical analyzer measurements. Scanning electron microscope images are used to
correlate grooving methods with coefficient of friction and shear force variance
measurements. Results show that all of the pads polish wafers in boundary lubrication
mode with unique friction coefficient, shear force variance and pad temperature
characteristics. Simulations using a two-step removal rate mechanism are performed to
estimate the chemical and mechanical rate constants. The analysis indicates that the
thermoplastic pad is more mechanically controlled than the thermoset pad and that
molded grooving induces a more mechanically controlled process than machined
grooving.
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6.1 Introduction
CMP has been proven to be a reliable technology for achieving global planarity
and for producing optically flat and damage free state-of-the-art ICs. In IC fabrication,
most of the cost of ownership (COO) is dominated by consumables. The polishing pad
itself may cost up to 30% of the COO of a CMP module, so pad polishing performance
and durability are important.
Polyurethane is one of the most common materials used by pad manufacturers due
to its excellent mechanical and chemical stability and high resistance to the aggressive
chemicals used in CMP. However, there are many varieties of polyurethane, so the final
polishing characteristics, such as removal rate, coefficient of friction (COF) and pad
temperature, depend significantly on mostly proprietary manufacturing processes. Singleshot polyurethane synthesis and 2-step synthesis methodologies have been explored
(Rogers et al.2003). Single-shot synthesis incorporates a long chain diol/polyol, a diisocyanate, and a suitable chain-extending agent to generate a typical thermoplastic
polyurethane. In a 2-step synthesis, a pre-polymer is generated first, and later a chain
extender is added to create a thermoset polyurethane. In this study, ILD CMP
characteristics of thermoplastic and thermoset pads are investigated. Polishing pads were
formulated using polyurethanes comprised of polyol and di-isocyanate chemistries with
one or more chain-extenders and curing agents to generate thermoplastic and thermoset
materials.
In general, thermoset polyurethanes enable greater flexibility in chemistry since it
is possible to select the precursor to the polymer. Thermoplastic polyurethane has largely

182

a linear chain for its molecular structure while thermoset polyurethane has a heavily
cross-linked polymer structure. While thermoset offers a maximum wear resistance,
thermoplastic has better elastomeric properties and better durability (Bhusan et al. 1991),
so it is of great interest to directly compare the performance of the two materials in ILD
CMP.
A novel molded pad grooving method is also introduced in this study. Molded
grooves are formed concurrently when the pad is cast. As such, this process does not
involve any mechanical cutting. By contrast, machined grooves are created by cutting a
previously manufactured plain pad. This study investigates four different types of pads as
follows: thermoplastic molded concentric groove, thermoplastic machined concentric
groove, thermoset machined concentric groove and a thermoset pad with machined
logarithmic spiral positive (LSP) grooves. Figure 6.1 shows a schematic of the LSPgrooved pad. The tribological mechanism, removal rate and pad temperature
characteristics of each pad are explored. Dynamic mechanical analysis (DMA) was
performed on un-grooved samples of each material to measure the storage modulus, loss
modulus, tan δ and glass transition temperature. Removal rate data are also analyzed with
a two-step chemical-mechanical model to provide partial support for the interpretation of
the experimental results.
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1: Schematic of logarithmic spiral positive (LSP) pad
p
Figure 6.1:

6.2 Polishing Apparatus and Procedure
All polishing was performed on a 100
100-mm
mm polisher and tribometer. The polisher
and its associated accessories have been described in detail in Chapter 2.1.
2.1 Prior to data
acquisition, each pad was broken in for 30 minutes using ultra
ultra-pure
pure water and a 100-grit
100
diamond disc rotating at 30 rpm and sweeping at 0.33 Hz. The load applied to the
diamond disc was 3.45 kPa. Pad break
break-in was followed by 5-minutes
minutes of pad seasoning
using Fujimi PL-4217
4217 slurry
rry containing approximately 12.5% by weight of silica
abrasives. The above conditions were also used for in-situ conditioning during polishing.
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Polishing was performed for 75 seconds on 100 mm silicon wafers with 6000 Å of
blanket thermal oxide. Polishing pressures of 13.8, 20.7 and 27.6 kPa were used at each
of four velocities: 0.32, 0.64, 0.96 and 1.24 m/s. An infrared video camera was used to
capture a continuous thermal image during polishing at a rate of 5 Hz and a resolution of
0.1 °C. Pad temperatures at five selected locations near the wafer leading edge were
extracted and averaged to provide the temperature data reported here. After polishing,
silicon wafers were rinsed and dried and the mean removal rate was calculated based on
the difference between the pre and post polishing oxide thickness as measured with a
reflectometer from SENTECH Instruments GmbH.

6.3 Dynamic Mechanical Analysis
Static and dynamic pad properties of all pads were measured using a TA
Instruments dynamic mechanical analyzer (DMA) 2980. The storage modulus and energy
dissipation were determined as a function of temperature at a dynamic oscillatory
frequency of 10 Hz using a 70 µm deformation amplitude. To exclude variations in
flexibility due to grooving, plain pad samples without grooves were taken from identical
locations; each sample was about 17 x 14 x 2.4 mm. Samples were mounted inside the
DMA at room temperature, cooled to -115 oC and, then held constant for about 5 min
before temperature ramping. The ramping rate was 3 oC/min to 175 oC.
The storage modulus from DMA measures the ability of the polymer to store
elastic energy associated with recoverable elastic deformation. The loss modulus is
related to the viscous properties of the material and describes the energy dissipation in the
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form of heat during cyclic deformation. The energy dissipated as heat is not recoverable.
The ratio of loss modulus to storage modulus (tan δ) is a ratio of energy dissipated in the
form of heat to the maximum potential energy stored during a cycle of deformation (Turi
1997 – Menard et al. 1999 – Li et al. 2000). Tan δ is an important measure of the
viscoelastic response of polymer formulations.

6.4 Theoretical Analysis
Lubrication Mechanism.—In order to determine the dominant lubrication
mechanism, the coefficient of friction, defined as the ratio of the measured shear force to
the applied normal force, is plotted against a dimensionless grouping of CMP-specific
parameters called the Sommerfeld number. The plot of COF vs. the Sommerfeld number
is known as a Stribeck curve and gives direct evidence of the extent of wafer-slurry-pad
contact (Ludema 1996). The lubrication mechanism of CMP process is discussed in detail
in Chapter 3.
ILD Removal Rate Model.— Mean removal rates are analyzed using a two-step
Langmuir-Hinshelwood model (Borst et al. 2002 – Sorooshian et al. 2005 – Borucki et al.
2005),

RR =

M w k1 k 2
,
ρ k1 + k 2

Eq. 6.1
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where Mw and ρ are the molecular weight and density of silicon dioxide, respectively,
k1 is the chemical rate and k2 is the mechanical rate. The mechanical rate k2 is assumed
to have a Prestonian form,
k 2 = c p µ k pV ,

Eq. 6.2

where µk is the COF and cp is an empirical proportionality constant. The chemical rate k1
is taken to be Arrhenius,
k1 = A exp( − E / kT ) ,

Eq. 6.3

where E is the activation energy of the rate limiting step and A is an empirical preexponential factor. The activation energy E is taken to be 0.53 eV (Sorooshian et al.
2005). In Eq. 6.3, the mean reaction temperature T has the form

T = Tp +

β
V

1 / 2+ e

µ k pV ,

Eq. 6.4

where Tp is the mean pad temperature acquired by the infrared camera at the pad leading
edge. The second term on the right-hand side of Eq. 6.4 is the mean contribution to the
reaction temperature from flash heating during encounters with pad asperities. The
parameters e and β are associated in part with lubricated transfer of heat to contacting
asperity tips. The model overall has four independent unknown parameters: A, cp, and e
and β in the temperature model. An optimization is performed on these parameters to
minimize the RMS error between the model and data.
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6.5 Results and Discussion
DMA Data. Figure 6.2(a)
2(a) compares the dynamic storage and loss modulus for the
thermoplastic
lastic and thermoset pads. For the thermoplastic pad, the storage modulus
decreases by 45% between 20 oC and 40 oC while the reduction is 20% for the thermoset
pad. This temperature range was chosen because it represents the range for typical CMP
processing (Sampurno et al. 2005 – Sorooshian et al. 2005) . The smaller decay for the
thermoset pad is desirable because the pad maintains more consistent physical properties
during polishing. Figure 6.
6.2(a)
2(a) shows that the thermoplastic pad also has a higher storage
storag
modulus than the thermoset pad for temperatures lower than 45 oC. This indicates that at
typical CMP process temperatures, the thermoplastic pad is stiffer than the thermoset pad.

Figure 6.2:
2: (a) Dynam
Dynamic storage and loss modulus and (b) tan δ of un-grooved
un
thermoplas
hermoplastic and thermoset pads from DMA
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The thermoplastic pad has a higher loss modulus than the thermoset pad up to
about 80 oC. This indicates that the thermoplastic pad has higher energy dissipation in the
form of heat than the thermoset pad during CMP processing. It can also be observed that
the loss modulus of the thermoplastic and thermoset pads decay with increasing
temperature. Since the pad temperature does increase during CMP, this suggests that both
pads dissipate less energy in the form of heat as the pad temperature increases. As shown
in Figure 6.2(b), the thermoplastic pad has a higher tan δ than the thermoset pad,
confirming that the energy dissipation per cycle of deformation is higher for the
thermoplastic pad.
Polyurethane is an amorphous cross-linked polymer for which the degree of
cross-linking depends on the synthesis method. Greater cross-linking makes it more
difficult for the chains to relax as the temperature increases. Lightly cross-linked
polymers have a steeper storage modulus slope than more heavily cross-linked materials
(Rodriguez 1996). As seen in Figure 6.2(a), the rate of decline of the storage modulus
confirms that the thermoset pad is more cross-linked than the thermoplastic pad. This is
also supported by the loss modulus curve, which has a smaller peak for the thermoset pad
than for the thermoplastic pad.

Polishing Data. The Stribeck curves and removal rate trends associated with the four
different pads are shown in Figures 6.3 and 6.4. As seen in Figure 6.3, all pads produce a
relatively constant COF for the entire range of Sommerfeld numbers. This observation,
coupled with the fact that a normal upward trend of material removal rate is observed,
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indicates that boundary lubrication is the dominant tribological mechanism on all pads.
The effect of material on COF can be seen by comparing thermoplastic and thermoset
pads with the same machined grooving, shown in Figures 6.3(a) and (c). The Stribeck
curve shows that the COF associated with the thermoset pad is 16% lower than that of the
thermoplastic pad. Other researchers have suggested that the total energy loss during a
stick-slip event is proportional to the damping factor (tan δ) of the material and that this
energy must be equated to the external work of friction (Bartenev et al. 1981 – Lim et al.
1987). The fact that the thermoset pad has a lower COF than the thermoplastic pad is
consistent with this theory since the tan δ of the thermoset pad is lower than the
thermoplastic pad over the measured CMP process temperature, as shown in Figure
6.2(b).
From Figures 6.3(c) and (d), it is evident that for the thermoset pad, the groove
type does not alter the lubrication mechanism: LSP and concentric groove produce
similar COFs. However, it is interesting to note that method of grooving does affect COF
significantly. As seen in Figures 6.3(a) and (b), the molded groove pad exhibits an 18 %
lower mean COF than the corresponding machined pad. Since the pad material and
groove geometry are the same, the COF difference is mainly caused by the method of
grooving. As seen in the scanning electron microscope (SEM) images in Figure 6.5(a),
mechanical cutting in the machining process creates rougher edges than the molding
process, producing burrs or chads that may protrude from the groove. These burrs
indicate a non-optimized mechanical cutting. Burrs may be engaged by the wafer and
rolled up onto the land area, as conceptualized in Figure 6.5(b). This intermittent
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occurrence could result in a higher frictional force. The rougher groove associated with
non-optimized machined method may also significantly affect slurry flow characteristic
as well as slurry mean residence time. With the molding method, burrs are not observed
and the grooves are smoother.

Figure 6.3: Stribeck curve for (a) thermoplastic machined concentric groove pad, (b)
thermoplastic molded concentric groove pad, (c) thermoset machined concentric groove
pad and (d) thermoset machined LSP-groove pad

191

Figure 6.4: Removal rate of (a) thermoplastic machined concentric groove pad,
(b) thermoplastic molded concentric groove pad, (c) thermoset machined concentric
groove pad, and (d) thermoset machined LSP-groove pad
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Figure 6.5: a) SEM images of molded (left) and non-optimized machined (right)
grooving, and (b) the conceptualization
onceptualization of leftover pad burrs in the groove. Figure 6.5(b)
shows the cross section of the pad with the burr protruding from the groove and the
bottom graph shows the burr being rolled onto the land area during polishing

Figure 6.66 shows the variance of the shear force for the four pads investigated.
The shear force variance indicates the mechanical stability of the polishing process at the
macro scale due to the dynamic contact between wafer and the polishing pad. It is evident
that
at the variance increases with the pressure and velocity of the polishing process and that
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the magnitude depends on the pad material and grooving type. Comparison of Figures
6.6(a) and (c) shows that the thermoplastic pad induces a higher variance than the
thermoset pad. It is also seen in Figures 6.6(a) and (b) that molded grooving results in a
lower variance than machined grooving on the thermoplastic concentric groove pad. As
illustrated in Figure 6.5(b), burrs associated with machined grooving may be responsible
for the higher variance in the frictional force.

While the COFs of the thermoset

concentric groove and thermoset LSP pads are nearly the same, the LSP pad induces a
significantly higher variance of shear force at higher pressure and sliding velocity. This
may be due either to the difference in groove orientation presented to the wafer at the
leading edge or to a difference in slurry flow dynamics induced by the two different
grooving patterns. There is no observed interdependence between variance of shear force
and COF.
In typical ILD CMP, the removal rate is proportional to the COF (Philipossian et
al. 2003). In this study, this correlation holds when comparing the effect of grooving for
the same material. For the thermoplastic pad, the removal rate of the machined concentric
groove pad is higher than that of the molded concentric groove due to the significantly
higher COF. With a similar range of COFs, removal rates of the thermoset concentric
groove and LSP pads are about the same. However, with the same type of groove, the
thermoplastic and thermoset pads have similar removal rates in spite of the fact that the
thermoplastic pad induces a significantly higher COF than the thermoset pad, as shown in
Figures 6.3(a), 6.3(c), 6.4(a) and 6.4(c). Hence, this observation suggests that pad
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material is influencing the removal mechanism. This is explored in detail in the
simulation section.

Figure 6.6: Variance of shear force of (a) thermoplastic machined concentric groove pad,
(b) thermoplastic molded concentric groove pad, (c) thermoset machined concentric
groove pad, and (d) thermoset machined LSP-groove pad
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During CMP, higher COFs are reflected in a higher mean pad temperature, as
seen in Figure 6.7. The dynamic frictional forces due to contact between the pad, abrasive
particles and wafer generate heat, which is a significant contribution to the temperature
increase at the pad surface. Therefore, it is clear why the thermoplastic machined
concentric groove pad induces a higher mean pad temperature than the thermoplastic
molded concentric groove pad, as shown in Figures 6.7(a) and (b). Similarly, the
thermoplastic machined concentric groove pad has a higher mean pad temperature than
the thermoset machined concentric groove pad. By contrast, with the same range of
COFs, the LSP pad has a higher temperature than the corresponding concentric groove
pad, as seen in Figures 6.7(c) and (d). Due to the groove geometry of the LSP pad,
polishing in counter-clockwise fashion promotes the transfer of spent slurry toward the
center of the pad. Since some of the heat from friction is transferred with the slurry and
thus retained on the pad, the LSP pad is warmer.

6.6 Analysis using the Two-Step Removal Rate Model
Table 6.1 shows the optimal values of cp, β and the RMS error for each pad. RMS
errors are uniformly low and within experimental error. A single value of the chemical
rate pre-exponential factor A was used for all pads since all wafers were polished with the
same slurry. The optimum A is 1.02 x 105 moles m-2 s-1. The mechanical rate coefficient
cp, however, was allowed to vary independently for each type of pad material and the
grooving method. The model indicates that the thermoset pad, with a heavily cross-linked
network, has a higher cp value than the thermoplastic pad. Uncertainty estimates of cp for
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each pad type also overlap, suggesting that the parameter is not influenced by the
grooving pattern or by the grooving method.

Figure 6.7: Mean polishing pad temperature of (a) thermoplastic machined concentric
groove pad, (b) thermoplastic molded concentric groove pad, (c) thermoset machined
concentric groove pad, and (d) thermoset machined LSP-groove pad
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Table 6.1: Summary of optimized fitting values from simulation
Polishing Pad

Cp
(moles/J)

Β
(K/Pa(m/s)1-a)

RMS Error
(Å/min)

Thermoplastic machined concentric groove

1.64 x 10-8

2.15 x 10-3

77

Thermoplastic molded concentric groove

1.74 x 10-8

2.15 x 10-3

78

Thermoset machined concentric groove

2.59 x 10-8

1.45 x 10-3

81

Thermoset machined LSP

2.52 x 10-8

1.45 x 10-3
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The factor β/V(1/2+ e) in Eq. 6.4 is related to the fraction of frictionally generated
heat at lubricated asperity contacts that is transferred to the pad as a function of velocity.
The heat partition fraction also depends on the pad thermal properties and on the real
contact area. When e > 0.5, heat transfer drops quickly enough with velocity to force the
flash heating increment to decrease; when e < 0.5, increasing the velocity increases the
flash increment. In order to estimate e accurately, the rate data must show departures
from linear Prestonian behavior that are substantially in excess of the experimental error.
However, in this case, the departures are not large and e is therefore only loosely
constrained by the data. Fig. 6.8 shows that varying e between 0 to 1 for the
thermoplastic machined pad does not significantly change the simulated removal rate.
Since the temperature is lower in all other pads because of either a lower COF or a lower

β, the removal rate in all other cases is even less sensitive to e. For convenience, we
assume a single e in the following analysis.
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Figure 6.8: Sensitivity of the removal rate to e for the thermoplastic
machined concentric groove pad

The pad leading edge temperature of the thermoplastic pads is within ~2 oC of
that of thermoset pads, as seen in Figures 6.7(a) and (c), and the mean COFs differ by no
more than 0.07. Figure 6.9 indicates that for e between 0 to 1, the flash increment
dominates the total temperature rise for the thermoplastic machined pad. Similar results
were found for the other pads. The significantly higher β for thermoplastic also indicates
that the reaction temperature (Eq. 6.4) should be higher for the thermoplastic pad.
Consequently, the chemical rate constant of the thermoplastic pad should be higher than
that of the thermoset pad.
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Figure 6.9: Comparison of pad leading edge increment and flash increment for the
thermoplastic machined pad. T is the reaction temperature, Tp is the mean temperature of
pad leading edge and Ta is the ambient temperature

By Eq. 6.2, the mechanical abrasion rate constant k2 is proportional to cp and to
the COF. Contour plots of the calculated mechanical rate as a function of p and V are
shown in Figure 6.10 (Lim et al. 1987 – Williams et al. 1999). Figures 6.10(a) and (c)
indicate that the thermoset pad has a higher k2 than the thermoplastic pad even though the
thermoset pad has a lower COF. This suggests that cp is influenced by some property of
the thermoset pad such as the pad hardness or yield strength.
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Figure 6.10: Contour plot of k2 for (a) thermoplastic machined concentric groove pad, (b)
thermoplastic molded concentric groove pad, (c) thermoset machined concentric groove
pad and (d) thermoset machined LSP-groove pad
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Hence, the thermoplastic pad, with a higher k1 and lower k2, has a higher
chemical to mechanical rate ratio than the thermoset pad. The higher k1/k2 value suggests
that the removal mechanism of the thermoplastic pad is more mechanically controlled
than that of the thermoset pad.

6.7 Conclusions
Experimental results indicate that the thermoplastic pad investigated induces a
higher COF than the thermoset pad for all of the pressures and velocities considered. This
observation agrees well with DMA data and a theory that indicates that a higher energy
dissipation per cycle (tan δ) should result in a higher COF. While the removal rate data
for the two pad types are similar, the pad temperature of the thermoplastic pad is slightly
higher than that of the thermoset due to the higher COF.
Comparing machined and molded grooving, SEM images clearly show that
machined grooving produces rougher edges than molded grooving, thereby inducing a
higher COF and a higher shear force variance. This affects the balance of chemical and
mechanical rates. Molded grooving, with a lower removal rate, is also more mechanically
controlled than machined grooving.
Since the LSP groove is designed to push slurry toward the center of the pad, the
mean temperature of this pad is slightly higher than that of the concentric groove pad. In
addition, the LSP pad has a higher shear force variance. However, there is no significant
difference in removal rate and mean COF. The governing removal mechanism is similar,
as shown by an analysis using two-step removal mechanism.
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Analysis using a two-step removal rate model indicates that thermoplastic pad
induces a higher reaction temperature than thermoset pad; hence a higher chemical rate
constant. Due to a significantly lower cp, the thermoplastic pad results in a lower
mechanical rate constant. Therefore, it has a higher k1/ k2 ratio, indicating that the
thermoplastic pad produces a more mechanically controlled removal mechanism than the
thermoset pad.
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CHAPTER 7
STABILITY RATIO AND CRITICAL COAGULATION CONCENTRATION:
COMPARISON OF TURBIDITY AND LOW ANGLE LIGHT SCATTERING
METHODS

The stability of a colloidal suspension is a critical property in most applications; however,
a method of measurement with high reproducibility is not easily demonstrated. This work
explores simultaneous turbidity and low-angle light scattering methods to quantify the
stability ratio under well-defined mixing conditions. A commercially available particle
sizing instrument is used to follow blue and red laser light turbidity and low-angle
scattered light intensity during early-stage homoaggregation of an electrostatically
stabilized polystyrene latex. Rate constants for doublet formation are calculated and
presented in terms of the stability ratio. Stability is systematically decreased by reducing
the electrostatic barrier through traditional means of increasing the background
electrolyte concentration. Stability ratios obtained from blue and red light turbidity and
low-angle scattered light are compared. Stability ratios are found to show differences in
absolute value using red and blue light turbidity and low-angle scattered light methods.
Better agreement at low salt concentrations is found by normalizing each data set with
stability ratios measured at high salt concentrations. Critical coagulation concentrations
from turbidity and low-angle light scattering are found to be in reasonable agreement
with each other. The methodology is demonstrated for a commercially available ceriabased CMP slurry.
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7.1 Introduction
In the production of colloidal dispersions, it is crucial to understand and control
the aggregation kinetics in order to achieve consistency in colloidal stability. Stability is
of vital importance in many industrial processes, including water-based paint
formulation, pharmaceutical production, and Integrated Circuit (IC) manufacturing.
Production of circuitry with sub-micron structures requires a consistent and high
performance chemical mechanical planarization (CMP) process.

Slurry, a critical

component in CMP, is typically a water-based dispersion of fine abrasive particles with
various additives to control material removal rate, selectivity, and defects. Defects on the
wafer surface have been found to increase when aggregation of the abrasive particles
occurred (Basim et al. 2002). Significant aggregation may occur over time during storage
or from fluctuations in electrolyte concentration during CMP. Both of these phenomena
can be assessed via stability ratio measurements. Salt concentrations below the critical
coagulation concentration (CCC) are desired to maximize shelf life and minimize
homoaggregation of the abrasive particles during the polishing process.
A variety of techniques, such as particle counting (Lips et al. 1988 – Wilkinson et
al. 1999), turbidity measurement (Lichtenbelt et al. 1974 – James et al. 1977), static light
scattering (Giles et al. 1978 – Zanten et al. 1992 – Kim et al. 2000 – Kim et al. 2003),
dynamic light scattering (Virden et al. 1992 – Barringer et al. 1984), as well as combined
static and dynamic light scattering (Holthoff et al. 1997 – Yu et al. 2002) have been
applied for stability measurements.

Turbidity and static light scattering have been

investigated individually; however no direct comparison appears in the literature.
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Historically, a suspension and electrolyte have been mixed by hand before starting the
measurements (Yu et al. 2002 – Tolpekin et al. 2002 – Holthoff et al. 1996). Such
manual mixing is expected to add variation to the measurements.

Automated and

reproducible mixing can be accomplished with relatively little effort for flow cell
geometries. Modern particle sizing instruments typically offer a flow cell configuration
but also allow routine collection of time-resolved static light intensities and turbidity.
This work explores simultaneous low-angle light scattering and red and blue light
turbidities for stability ratio measurements.

The main goals are (1) to quantify

reproducibly the stability ratios of a model polystyrene latex, (2) to identify the best
method (i.e., blue light turbidity, red light turbidity, or low-angle scattering) in terms of
precision and accuracy, (3) to understand the limitations of each method, and (4) to
demonstrate the methodology for a commercial ceria CMP slurry. Stability ratios of a
negatively charged monodisperse polystyrene latex are quantified as a function of
background electrolyte.

A suspension and electrolyte are mixed under well-defined

conditions and routed to a commercial particle sizing tool capable of measuring timeresolved blue and red light turbidities and scattered light intensities over a large range of
scattering angles. The multi-angle capability allows one to select the optimum scattering
angle for maximum signal and minimal surface scattering. Aggregation rate constants are
calculated from early-time changes in the monitored signals and used to compute stability
ratios. Stability ratios from red and blue light turbidities and low-angle scattered light are
calculated over a wide range of electrolyte concentration, and CCC's from the three
methods are compared. Precision and accuracy of stability measurements are assessed
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based on a series of two-point measurements at salt concentrations above and below the
CCC.

The methodology is demonstrated for a commercial ceria-based slurry batch

showing acceptable CMP performance, forming the basis of future work on CMP slurry
monitor development.

7.2 Theory
7.2.1 Stability Ratio and Critical Coagulation Concentration
Stability ratio and critical coagulation concentration (CCC) are important basic
metrics applied to colloidal dispersions. Stability ratio is the ratio of the Smoluchowski
(diffusion-limited) aggregation rate constant to the measured rate constant, k11 (Kim et al.
2000). A high stability ratio reflects a low-measured rate constant and, therefore, high
stability. CCC is the maximum electrolyte concentration beyond which the stability ratio
approaches unity, corresponding to diffusion-limited aggregation.
The rate of coagulation that determines the stability of a colloid system is
generally expressed in term of the stability ratio. In the current state-of-the-art, the CCC
of a particular colloidal dispersion system is obtained by plotting stability ratios over
ranges of electrolyte concentrations. The slope of a stability ratio in a slow aggregation
region intersects with the slope in a fast aggregation region in the CCC point. The
stability ratio, W, is one of the aggregation kinetics defined here as the ratio of the rate
constant for Smoluchowski (diffusion-limited) aggregation associated with pure
Brownian motion to the experimentally determined rate constant for doublet formation,
k11:
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W=

k Smol
k11

Eq. 7.1

where

k Smol =

8kT
3µ

Eq. 7.2

k, T and µ are defined as Boltzmann’s constant, temperature and viscosity, respectively.

kSmol is regarded as the rate constant for rapid aggregation in the absence of a
potential barrier (Kim et al. 2000). Meanwhile, k11 is the rate of aggregation in the
presence of an interaction energy barrier that may include electrostatic repulsive energy,
Van der Waals attractive energy, steric effect and other forces. Generally speaking, the
stability ratio indicates the effectiveness of a potential barrier to prevent particles from
the aggregation process. The stability ratios are evaluated from the early-time aggregation
kinetics (t < 10t1/2) (Kim et al. 2000). t1/2 is the half life of a dispersion, defined as the
time necessary to achieve one half of the equilibrium dispersion value.

7.2.2 Homoaggregation using Light Scattering
When static light scattering is used to determine aggregation rate, one must
consider: (a) an expression that characterizes the scattering from a dispersion consisting
of different types of particles, as well as of aggregates formed from these particles; and
(b) a rate of equation that gives the number concentration for various aggregates, as a
function of time. Since only the initial rates were considered for homoaggregation,
further elaborate kinetic schemes allowing for the formation of higher order aggregations
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were not needed (Ryde et al. 1994). In this study, homoaggregation kinetics are studied
using turbidity and static light scattering methods.

7.2.2.1 Turbidity
A previous study (Oster 1947) showed that for aggregation of particles that are
Rayleigh scatterers, the turbidity, τ, is given by

τ = KnoV 2 (1 + 2no k11t )

Eq. 7.3

where K is a proportionality constant related to the refractive index of the particles and
the dispersant, no is the initial count of the primary particles, V is the volume of a particle,
t is time and k11 is the initial rate constant for aggregation. The elimination of the
proportionality constant by taking the ratio of the turbidity at the time, t, to the initial
turbidity (τo at t=0) of the dispersion can be shown as (James et al.1977):

τ
= 1+ 2no k11t
τo

Eq. 7.4

dτ
= 2no k11τ o
dt

Eq. 7.5

Differentiation of Eq. 7.4 gives:
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The aggregation rate constant, k11, is calculated from the initial slope of τ versus time
(James et al. 1977).

7.2.2.2 Static Light Scattering
An expression for homocoagulation that follows Rayleigh-Gans-Debye scattering was
derived by Giles and Lips (Giles et al. 1978), as shown in Eq. 7.6.

dI (θ , t )
sin(2Qr )
= 2n0 I (θ ,0)
k11
dt
2Qr

Eq. 7.6

where I(θ,t) is the time-dependent light intensity at scattering angle θ and r is the radius
of the primary particle. The

sin(2Qr)
is the optical factor to the corresponding scattering
2Qr

angle θ. Q is the wave vector defined as

4πn

θ 
sin   where n is the refractive index of
λ0
2

the solvent and λ0 is the incident wavelength. Q -1, having the unit of length, is the
“yardstick” of the experiment (Hiemenz et al. 1997). The optical factor approaches unity
at a low scattering angle. Hence the intensity measurements at small angles are better for
monitoring the aggregates during the aggregation process.
Similar to the turbidity method, the aggregation rate constant, k11, can be
calculated from the initial slope of light intensity versus time (Giles et al. 1978).
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7.3 Experimental Setup
7.3.1 Materials
The water used in this study was purified by reverse osmosis and deionization and
had conductivity less than 0.3 µS/cm, or less than 2 µM equivalent KNO3. The dust level
in the water was non-detectable based on no difference in scattered light intensity at 90o
with Nicomp 380 ZLS (Santa Barbara, California) before and after filtering using a 200
nm filter (Acrodisc, lot 4343) supplied by Gelman Sciences (Ann Arbor, Michigan).
Ultra-clean, surfactant-free polystyrene latex (IDC 1-300, batch 1872,1) was
manufactured by Interfacial Dynamics Corporation (Portland, Oregon). According to the
manufacturer, the average size from transmission electron microscopy was 290 nm with a
standard deviation of 15 nm. As received, the negatively charged polystyrene latex had
8.2% solid and the particle density was 1.055 gr/cm3. The particle count was 6.1 x 1012
per milliliter and the charge density was 0.9 µC/cm2. The refractive index of the
polystyrene latex and water are 1.59 and 1.33.
Ceria-based CMP slurry was supplied by Ferro Corporation (Penn Yan, New
York). Based on the DC-24000 manufactured by CPS (Prairieville, LA) disc centrifuge
particle sizing, its mean particle size is about 140 nm. Ceria CMP slurry has a pH of 4.2
with an electrical conductivity of 260 µS/cm.

7.3.2 Instrumentation
Turbidity and static light scattering curves were collected over time using a
Mastersizer 2000 particle size analyzer from Malvern Instruments (Worcester, UK) with

211
multiangle detectors from 0o to 60o. The red laser light source was a 633 nm helium neon
laser and a 466 nm blue laser light was produced by a solid-state light source. Data
acquisition is started with the red laser light over a defined detection time and
sequentially followed by the blue laser light.

7.3.3 Method
The sample cell window was detached from the instrument and cleaned prior to
each experiment using pH 10 KOH for the polystyrene latex and pH 4.2 HNO3 for the
ceria slurry test. The inside cell was wiped to remove any particles that may have been
stuck. Usage of any detergent-based cleaning solution was avoided since a separate study
showed the coagulation rate constant was extremely sensitive to the presence of trace
amounts of surfactants (Holthoff et al. 1997). The empty cell window was installed and
the reservoir over-filled with 40 ml of water. Cell cleanliness was monitored based on the
intensity of low angles of scattering light. The alignment of the system was performed
automatically and a background measurement was taken over 60 seconds using water.
IDC-300 was diluted 1000 times to achieve a particle count of 6.1 x 109 per
milliliter. The diluted polystyrene latex was stored inside a sterile plastic 60 ml syringe
from Becton Dickinson (Franklin Lakes, New Jersey). KNO3, obtained from J.T. Baker
(3190-01, lot D40115), was used as the background electrolyte. Solutions of KNO3 (100
mM to 2000 mM) were stored in separate 60 ml syringes.
Polystyrene suspension and a KNO3 solution were mixed in equal parts using 60
ml syringes, a dual-channel KDS200 infusion pump from KD Scientific Inc. (Holliston,
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Massachusetts) and PEEK (polyetheretherketone) tubing and fittings from Upchurch
Scientific (Gig Harbor, Washington). A 10-cm section of PEEK tubing (0.04-inch inside
diameter) was used to connect each syringe to the PEEK mixing tee (0.05-inch diameter
through holes). The output of the PEEK mixing tee was connected directly to the
Mastersizer sample cell using a 25-cm section of PEEK tubing. The flow rate was held
constant and the same for both syringes at 1 ml/s, and the background KNO3
concentration was varied. After the cell was over-filled with 40 ml of mixture, the syringe
pump turned off automatically. The Malvern Mastersizer 2000 was started to collect the
turbidity and laser light intensity over a defined period of time. Coagulation started upon
mixing between the latex solution and the KNO3. The residence time of the mixture in the
tubing between the mixing tee and the cell was about 0.1 s and considered insignificant to
adversely affecting the data. The final latex particle concentration in the cell was about
3.05 x 109 particles per milliliter. The same stock solution of sulfate latex particles was
used for all experiments.
The acquisition of the turbidity measurement is based on blue and red light at 0o
incidence angle. The turbidity and scattering light intensity were recorded in real-time
with a frequency of 1000 Hz over a 1 s sampling time. For each sampling cycle, scattered
light intensity and turbidity are collected with a red laser light, followed by a blue laser
light. The minimum possible delay between cycles is about 6 seconds. For low KNO3
concentration where the aggregation process is relatively slow, a longer detection delay is
applied; hence the instrument is able to detect the small change of light intensity.

213

A ceria-based CMP slurry was diluted 1300 times using DI water adjusted to a pH
of 4.2 using HNO3. All of the KNO3 solution was also adjusted to a pH of 4.2 using
HNO3. The dilution of the ceria-based CMP slurry is intended to ensure a sufficient
obscuration range of 10-15% based on red turbidity. The experiment used the same
methodology as the polystyrene latex described above. It must be noted that all samples
of the diluted polystyrene latex and ceria-based CMP slurry were freshly made shortly
before the experimentation.

7.4 Results and Discussion
7.4.1 Polystyrene Latex
To analyze aggregation kinetics of a colloidal system, the correct angles of
detectors for turbidity and light scattering methods have to be determined. The turbidity
of red and blue light are always quantified based on light obscuration from a detector at a
0o angle. For the light scattering method, a simple experiment was performed to
determine the optimum angle satisfying the stringent requirements of optical factor. A
colloidal system of polystyrene latex at various electrolyte concentrations of KNO3 was
prepared. The red light intensity of various detector angles were recorded as a function of
time. As shown in Fig. 7.1, the scattering light intensity during aggregation in a final
electrolyte concentration of 1000 mM KNO3 is plotted as a function of the scattering
vector Q . At a lower value of scattering vector Q , or at a lower scattering angle, the
intensity is noisy. Study on similar curves over a wide range of KNO3 concentrations
suggests that 5o angle scattering light results in a consistent intensity measurement and
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satisfies the requirement of Q -1 > r. In this chapter, when discussing low-angle scattered
intensity, therefore, this refers to 5o angle scattered red light intensity. The Q dependence
is described by the optical factor

sin(2Qr)
shown in Eq. 7.6. Taking a particle diameter
2Qr

of 300 nm, the optical factor is 0.98, close to unity.

Q
Figure 7.1: Time-resolved static red light scattering intensity for negatively charged
polystyrene latex spheres at a final electrolyte concentration of 1000 mM KNO3

Aggregation kinetics, as quantified by changes in turbidity and low-angle
scattering light intensity, provide an indirect measure of the net inter-particles
interactions. Figures 7.2, 7.3, and 7.4 compare the early-time changes as a function of
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KNO3 concentration based on blue and red light turbidity and low angle scattering light
intensity. It can be calculated that the half-life of the system, t1/2=3µ/4kTno, is about 60 s;
hence the 150 s (t < 10 t1/2) is represented enough for indicating the early-time
aggregation kinetics. It must be noted that during the aggregation process, turbidity and
low angle scattering light intensity increase as particles aggregate. At a KNO3
concentration of 50 mM, where aggregation occurred slowly, a longer delay time was set
to allow significant detectable change on light intensity.
Qualitatively, the behavior of red and blue turbidity as well as low-angle scattered
light intensity are in agreement since, in both cases, their slopes increased with the
increase of electrolyte concentration as shown in Figures 7.2 to 7.4. At low KNO3
concentration, turbidity and intensity of low-angle scattering light increase slowly. It
indicates that the electrostatic repulsive force associated with the interaction among
particles plays a significant role in limiting the rate of the aggregation; only a small
fraction of the particles have enough thermal energy to overcome the electrostatic barrier.
As the KNO3 concentration increases, the energy barrier reduces; hence the aggregation
rate becomes fast. The slope of turbidity and scattering light intensity increases
accordingly. At KNO3 concentrations of about 400 mM and 750 mM, slopes are similar,
indicating that the electrostatic barrier is significantly decreased and has achieved its
minimum at 400 mM (Debye screening length, κ-1 = 0.48 nm) and aggregation rate has
achieved its maximum. In this study, a KNO3 concentration higher than 400mM has no
effect on the aggregation rate since the electrostatic barrier was reduced and the attractive
Van der Waals forces dominate the particle interactions.
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Figure 7.2: Normalized blue light turbidity at various KNO3 concentrations
as a function of time

Table 7.1: Summary of average and standard deviation of stability ratio as a function of
KNO3 concentration using blue light turbidity method
[KNO3]
[mM]

Total of
Experiments

Slope
Calculation

Average
W

Standard
Deviation

50

3

4t1/2

1715.9

371.6

100

3

4t1/2

1227.0

113.5

150

3

3t1/2

466.0

37.7

200

3

3t1/2

397.4

86.6

300

3

2t1/2

131.9

21.7

400

3

t1/2

53.8

4.1

500

3

t1/2

47.9

3.2

750

3

t1/2

47.5

0.6

1000

3

t1/2

48.1

0.9
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Figure 7.3: Normalized red light turbidity at various KNO3 concentrations
as a function of time

Table 7.2: Summary of average and standard deviation of stability ratio as a function of
KNO3 concentration using red light turbidity method
[KNO3 ]
[mM]

Total of
Experiments

Slope
Calculation

Average
W

Standard
Deviation

50

3

4t1/2

979.9

208.3

100

3

4t1/2

674.5

77.9

150

3

3t1/2

279.5

19.9

200

3

3t1/2

231.6

25.1

300

3

2t1/2

80.8

13.5

400

3

t1/2

35.3

6.3

500

3

t1/2

28.0

1.4

750

3

t1/2

30.7

2.3

1000

3

t1/2

27.8

6.3
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Figure 7.4: Normalized 5o angle scattered light intensity at various KNO3 concentrations
as a function of time

Table 7.3: Summary of average and standard deviation of stability ratio as a function of
KNO3 concentration using 5o angle scattered light method
[KNO3 ]
[mM]

Total of
Experiments

Slope
Calculation

Average
W

Standard
Deviation

50

3

4t1/2

99.9

20.4

100

3

4t1/2

78.9

22.2

150

3

3t1/2

36.4

5.0

200

3

3t1/2

34.4

1.5

300

3

2t1/2

13.6

3.1

400

3

t1/2

6.3

1.4

500

3

t1/2

5.2

0.7

750

3

t1/2

5.0

0.1

1000

3

t1/2

5.4

0.4
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The aggregation rate constants, k11, for each method are derived from the slope of
red and blue light turbidity based on Eq. 7.5 and low-angle scattered light intensity based
on Eq. 7.6. Slopes of blue and red light turbidity tend to reduce after a certain period of
time. Hence, depending on the electrolyte concentration, slopes were calculated using
different periods of time from t1/2 to 4 t1/2 where slope of red and blue turbidities were
still consistent. It was observed that the low-angle scattering angle method preserves its
slope longer than the turbidity method, hence t1/2 to 4 t1/2 is acceptable to directly compare
all three methods. At a low KNO3 concentration, a relatively slow aggregation process
required slopes to be calculated over a longer period of time. Tables 7.1 to 7.3 summarize
the mean stability ratios and standard deviation of 3 different sets of sample
measurements using each method.
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Figure 7.5: Stability ratio of 300 nm diameter, polystyrene particles as a function of
KNO3 concentration based on the turbidity of blue light. The CCC is 420 mM
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Figure 7.6: Stability ratio of 300 nm diameter, polystyrene particles as a function of
KNO3 concentration based on the turbidity of red light. The CCC is 420 mM

Table 7.4 shows the comparison of CCCs from individual set of experiments
using red and blue light turbidity and low-angle scattered light intensity. One individual
set of experiments was comprised of stability ratios with single sample measurements
over all of the investigated KNO3 concentrations. CCCs were measured with the same
methods explained previously. The CCCs using red light turbidity and low-angle
scattered light were about 420 mM with a standard deviation of about 4 %. Using a blue
light turbidity method, the CCCs were about 408 ± 10 mM. Generally speaking, the
CCCs using the investigated methods were in a reasonable agreement of about 416 ± 14
mM.
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Figure 7.7: Stability ratio of 300 nm diameter, polystyrene particles as a function of
KNO3 concentration based on the 5o angle scattered light method. The CCC is 420 mM

Table 7.4: Comparison of stability ratios associated with three set of experiments
Critical Coagulation Concentration
Blue Light
Turbidity

Red Light
Turbidity

5o Angle
Scattered Light

1st Set of Experiment

420

430.5

435

2nd Set of Experiment

405

400

420

3rd Set of Experiment

400

430

405

Average

408

420

420

Standard Deviation

10

17

15
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While the CCCs are in good agreement, the absolute values of the stability ratios
among each method show systematic variation. Stability ratios at given KNO3
concentrations generally follow the order of blue turbidity > red turbidity > low angle
scattered light intensity. Since 300 nm polystyrene particles are not strictly Rayleigh
scatterers, a turbidity method based on Eq. 7.5 may not accurately quantify k11.
Meanwhile, the stability ratio based on low-angle scattered light intensity is close enough
to the available data in the literature. Using dynamic light scattering, a stability ratio was
found in the fast aggregation region of about 4.8 for 100 nm polystyrene spheres (Kim et
al.2003) compared to about 5.2 for 300 nm particles in this work. This indicates a
systematic underestimation of k11 associated with the red and blue light turbidity
methods. The slope of turbidity from red light and blue light is significantly lower than
the slope associated with low-angle scattered light intensity as shown from Figs. 7.2 to
7.4. Tables 7.1 and 7.2 show that the stability ratios (hence the rate constants) based on
turbidity are affected by the wavelength. The smaller wavelength light, i.e. blue laser
light, consistently results in a higher stability ratio over the longer wavelength light, i.e.
red laser light.
Figure 7.8 shows the normalized version of stability ratio based on blue and red
laser light turbidities and low-angle scattering light intensity as a function of KNO3
concentration. The stability ratio is normalized to the average stability ratio of the fast
aggregation region, i.e. at KNO3 concentration >=500 mM. Good agreement among the
normalized stability ratio based on the blue and red laser light is observed over the
investigated KNO3 concentration. The normalized stability ratios of low-angle scattering
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light are lower than both of red and blue light turbidity methods. Nevertheless, the CCCs
based on all methods are consistent on about 420 mM KNO3. It has been reported that
100 nm of the same type of latexes resulted in CCC on about a 160 mM KNO3 solution
(Kim et al. 2003). The fact that the 300 nm latexes have higher CCC indicates that the
larger particle has a larger repulsive force than the Van der Waals attractive force hence
higher electrolyte concentration is needed to overcome the electrostatic barrier.

100.0
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Red Light Turbidity

Stability Ratio

5 Degree Angle Scattered Light
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1.0

0.1
0

200
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800

1000

1200
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Figure 7.8: Normalized stability ratio based on the turbidity of blue and red laser light
and 5o angle scattered light methods as a function of KNO3 concentration

At a high KNO3 concentration, an electrostatic repulsive barrier is reduced as
indicated by its low Debye length, consequently, the aggregation rate is fast. For the
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particle size investigated in this study, the influence of shear fields is negligible where
aggregation in the fast region is determined by the Brownian motion only, and the
theoretical stability ratio that incorporates Van der Waals interaction should be close to
unity. Experiments yield a stability ratio of about 5.2 in the fast aggregation region, the
drainage effects as the particles approach one another may cause higher value. A stability
ratio as high as 10 has been shown (Spielman 1970) when the viscous interactions are
involved in the Brownian coagulation. An attractive hydrophobic contribution to the total
interaction potential can potentially introduce the viscous term for polystyrene colloids.
In addition, the value of the aggregation constant is highly sensitive to the possible
presence of any trace amounts of impurities during the experiment. Any impurities may
be introduced by the water used during the experiment as well as from the solid salt from
the manufacturer.
As shown in Tables 7.1 to 7.3, stability ratios show low standard deviation for salt
concentrations as low as 150 mM. To test the correlation of stability ratios from 3
different methods, stability ratios of salt concentrations from 150 mM up to 500 mM
KNO3 are normalized with a stability ratio of 750 mM KNO3. Figure 7.9 and 7.10 show
that the normalized stability ratio using a low-angle scattering light method correlates
well with the normalized stability ratio from blue and red laser light turbidity methods.
The fact that the slopes are 1.35 for blue laser light and 1.23 for red laser light indicates
that the turbidity method results in a wider range of stability ratios than the low angle
scattering method.

Normalized
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Blue Blue
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Light
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Figure 7.9: Correlation of normalized stability ratios from blue laser light turbidity
method with normalized stability ratios from low angle scattering light. Polystyrene
spheres using [KNO3] of 150, 200, 300, 400 and 500 mM normalized to 750 mM

To further test the repeatability of the three methods, stability ratios of
polystyrene latex were measured with a total of 16 runs using KNO3 concentrations of
150 and 750 mM in turn. KNO3 750 mM provided the stability ratio in the diffusion
limited region (i.e. fast aggregation), while 150 mM resulted in a higher stability ratio
since it is below the CCC point. All of polystyrene latex and KNO3 solution on these tests
were from the same mixture to minimize possible variation associated with sample
preparation. 150 mM KNO3 as the lower background electrolyte of interest was chosen
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Figure 7.10: Correlation of normalized stability ratios from the red laser light turbidity
method with normalized stability ratios from low angle scattering light. Polystyrene
spheres using [KNO3] of 150, 200, 300, 400 and 500 mM normalized to 750 mM

since it induces a significantly high stability ratio with adequate signal intensity as shown
in Figures 7.2 to 7.4 and moderate standard deviation as seen in Tables 7.1 to 7.3.
Tables 7.5 to 7.7 summarize the stability ratios and the normalization. For 750
mM KNO3, the blue laser light turbidity method results in the lowest standard deviation
of about 1%, indicating its high precision for lowest stability ratio measurement. Using
150 mM KNO3 as the background electrolyte, all methods resulted in a standard
deviation of about 10%. The normalized stability ratios shown in Tables 7.5 to 7.7 were
calculated by dividing the stability ratio resulted from 150 mM KNO3 with 750 mM
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KNO3 of the subsequent run. The standard deviation of blue and red laser light turbidity
and low angle scattering light intensity methods are 9.58%, 11.75% and 9.98%,
respectively. Statistically, all three methods have the same precision (i.e. similar standard
deviation). The normalized stability ratio of 150 mM to 750 mM KNO3 is 6.5, which is
similar to the previous set of experiments of about 7.2, as indicated in Table 7.3.

Table 7.5: Repeatability test using blue light turbidity method

Run

W using
KNO3 750mM

W using
KNO3 150mM

Normalized W

1
2

43.2
44.0

539.4
530.7

12.5
12.1

3

44.0

588.5

13.4

4
5
6

43.1
43.4
43.4

514.2
522.8
565.2

11.9
12.0
13.0

7

44.0

688.3

15.7

8

43.0

533.8

12.4

Average

43.5

560.4

12.9

Standard Deviation

0.98 %

10.17 %

9.58 %
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Table 7.6: Repeatability test using red light turbidity method

Run

W using
KNO3 750mM

W using
KNO3 150mM

Normalized W

1
2

27.5
26.7

333.3
336.5

12.1
12.6

3

26.9

434.9

16.2

4
5
6

25.4
30.4
27.7

361.8
344.8
361.8

14.3
11.3
13.0

7

28.1

397.3

14.1

8

27.7

337.8

12.2

Average

27.5

363.5

13.2

Standard Deviation

5.23 %

9.81 %

11.75 %

Table 7.7: Repeatability test using low angle light scattering method

Run

W using
KNO3 750mM

W using
KNO3 150mM

Normalized W

1
2

6.5
6.3

38.9
43.7

6.0
7.0

3

6.3

50.5

8.0

4
5
6

5.3
7.3
6.7

39.1
49.0
45.5

7.3
6.7
6.8

7

6.6

49.3

7.5

8

7.1

43.3

6.1

Average

6.5

44.9

6.9

Standard Deviation

9.23 %

9.99 %

9.98 %

229

7.4.2 Ceria-Based CMP Slurry
Figure 7.11 demonstrates the stability ratios using a low-angle scattering light
intensity method on ceria-based CMP slurry as a function of salt concentration. The
characteristic stability ratio curve of the ceria-based CMP slurry is similar to the
polystyrene spheres. The transition of the stability ratio from slow to rapid aggregation
kinetics on ceria-based CMP slurry is slower than the polystyrene spheres standard. It is
believed that the wider particle size distribution of ceria-based CMP slurry causes this
phenomenon.
The CCC of ceria samples is about 45 mM KNO3 with electrical conductivity of
4.95 mS/cm. The investigated ceria CMP slurry is 260 µS/cm (Handbook of Chemistry
and Physics), or about 1/20 of the CCC. The slurry is maintained below the CCC to
preserve the particles from the fast aggregation, therefore prolonging the slurry shelf-life.
With the presence of electrolyte, the particles certainly undergo aggregation. Further
study to correlate the slurry shelf life to the electrolyte concentration or electrical
conductivity needs to be done separately.
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Figure 7.11: Normalized stability ratio of ceria- based CMP slurry as a function of KNO3
concentration based on 5o angle scattering light

7.5 Conclusions
The early stage homoaggregation kinetics of negatively charged monodisperse
polystyrene latexes in aqueous suspension is investigated. The turbidity method using red
and blue light source as well as a low-angle scattering light intensity method can indicate
the aggregation process. Turbidity and scattering light intensity increases as the
aggregation is in progress. The stability ratio is systematically decreased by reducing the
electrostatic barrier to aggregation. Systematic overestimation of the stability ratio with
the turbidity method is observed since the polystyrene used in this work was not strictly a
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Rayleigh scatterer. Nonetheless, the normalized stability ratio from the investigated
techniques provides a useful means to quantify the aggregation kinetics. Furthermore, the
combined evaluation of simultaneously measured low-angle scattered light turbidity
using red and blue light demonstrated high reproducibility of coagulation critical
concentration. The stability ratio from blue laser light turbidity shows the lowest standard
deviation on a high salt concentration. However, the standard deviations of stability ratios
on slow aggregation kinetics and of the normalized stability ratio are statistically the
same. Stability ratios based on low-angle scattering light show better reproducibility than
with the turbidity method. This observation, coupled with the fact that the low-angle
scattered light method results in a similar value of absolute stability ratio to the available
literature data, demonstrated that the low-angle scattered light method is better than the
turbidity method to study the aggregation kinetics of polystyrene latexes.
This work also demonstrates the application of the stability ratios measurements
for ceria-based CMP slurry. Because of the wider particle size distribution, the transition
of the stability ratio from slow to rapid aggregation kinetics is slower. The electrical
conductivity (EC) of the CCC is 20 times higher than the measured stock slurry, critical
to minimize the abrasive particle aggregations. The methodology described in this
chapter is a preliminary study as a proof of concept that can be applied almost readily to
different type of CMP slurries.

232

CHAPTER 8
FEASIBILITY OF REAL-TIME DETECTION OF ABNORMALITY IN INTER
LAYER DIELECTRIC SLURRY DURING CHEMICAL MECHANICAL
PLANARIZATION USING FRICTIONAL ANALYSIS

Material removal rate, coefficient of friction, shear force and variance of shear force of
pure and contaminated slurries are studied using spectral analysis of the frictional force.
Larger abrasive particles are introduced into commercially available inter layer dielectric
chemical mechanical planarization slurry to explore this effect. Results show that trace
amounts of larger abrasive particles are transported effectively to the pad–wafer region
during polishing. With the certain types of consumables investigated in this study, results
indicate that contaminated slurry does not significantly change removal rate, however it
induces significantly higher coefficient of friction, shear force and variance of shear force
than pure slurry. Spectral analysis based on the raw shear force data is employed to
elucidate the fundamental physical phenomena during inter layer dielectric chemical
mechanical planarization. Fast Fourier Transformation is performed to convert the shear
force data from time domain to frequency domain. The energy distribution of polishing
using pure and contaminated slurry is quantified to elucidate the effect of trace amount of
larger particles. This work also underscores the importance of real-time detection on
chemical mechanical planarization process to detect slurries abnormality.
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8.1 Introduction
CMP of dielectric and metal layers has been proven to be the most effective
technique for multilevel planarization of integrated circuit (IC) fabrication in the
semiconductor industry. CMP technology enables global and local planarization to meet
the increasingly stringent lithographic requirements of device manufacturing. The nonplanar dielectric or metal films resulting from thermal growth, chemical vapor deposition
or electrodeposition on patterned wafers have to be planarized using CMP before
subsequent processing. As the IC devices shrink to the nano-scale dimension, microscratches become a major defect problem that lead to severe circuit failure and yield loss.
During CMP, the wafer is pressed down against a rotating polishing pad. Slurry is
injected onto the polishing pad. The polishing pad asperities and grooves play important
roles in holding the slurry. The rotation of the pad and wafer carrier accommodates slurry
transportation to the wafer-pad region. It has been investigated that abrasive particles
agglomeration, large abrasive particles as well as the solidified particles generated along
the slurry supply system are the main causes of the defect formation during polishing
(Seo et al. 2003 and 2004). Mechanical abrasion by the larger abrasives particles is the
major mechanism creating micro-scratches (Zhong et al. 1999). More micro-scratches are
produced during interlayer dielectric (ILD) CMP as the size and the number of large
particle are increased (Basim et al. 2000). If critical defects are formed on the wafer
surface, the wafer may be totally discarded. Otherwise, it requires further re-processing
which decreases overall throughput. Hence, it is of a great interest to develop a method to
detect such abnormalities in real-time during polishing.
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Filtration along the slurry supply system has been the preferred technique to
prevent defect causing particle from entering the polishing system. The filtration
technique effectively reduced defect density after the ILD CMP process (Seo et al.2003).
However, the effectiveness of filtration depends on the filter lifetime and its reliability.
The defect formation becomes significant when the filter fails or reaches its end of life.
Hence, a real-time detection along the slurry system is required.
Numerous studies have focused on detecting changes in the large particle tail of
the slurry particle size distribution (PSD) when the slurry is subjected to handling
conditions in the supply system. Previous studies indicated that single particle optical
techniques are the most sensitive of several techniques tested for measuring changes in
the large particle tail of slurry PSD (Nicholes et al. 2005). The rate of formation of
particle agglomerations from small particles is measured in-situ along the slurry supply
system (Nicholes et al. 2005). However, abrasive particles in injected slurry tend to
agglomerate during polishing process due to fluctuations in local particles densities or
salt concentration under dynamic processing conditions (Basim et al. 2000). Hence, realtime methodologies are needed to give an advance warning as to detecting the presence
of defect causing particles involved during polishing process.
This study explores the detection of large particles using shear force measurement
during ILD CMP. Removal rate is also measured to identify the effect of abrasive
particles on material removal mechanism. Additionally, spectral analysis based on the
raw shear force data is investigated to elucidate the fundamental physical phenomena on
the effect of abrasive particle size in CMP process. Fast Fourier Transformation (FFT) is
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performed to convert the shear force data from time domain into frequency domain. The
normalized versions of the frequency domain are shown to indicate the energy
distribution of stick-slip phenomena associated with each polishing condition. Lastly, the
feasibility of this method to detect abnormalities in the slurry in real-time during CMP
process is explored.

8.2 Experimental Procedure
A 100-mm polisher and tribometer was used for this study. In this study, the shear
force data was taken with a frequency of 1000 Hz. The polisher and its accessories have
been described in detail in Chapter 2.1.
Prior to data acquisition, the pad was conditioned with a 100-grit diamond disc
rotating at 30 RPM and oscillating at 0.33 Hz. The load applied to the diamond disc was
3.45 kPa. The above conditions were also used for the in-situ conditioning during
polishing to ensure the regeneration of pad asperities. The degradation in the removal rate
of pad without conditioning is due to the decrease in the slurry holding capacity of the
pad since the pad asperities play a critical role on transporting the slurry as well as its
abrasive particles (Ali et al.1997). Pad conditioning was done for 30 minutes with ultrapure water. Pad conditioning was followed by a 5-minutes pad break-in using the slurry.
The slurry flow rate was kept constant at 80 ml/min. Following the pad break-in, five
monitor wafers were polished to confirm the consistency of coefficient of friction
measurements.
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Polishing was performed for 75 seconds on 100-mm silicon wafers with 6000 Å
blanket thermal oxide. The polishing was done on Rohm and Haas IC1020 M-Groove
pad. The polishing pressure was 28 kPa and the pad-wafer sliding velocity was 1.12 m/s.
The slurries were Fujimi PL-4217 12.5 % w/w of 0.1 µm abrasive silica and Fujimi PL4217 12.5 % w/w of 0.1 µm abrasive silica contaminated with 0.5 % w/w of 0.9 µm
alumina. In this paper, when discussing slurry types, it is preferred to use shorter names:
pure and contaminated slurry. The slurry kinematic viscosity is about 2.10-6 m2/s.
Several research groups have recently shown that the particles of about 1 µm or
larger in diameter cause wafer defects in CMP (Seo et al. 2004 – Nicholes et al. 2005 –
Moinpour et al. 2002). Therefore, the addition of 0.9 µm large particles in the pure slurry
in this study is well-representative of contamination in slurry simulating defect causing
particles. In a separate study, that the contamination of a commercial slurry with 1 % w/w
of larger abrasive particle size resulted in an increase of surface roughness and a higher
number of surface defects (Basim et al.2000). Hence, the addition of 0.5 % w/w of larger
particle in this study is acceptable for studying the feasibility of real-time detection of
slurry abnormality.
After polishing, oxide wafers were rinsed and dried. The removal rate was
calculated based on the difference of mean oxide thickness between pre- and postpolishing acquired by a reflectometer from SENTECH Instruments GmbH.

237

8.3 Theoretical Approach
Coefficient of Friction (COF) and Spectral Analysis.
Analysis.— In CMP, COF is defined
as the ratio of mean shear force during polishing to the applied wafer down-force
down
to the
polishing pad. In this study, shear force is collected at a sampling frequency of 1000 Hz
throughout the polishing
ng process. Figure 8.1 shows the raw shear force measurement
during CMP. The mean force, F, which represents the average of all data points, is used
in calculating COF as defined above.

Figure 8.1:: The raw shear force measurement. The inset picture shows the fluctuations of
10000 shear force data points in an arbitrary
rbitrary 10 seconds polish time

The measured total unidirectional shear force as a function of time,
time F(t) shown in
Figure 8.2(a) can be broken up into two components: the mean shear force of the system,
F,, and the fluctuating shear force component, f(t).. For spectral analysis, the mean shear
force, F,, can be subtracted from shear force, F(t),, to extract the fluctuating component,
f(t). Figure 8.2(b)
(b) shows the fluctuating component of shear force data in a time domain.
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The fluctuating component corresponds to the intrinsic vibration of the polisher as well as
stick-slip phenomena of the system. Stick-slip phenomena are defined as the sticking and
slipping of two solid bodies among pad, wafer and abrasive particles during CMP.
Generally speaking, the stick-slip phenomena closely relates to the material removal rate
mechanism. Sticking happens when the abrasive particle embedded to the soft layer in the
polished substrate surface and the subsequent slipping occurs to remove the layer.
Therefore, there are certain frequencies related to the stick-slip phenomena during CMP
which can be identified using FFT by converting the time domain of the fluctuating
component of shear force into a frequency domain as shown in Figure 8.2(c). The y-axis
shows the magnitude of the spectral amplitude in a logarithmic scale in order to show
wide range of data values. The x-axis represents the frequency associated with the
fluctuating component of the shear force. The maximum frequency reported in this study
is 500 Hz which is the Nyquist frequency of sampling rate at 1000 Hz. The Nyquist
frequency is the maximum frequency that can be computed at a given sampling rate in
order to be able to fully process the shear force signal without aliasing problem
(Bracewell 1994 – Brigham 1988). In order to show more clearly the energy distribution,
the amplitude is normalized as shown in Figure 8.2(d). The cumulative value of the
normalized amplitude up to 500 Hz is set equal to one.
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Figure 8.2:: Spectral analysis of the shear force data. (a) The raw shear force data obtained
during polishing. (b) The fluctuating component of the shear force data in time domain.
(c) Spectral analysis of stick
stick-slip
slip phenomena in frequency domain. (d) The normalized
stick-slip phenomena distribution

Figure 8.3 shows the spectral analysis as well as the normalized version of three
different runss using the same polishing condition and consumables. It can be observed
that
at the results are consistent for both magnitude and distribution of peaks.
peaks This is the key
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of studying the stick-slip phenomena without having to worry about tool or consumables
inconsistency.

Figure 8.3: Consistency of the spectral analysis using the same consumables and
polishing conditions
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8.4 Results and Discussion
In most industrial applications, the content of abrasive particles in the slurry is
generally represented by a weight percentage (i.e. total weight of abrasive particles to that
of the slurry). However, for slurries that contain two or more types of abrasive particles
with different properties (such as size and density), weight percentage is not the best
representation for describing the entities. In such cases, it is better to calculate and report
the concentration of abrasive particles (i.e. number of abrasive particles per unit volume),
hence the number ratio of different abrasive particles in slurry can be quantified.
The slurry particle concentration is related to the weight percentage of abrasives
in the slurry mixture by the equation, derived below,





Ap
6 

Ac =
3 

π .d A  ρ A 
ρ
A
 × Ap + 100 
 1 −
ρ f 
  ρ f 
where,
Ac is concentration of abrasive particles,

Number of particles
m3

Ap is the weight percentage of abrasive particles, %
dA is the diameter of the abrasive particles, m
ρA is the density of the abrasive particle,
ρf is the density of the slurry fluid,

kg
m3

kg
m3

Eq. 8.1
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kg

The densities of silica and alumina are 2,200 and 3,970 m3 . The slurry fluid is dominated
by the overwhelming presence of water, hence the density of the slurry fluid in this work
kg

is assumed to be 1,000 m3 .
In this study, 12.5 % w/w of fumed silica is mixed with 0.5 % w/w of alumina to
simulate the contaminated slurry. Using Eq. 8.1, it can be calculated that there is about 1
alumina particle in 20,000 silica particles. Table 8.1 shows that removal rate is not
affected by the presence of alumina particles and is instead dominated by fumed silica
particles which account for the majority of the abrasive particles in the slurry. On the
other hand, coefficient of friction and shear force variance are significantly affected by
the presence of the near infinitesimal amount of alumina particles in the slurry, thereby
suggesting that these larger particles actually do actively participate in polishing by
altering the frictional forces attributes of the process.

Table 8.1: Summary of removal rate, COF and variance of shear force associated with
polishing using pure and contaminated slurry

Slurry

Removal Rate
(A/min)

COF

Variance of
Shear Force
(lbf2)

Pure PL-4217

1636 (54)

0.27 (0.01)

1.35 (0.40)

Contaminated PL-4217

1632 (140)

0.46 (0.01)

4.29 (0.54)

Values in parentheses are standard deviations.
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Figure 8.4 shows the comparison of the raw shear force data using pure and
contaminated slurry. The fact that higher shear force is observed for a contaminated
slurry confirms that the alumina particles are transported effectively to the pad-wafer
region. More importantly, it demonstrates that the alumina particles are in intimate
contact with the wafer surface within the pad-wafer region. Larger alumina particles
plough more severely into the silicon oxide surface than silica particles, hence inducing
higher shear force.
As shown in Figure 8.4, the magnitude of fluctuation of shear force is higher with
a contaminated slurry than a pure one. It is defined that the fluctuating component of
shear force corresponds to the deviation from the mean shear force. Further observation
of the polishing process shows that the magnitude of such fluctuation correlates to the
extent of tool vibration during CMP process. The magnitude of fluctuation is well
represented numerically by calculating the variance of shear force. Generally speaking,
higher variance corresponds to a more severe polishing vibration (i.e. less stable
polishing process). As summarized in Table 8.1, contaminated slurry consistently
exhibits higher force variance by a factor of 3. The presence of larger abrasive particles
during CMP process leads to an un-equal distribution of applied load on the wafer
surface. Later, it can be understood that such an un-equal load distribution contributes to
the less stable polishing process. Hence, the addition of a trace amount of alumina
particles using the type, size and concentration investigated in this study is significant
enough to cause a less stable polishing process. Such significant increase in force
variance as well as COF associated with the contaminated slurry shows the feasibility of
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implementing frictional measurement
measurements techniques to detect abnormality in real-time
real
during CMP processes.

Figure 8.4:: Comparison of raw shear force data using pure and contaminated slurry. The
black
lack curve is the contaminated slurry and grey curve is the pure slurry.

In this study, the magnitude of spectral amplitude between 150 and 500 Hz is low
enough to be considered as noise and does not have any important physical and chemical
importance for CMP
P process. Hence, it is of interest to focus only on the first 150 Hz for
all of the spectral analysis where the spectral amplitude is pronounced.
In the frequency
uency domain as shown in Figure 8.3, it is important to understand the
presence of particular peaks at particular frequencies
frequencies. Figure 8.3 shows the presence of
several peaks ranging in frequencies from 1 to 140 Hz. To determine whether the
frequencies at which the peaks were observed were the results of vibrations which were
specific to the polisher or the result of a wafer-slurry-pad interaction, a simple experiment
was performed. The polisher was run with the wafer completely disengaged from the pad
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as the baseline process. By recording the total unidirectional force, followed by
transforming the signal into a frequency domain, the intrinsic vibration of the tool, as
shown in Figure 8.5, can be compared to the wafer polishing shown in Figure 8.3. The
spectrum in Figure 8.5 clearly indicates that, in the absence of any pad-wafer interaction,
the tool vibrates at a dominant frequency of around 10 – 11 Hz, with harmonic peaks
occurring with a frequency range of 20 – 22 Hz. Considerable spectral amplitude in
frequencies of 120 and 129 Hz is observed, indicating the tool’s contribution to these
particular frequency ranges. It must be noted that 60 Hz shown in the spectral analysis is
the frequency of the electrical utility in the laboratory. This particular frequency is also
captured well on all of the spectral analyses in a consistent amplitude, as shown in Figure
8.3. Therefore, the 60 Hz spectral must be excluded when discussing the spectral analysis
of the polishing.
By comparing the spectrum in Figure 8.5 to the one shown in Figure 8.3, it
becomes clear that the fundamental peaks at 120 – 129 Hz and 10 – 11 Hz with harmonic
peaks at 20 – 22 Hz are direct results of the intrinsic vibration of the tool. On the other
hand, peaks occurring at 2, 5, 7, 9, 35, 40 and 42 Hz originated from interactions among
pad, wafer and abrasive particles. The lower frequency peak is the result of the kinematics
of the process including the rotational velocities of the platen, wafer, and the diamond
conditioner. The observed higher frequency peaks are believed to stem from stick-slip
phenomena unique to the CMP process.
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Figure 8.5: Spectral analysis of baseline process

It can be observed that both pure and contaminated slurry induce similar stick-slip
signatures.. The considerable spectra are similarly distributed on certain of stick-slip
stick
frequency ranges. However, as shown in Figure 8.6, polishing using contaminated slurry
results in a higher spectral amplitude than pure slurry. In order to emphasize the
differences, the cumulative spect
spectral amplitude is given in Figure 8.7.. By definition, the
cumulative spectral amplitude to Nyquist ffrequency
requency (i.e. 500 Hz) is proportional to the
variance of shear force of a particular polishing. The cumulative spectral amplitude on
frequency of about 150 Hz has already approached a steady value, confirming that the
spectral signature in the frequency range above 150 Hz is less important for fundamental
physical and chemical analysis.
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Figure 8.6:: Spectral analysis of shear force associated with a wafer polish using (a) pure
slurry and (b) contaminated slurry

The interaction between large and small abrasive particles and wafer affects the
spectral analysis of the shear force. The large and small particles roll at the same linear
velocity since the wafer surface drags the par
particles
ticles at equal sliding velocities.
velocities Hence, it
can be understood that the interaction of the wafer with large particles induces lower
rolling frequency compared to small particles in order to achieve the same linear velocity.
Such interaction using contaminated slurry is reflected well in the spectral analysis. The
majority of the amplitude is dominated by low frequency range of 0 – 15 Hz, as shown in
Figure 8.7.. Polishing using contaminated slurry shows a tremendous increase in the
spectral amplitude compared to pure slurry by factor of 4. The average of cumulative
spectral amplitude in the frequency range where the peaks are dominant is summarized in
Table 8.2.
2. The average value shows clearly that all polishes using contaminated slurry
significantly increase the spe
spectral amplitude of low frequencies.
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Figure 8.7:: Cumulative of spectral analysis associated with a wafer polish using (a) pure
slurry and (b) contaminated slurry

Part of the spectral analysis is the normalized sspectral
pectral amplitude, as shown in
Figure 8.8.. For each polishing result, the spectral amplitude of each frequency is divided
by the integral area of the spectral amplitude up to 500 Hz. The cumulative normalized
spectral amplitude is to show the energy distributio
distribution
n during polishing as shown in Figure
8.9.. The average of cumulati
cumulative
ve normalized spectral amplitude for all polishes is
summarized in Table 8.
8.3.
3. Again, the results consistently show that polishing using
contaminated slurry increases signific
significantly
antly the energy distribution in the low frequency
range from 78 % up to 90 %. Mea
Meanwhile,
nwhile, the energy distribution on higher frequency
ranges decreases significantly. These results indicate that the presence of larger particle is
not only increasing the absolute spectral amplitude in the low
w frequency range, as shown
in Table 8.2, but also
so confirming that such an increase in low frequency range dominates
the energy distribution, as summarized in Table 8.3.
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Figure 8.8:: Normalized spectral analysis of shear force associated with a wafer polish
using (a) pure slu
slurry and (b) contaminated slurry

Figure 8.9:: Cumulative of normalized spectral analysis associated with a wafer polish
using (a) pure slu
slurry and (b) contaminated slurry
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Table 8.2: Summary of the cumulative spectral amplitude in frequency range of
0 – 15 Hz and 30 – 50 Hz
Spectral Amplitude
Slurry

0 – 15 Hz

30 – 50 Hz

Pure PL-4217

0.89 (0.22)

0.15 (0.01)

Contaminated PL-4217

3.54 (0.48)

0.24 (0.01)

Values in parentheses are standard deviations.

Table 8.3: Summary of cumulative normalized spectral amplitude in
frequency range of 0 – 15 Hz and 30 – 50 Hz
Normalized Spectral Amplitude
Slurry

0 – 15 Hz

30 – 50 Hz

Pure PL-4217

0.783 (0.043)

0.141 (0.027)

Contaminated PL-4217

0.903 (0.011)

0.062 (0.006)

Values in parentheses are standard deviations.

8.5 Conclusions
In this study, the effects of trace amounts of larger particles (i.e. alumina) in a
commercially available silica based ILD CMP slurry are explored. With the certain types
of consumables used in this study, this work showed that larger particles are effectively
transported in the pad-wafer region and are in intimate contact with the polished wafer.
The presence of an infinitesimal concentration ratio of alumina to silica particles does not
affect the ILD removal rate. However, contaminated slurries induce significantly higher

251

values of coefficient of friction and shear force variance than the pure slurry. Fast fourier
transform is used to transform the shear force data from time domain into frequency
domain and to elucidate the stick-slip phenomena of ILD CMP. It is proposed that larger
particles induce significantly slower rolling frequencies than smaller particles, hence the
presence of larger particle enhances the energy distribution in the low frequency range
(i.e. 0 – 15 Hz) which may be responsible for creating microscratches.
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CHAPTER 9
EFFECT OF PAD BREAK-IN TIME AND IN-SITU PAD CONDITIONING DUTY
CYCLE FOR POROUS AND NON-POROUS PADS IN CMP

This chapter explores shear force spectral fingerprinting to understand the effect of breakin time and in-situ pad conditioning duty cycle during copper CMP. Polishing is carried
out on a system that has a unique ability to measure shear force in real-time. Using Fast
Fourier Transformation, shear force data is converted from time domain into frequency
domain. In the first set of experiments, porous and non-porous pads are ‘broken-in’ for
different time durations. Results show that, under identical polishing conditions, porous
and non-porous pads have opposing effects on removal rate and coefficient of friction.
Furthermore, shear force variance increases with pad break-in time and unique and
consistent spectra emerge which show increasing fundamental peaks for longer break-in
times. In the second set of experiments, pad conditioning is performed during copper
CMP for 0, 25, 50, 75 and 100 percent of the total polishing time using the non-porous
pad. Results show that removal rate and the coefficient of friction are not affected by
conditioning duty cycle while shear force variance is found to increase with duty cycle up
to 50 percent, after which saturation is reached. Further investigation of shear force
spectra indicates spectral similarities among the 50, 75 and 100 percent duty cycles, thus
suggesting similar conditioning outcomes for these three processes. Furrow density
Monte Carlo simulations of various break-in and conditioning methods noted above are
performed. Results indicate that the fundamental peaks seen in the experimental results
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are most likely generated by the pad conditioner. This work underscores the importance
of pad break-in to achieve early steady-state polishing through optimum break-in time
and to extend pad life through an optimum conditioning duty cycle.

9.1 Introduction
During CMP, the pad accommodates slurry delivery into pad wafer regions via
grooves and asperities. Previous studies have shown that without a proper mechanism to
regenerate asperities, material removal rate and wafer non-uniformity decreases
significantly (Oliver 2004 – Ali et al. 1997). In current state-of-the-art technology, pad
asperities are continuously generated using an array of diamonds embedded into a metal
plate which create microscopic cuts or furrows on the surface (Borucki et al. 2004) and,
consequently, wear down the pad. With an applied down-force, a rotating pad conditioner
is swept back and forth radially across the pad with a certain oscillation frequency. The
asperities generated by conditioning are on the scale of nm to µm, largely defined by the
conditioner properties (Lawing 2005).
Prior to any polishing, a CMP pad is ‘broken-in’ using a diamond disc and ultra
pure water with the same conditioning parameters that will be used in the subsequent
wafer polishing. Pad break-in is aimed to generate and define asperities to achieve a
stable polishing process. During actual polishing, a wafer is pressed against the pad and,
consequently, it degrades the pad asperities. In-situ pad conditioning plays an important
role in regenerating the asperities to ensure the pad’s ability to hold slurry (Stavreva et al.
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1997). As a conditioning process ultimately wears down the pad, excessive conditioning
will shorten pad life. Hence, the optimization of in-situ conditioning is imperative.
Several research groups have investigated various aspects of pad conditioning to
CMP performance such as the slurry holding capacity of the polishing pad (Stavreva et
al. 1997), wafer non-uniformity (Oliver 2004 – Ali et al. 1997), removal rate drop in the
absence of conditioning (Oliver 2004 – Stein et al. 1996 – Lawing 2002), removal of byproducts (Ali et al. 1997 – Stein et al. 1996 – Steigerwald et al. 1997) and simulation of
the surface structure (Borucki et al. 2004). There has been, however, little work regarding
the effect of pad break-in time and in-situ conditioning duty cycle during copper CMP.
In this study, the removal rate, COF and shear force variance of copper CMP are
investigated as a function of pad break-in time and in-situ pad conditioning duty cycle. In
the first set of experiments, porous and non-porous pads are ‘broken-in’ for 5, 10, 20 and
30 minutes. In the second set of experiments, pad conditioning on a non-porous pad is
performed during copper CMP for 0, 25, 50, 75 and 100 percent of the total polishing
time. Shear force spectral fingerprints are also explored to understand the effect of breakin time and in-situ pad conditioning duty cycle. Polishing is carried out on a system with
the unique ability to measure shear force in real-time. Fast Fourier Transformation (FFT)
is performed to convert shear force data from time domain to frequency domain to
illustrate the amplitude distribution of shear forces as explained in Chapter 8 and by
Sampurno et al. 2008. The frequency spectra of the force gives a more in-depth insight
into the interaction between the pad and the wafer. Furrow density Monte Carlo
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simulations of break-in and conditioning method are performed to support the
interpretation of the spectral analysis of the experimental results.

9.2 Experimental Apparatus and Procedure
All polishing was performed on a 100-mm polisher and tribometer. The polisher
and its associated accessories have been described in detail in Chapter 2.1. A 100-grit
diamond disc from TBW Industries was used in this study. The diamond disc rotated at
30 RPM and oscillated at 0.33 Hz. The load applied on the diamond disc was 3.45 kPa.
Cabot 600Y-75 containing hydrogen peroxide as the oxidizer was used as the copper
CMP slurry. During polishing, the diamond disc, the pad and the wafer carrier rotated in
a counterclockwise fashion. All polishing parameters were computer controlled and
monitored. Shear force during polishing is measured in real-time at a frequency of 1,000
Hz. Polishing was done using 100-mm copper deposited wafers comprised of three
layers: 20,000 Angstroms of PVD copper, followed by 1,000 Angstroms of PVD Ta,
followed by 1,000 Angstroms of thermal silicon dioxide grown on a p-type silicon
substrate. All wafers were polished for 75 seconds. After polishing, copper wafers were
rinsed, dried and weighed using an Ohaus analytical scale with a resolution of 0.01 mg.
The mass change before and after polishing was used to compute removal rate.
Break-in time study.— A porous pad and a non-porous pad were used in this
study. The pads were broken in for 5 minutes with ultra pure water using the same
conditioner and followed by a copper wafer polish with in-situ conditioning. Subsequent
pad break-in and copper polishes were performed for a total break-in time of 5, 10, 20
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and 30 minutes. Slurry flow rate was kept constant at 60 ml/min. Wafer polishing
pressure was kept constant at 20 kPa and pad-wafer sliding velocity was set to 0.7 m/s
(i.e. 90 RPM).
In-situ conditioning cycle study.— Prior to data acquisition, a non-porous pad
was broken in for 30 minutes using ultra-pure water. Pad break-in was followed by a pad
seasoning procedure (i.e. a 10-minute copper disc polishing using CMP slurry) to achieve
a stable COF. The slurry flow rate was kept constant at 80 ml/min. The wafer polishing
pressure was kept constant at 14 kPa and the pad-wafer sliding velocity was 0.62 m/s (i.e.
80 RPM). Five different in-situ conditioning duty cycles varied by the conditioning time
(i.e. 0, 25, 50, 75 and 100 percent of the total polishing time) were investigated. The
experiment was started with 0 percent followed by 25, 50, 75 and 100 percent.

9.3 Results and Discussion
9.3.1 Pad Break-in Time
Figure 9.1(a) shows the copper removal rate as a function of break-in time. It can
be seen that the copper removal using a porous and non-porous pad are comparable (i.e.
approximately 2,000 Å/min) after 5 minutes of pad break-in. Meanwhile, as pad break-in
time progresses to 30 minutes, removal rate associated with the porous pad increases to
approximately 2,500 Å/min while the non-porous pad decreases to approximately 1800
Å/min. Similar trends are also observed in the COF data shown in Figure 9.1(b). It can be
defined that COF indicates the extent of mechanical interactions among pad-waferabrasive particles during CMP. Hence, under a non-chemically limited CMP process,
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higher COF should result in higher removal rate as observed in this study. The fact that
different COF trends are observed in porous and non-porous pads suggests that COF data
may not be a suitable parameter to observe the evolution of microscopic furrows on the
pad surface. In contrast, shear force variance (i.e. the fluctuating component of shear
force corresponding to the deviation from the mean shear force) shares the same
increasing trend for porous and non-porous pads as shown in Figure 9.1(c). Shorter
break-in time corresponds to a lesser degree of surface roughness. As a result, lower
shear force variance is observed during short pad break-in times (i.e. 5 minutes). As
microscopic furrows are continuously formed during pad break-in, the pad surface
becomes rougher; hence higher shear force variance of copper CMP is observed with
longer break-in time.
It can be observed from Figure 9.1(c) that porous and non-porous pads reach the
steady shear force variance at different break-in times. After the first 10 minutes of pad
break-in, the porous pad reaches a steady shear force variance of about 15 lbf. In contrast,
the shear force variance of the non-porous pad increases significantly during the first 20
minutes of break-in time, then it reaches a steady value at 32 lbf. This phenomenon may
be closely related to the presence of pad porosity. In the non-porous pad, the pad texture
solely depends on the role of the diamond disc conditioner. Therefore, a longer break-in
time is necessary to fully define the texture over the pad surface. On the other hand, the
pre-existing porosity on the surface of the porous pad dominates pad texture. The early
time of pad break-in on the porous pad is critical in opening up the pores (Li 2008) and
generating microscopic furrows in the land area between the pores. Further generation of
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(a)

(b)

(c)
Figure 9.1: (a) Removal rate, (b) coefficient of friction and (c) shear force variance
as a function of pad break-in time

microscopic furrows is not necessarily quantified by shear force variance since its
contribution is over-shadowed by the surface porosity.
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FFT is employed to convert the raw shear force data from time domain to
frequency domain to illustrate the spectral distribution of the force. The procedure has
been described in detail in Chapter 8 and Sampurno et al. 2008. Figure 9.2 shows the
shear force spectral analysis of four different break-in times using non-porous and porous
pads. It must be noted that a low frequency range (i.e. lower than 7 Hz) is dominantly
induced by the kinematics of the process including the rotational velocities of the platen,
wafer and the diamond conditioner. As the break-in time increases, both pads induce
similar responses on the spectral amplitude. Longer break-in time generates more
microscopic furrows in the pad surface that cause a spectral amplitude increase of about 8
– 12 Hz accordingly.

9.3.2 In-situ Conditioning Duty Cycle
In contrast to the pad break-in time study, there is no trend on removal rate and
COF data that can be associated with in-situ conditioning duty cycles. Removal rate and
COF of copper polishes with 0, 25, 50, 75 and 100 percent duty cycles are approximately
1,675 Å/min and 0.88, as shown in Figure 9.3. The standard deviation is 2 percent and is
within experimental error. This observation suggests that the early pad break-in and pad
seasoning were effectively performed in achieving a steady CMP performance. Stable
COF results, coupled with the fact that the removal rate remains constant, indicates the
lubrication mechanism can essentially be assumed the same for all investigated in-situ
pad conditioning duty cycles.
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Figure 9.2: Shear force spectral analysis of four different break-in times
using (a) non-porous pad and (b) porous pad
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(a)

(b)

Figure 9.3: (a) Removal rate and (b) COF as a function of conditioning duty cycle
Figure 9.4 shows shear force variance as a function of duty cycle. With the same
understanding inferred from the pad break-in time study, a higher percentage
conditioning duty cycle regenerates microscopic furrows more aggressively on the pad
surface, resulting in higher shear force variance. It must be noted that the copper CMP
reaches a steady shear force variance value with a 50 percent duty cycle. This indicates
that the polished wafer encountered a similar pad surface texture during polishing with
50, 75 and 100 percent conditioning duty cycles. Therefore, it can be inferred that the pad
surface texture has a certain period of life during polishing. In the case of the 50 percent
duty cycle, the pad texture generated by the conditioner during the first 50 percent of
polishing time is not significantly worn out by the polished wafer for the remaining of the
polish duration.
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Figure 9.4: Shear force variance as a function of conditioning duty cycle

Figure 9.5 shows the shear force spectral analysis associated with five in-situ
conditioning duty cycles. A higher percentage of a pad conditioning duty cycle generates
more microscopic furrows on the pad surface that cause a spectral amplitude increase of
about 8 – 12 Hz accordingly. This observation is consistent with the study of pad break-in
time. Again, the shear force spectral analysis confirms similar conditioning outcomes for
50, 75 and 100 percent duty cycles.
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Figure 9.5: Shear force spectral analysis of the five different conditioning duty cycles

9.3.3 Simulation
Two Monte Carlo simulations were performed based on the polishingconditioning parameters used in pad break-in time and in-situ pad conditioning duty cycle
studies. The simulation includes a rotating ungrooved non-porous pad with the same
dimension as the actual pad as well as a co-rotating and oscillating conditioner with the
same schedule as the actual process. Pad topography is simulated by incorporating the
actual arrangement of embedded diamonds on the conditioner. An example of a Monte
Carlo simulated pad topography with the microscopic furrows generated by the pad
conditioner is shown in Figure 9.6. The simulation is used to calculate the mean furrow
density of pad topography under a polished wafer based on the earlier Monte Carlo
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simulations. Figures 9.7(a)
(a) and 9.7(b) show mean furrow density as a function of polish
time for break-in and conditioning duty cycle studies,, respectively. FFT is
i employed to
convert the mean furrow density from time to frequency domain to illustrate the spectral
distribution of furrow density associated with pad break
break-in
in and conditioning.
conditioning The results
are shown in Figure 9.
9.8.. A direct comparison of spectral analysis between the
experimental and simulation results for bre
break-in time (i.e. Fig. 9.2
2 and 9.8(a)) and
conditioning duty cycles (i.e. Fig. 9.5 and 9.8(b)) indicate that most of the fundamental
peaks shown in experimental results are most likely generated by the pad conditioner.

Figure 9.6: Example of Monte Carlo simulation of pad topography with the microscopic
furrows generated by the pad conditioner
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(a)

(b)
Figure 9.7: Mean furrow density under a polished wafer as a function of polish time
for (a) pad break-in and (b) conditioning duty cycle experiments
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(a)

(b)
Figure 9.8: Spectral analysis of furrow density under a polished wafer for
(a) pad break-in and (b) conditioning duty cycle experiments corresponding to Figure 9.7
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9.4 Conclusion
The effect of pad break-in time and the in-situ pad conditioning duty cycle during
copper CMP are explored. Fast Fourier Transform is employed to illustrate the amplitude
distribution of shear force. Results show that, under identical polishing conditions, porous
and non-porous pads have opposing effects on removal rate and coefficient of friction.
Shear force variance increases with pad break-in time and unique and consistent spectra
emerge which show increasing fundamental peaks for longer break-in times. In contrast,
removal rate and coefficient of friction are not affected by the conditioning duty cycle
while shear force variance is found to increase with the duty cycle of up to 50 percent
after which saturation is reached. Further investigation of shear force spectra indicates
spectral similarities among the 50, 75 and 100 percent duty cycles thus suggesting similar
conditioning outcomes for these three processes. Furrow density Monte Carlo simulations
of break-in and conditioning methods are performed, the results of which indicate that the
fundamental peaks shown in the experimental results are most likely generated by the pad
conditioner.
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CHAPTER 10
APPLICATIONS OF FORCE SPECTRAL ANALYSIS IN SHALLOW TRENCH
ISOLATION CHEMICAL MECHANICAL PLANARIZATION

This study explores the transition of force spectral fingerprints of shallow trench isolation
(STI) CMP during early evolution of wafer topography and layer transition from silicon
dioxide to silicon nitride. Polishing was done with a polisher and tribometer capable of
measuring shear force and down force in real-time. Fast Fourier Transformation is
performed to convert the force data from time to frequency domain and to illustrate the
amplitude distribution of the force. Such frequency spectra provide in-depth insights into
the interactions among the abrasive particles, pad and wafer. First, the effect of different
ceria

particle

sizes

is

studied

using

200-mm

blanket

plasma

enhanced

tetraethylorthosilicate (PETEOS) wafers. The coefficient of friction and removal rate are
found to increase with particle size. Secondly, STI patterned wafers are over-polished
using a cerium oxide slurry. Results show that shear force increases during polishing
when the high density plasma (HDP) oxide layer is removed thus exposing the Si3N4
layer. Unique and consistent spectral fingerprints are generated showing significant
changes in several fundamental peaks during the early evolution of wafer topography and
subsequent layer transition to silicon nitride polishing. Variance of force is also plotted
to show the progression of pattern evolution. Results show that a combination of unique
spectral fingerprinting and analysis of force variance (based on shear and down force)
can be used to monitor in real-time the polishing progress during STI CMP.
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10.1 Introduction
Shallow trench isolation (STI) is the preferred method of isolation for high
volume IC manufacturing with active device pitches in the deep sub-micron regime
(Kang et al. 2004 – Katoh et al. 2003-2004 – Kim et al. 2002-2003). During IC
fabrication, STI incorporates silicon dioxide as the insulator and silicon nitride as the
stopping layer. In CMP, cerium oxide based slurries are now commonly used due to their
high oxide-to-nitride removal rate selectivity.
Compared with a weight ratio as high as 30% for conventional colloidal silica
abrasive slurries and as high as 12.5% by weight for fumed silica abrasive slurries,
slurries using ceria particles as the abrasives typically contain less than 1% solid content.
This dramatic reduction of solid content contributes to less solid waste discharge, thus
making the CMP process more environmentally benign. Recent studies on silicon dioxide
and silicon nitride CMP using ceria abrasive slurries have been focused on the chemical
aspect of the polishing process. For example, Park et al. 2003 investigated the effects of
the surfactant concentration and the molecular weight of the surfactants during ceria
abrasive slurry polishing. Tateyama et al. 2000 investigated the effects of the surfactant
on the silicon dioxide removal rate. Lee et al. 2001 investigated the effect of the chemical
additives on the silicon dioxide removal rate and proposed that the ceria abrasives were
coated by the additives and passivated the oxide layer of the lower area on the wafer,
resulting in planarization without dishing. Chandrasekaran 2004 proposed that the direct
chemical interaction between the ceria abrasives and the oxide surface led to a high oxide
removal, while the silicon nitride removal required the formation of a hydrated surface
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layer before it was mechanically removed by the abrasion of the ceria particles. Abiade et
al. 2004 also investigated the chemical nature of the interaction between the ceria
particles and the silica substrate. Their results showed that the dissolved silica indeed
adsorbed onto the ceria abrasives during polishing and the slurry pH had significant
effects on the oxide removal rate and removal mechanism. Evans 2004 showed that there
was chemical interaction between the ceria and silica particles and proposed that the
strong chemical interaction between the ceria abrasives and the silica surface caused the
high silica removal rate for the ceria abrasive slurries. Generally speaking, cerium oxide
slurry is a relatively new formulation compared to the more well-known silica and
alumina based slurries. Compared with the extensive effort spent on the chemical aspect
of the ceria abrasive slurry polishing, no tribological study has been performed to
examine the friction force generated during STI CMP.
The first part of this study analyzes the COF, shear force variance and removal
rate of 200-mm blanket PETEOS wafers using different ceria particle sizes. Secondly,
STI patterned wafers are over-polished using one of the above cerium oxide slurries.
Wafers were polished using APD-500 tribometer and polisher to measure the shear force
in real-time. Fast Fourier Transformation (FFT) is performed to convert the shear force
data from time into frequency domain and to illustrate the amplitude distribution of the
shear force. COF, shear force variance and spectral fingerprints during the early evolution
of wafer topography and subsequent layer transition to silicon nitride polishing are then
compared.

271

10.2 Effect of Ceria Particle Size on Blanket PETEOS Wafers
10.2.1 Experimental Procedure
Four cerium oxide based slurries with different particle size, summarized in Table
10.1, were used to polish 200-mm blanket PETEOS wafers to investigate the effect of
particle size on friction force and removal rate. D50 and D99 is defined as the size of the
particle on 50 and 99 percentile of the total solid fraction. The fraction of solid weight
content of all slurries, Xw, is 0.01. Polishing was performed on the APD-500 polisher,
which has a unique ability to measure friction force and actual down force in real-time
during polishing. For this study, the data acquisition rate is set at 1000 Hz. For each
slurry, five wafers were polished for 1 minute on a 500-mm IC1000 A2 concentric
groove pad manufactured by Rohm and Haas. The polishing pressure and sliding velocity
were kept constant at 3 PSI and 1.37 m/s (a combination of 93 RPM for the platen and 87
RPM for the wafer carrier). All polishing was done using in-situ conditioning. A 107-mm
triple ring dot (TRD) conditioner disc with a 100-grit diamond size manufactured by
Mitsubishi Materials Corporation was used to condition the pad with constant down-force
at 5.8 lbf during wafer polishing. The conditioner disc was rotated at 30 RPM and swept
10 times per minute across the radius of the pad. The slurry was injected on top of the
pad center and its flow rate was set constant at 200 ml/min. For each slurry type, five
blanket PETEOS wafers were polished.
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Table 10.1: Particle size of four cerium oxide slurries
Cerium Oxide based Slurries
I

II

III

IV

D50 (nm)

160

180

190

200

D99 (nm)

400

500

700

1000

10.2.2 Results and Discussion
Figure 10.1 shows the shear force and down force as a function of time during the
polishing of the blanket PETEOS wafer. Shear force and its fluctuations resulted from the
interactions of the dynamic three-body contact among the wafer, slurry and pad. A tight
fluctuation of down force indicates polisher stability to deliver consistent down force
during polishing. Shear force is stable for a certain force value depending on the size of
the cerium oxide particle in the slurry.
Transient COF can be plotted by dividing the measured shear force over the
actual polishing down force for each data point, as described in Chapter 3. Figure 10.2
shows an example of a transient COF using slurry II.
For this study, the average COF is suitable for understanding the effects of
particle size. The average COF for each wafer polishing is calculated using Eq. 3.5 as
described in Chapter 3. The removal rate is calculated by subtracting the copper film
thickness before and after polishing. Table 10.2 summarizes the COF and removal rate of
all wafers. It can be seen that the relative standard deviation (RSD), calculated by
dividing the standard deviation with its average value, are less than 5 %. Such results
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suggest that the removal rate and COF for each slurry are very stable, an important fact
enabling one to explore the effects of particle size without worrying about other possible
sources of variability.

Figure 10.1: Shear force (red curve) and down force (green curve) of a blanket PETEOS
wafer as a function of polish time during CMP using slurry (a) I, (b) II, (c) III and (d) IV
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Figure 10.2: Transient COF of a blanket PETEOS wafer as a function of polish time
during CMP using slurry II

Table 10.2: Summary of removal rate and COF

The average COF of blanket PETEOS wafers are plotted as a function of D50 and
D99 as shown in Figure 10.3(a) and (b). While the COF increases with D50 and D99, it
increases more linearly with D50 than with D99. This finding indicates that COF of
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PETEOS wafer polishing is directly affected by the mean particle size and is not directly
affected by the smaller amount of larger particles in the right tail of the particle size
distribution (PSD).

(a)

(b)

Figure 10.3: Coefficient of friction of blanket PETEOS wafer polishing as a function of
(a) D50 and (b) D99 of the cerium oxide particle size

Figure 10.4 plots the removal rate of blanket PETEOS wafer polishing as a
function of D50 and D99 of the cerium oxide particle. While removal rate increases with
both D50 and D99, it increases more linearly with D50 than with D99. Again, this
observation indicates that the removal rate of PETEOS wafer polishing is directly
affected by the mean particle size and is not directly affected by the smaller amount of
larger particles in the right tail of the PSD.

276

(a)

(b)

Figure 10.4: Removal rate of blanket PETEOS wafer polishing as a function of (a) D50
and (b) D99 of the cerium oxide particle size

The plot of the removal rate as a function of COF (Figure 10.5) shows a near
linear correlation with the R2 value of 0.94. As expected, a higher COF results in a higher
removal rate since it induces a higher amount of shear force to abrade the wafer surface.
This result also indicates that the removal mechanism of the PETEOS wafer using a
cerium oxide wafer is a mechanically controlled process.
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Figure 10.5: Correlation between COF and removal rate of blanket PETEOS wafers

10.2.3 Modeling of the Effect of Particle Size
A CMP removal model is implemented in order to explain the correlation among
removal rate, COF and particle size during PETEOS wafer polishing using cerium oxide
slurry. The model is based on the framework of the Elastic–Plastic Micro-Contact
Mechanics and Abrasive Wear Theory (Zhao et al. 2002). A closed-form equation of
material removal rate from the wafer surface is derived relating to the material, geometric
and operating parameters in a CMP process. The material removal of the wafer is
assumed to be primarily due to the abrasive wear by the slurry particles. Furthermore, the
normal load applied on the polishing pad is assumed to be mainly carried by solid–solid
contacts. These assumptions have been substantiated by several earlier studies (Larsen-
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Basse et al. 1999 – Levert et al. 1998 – Liang et al. 1997). The slurry particles
participating in the material removal are those that are embedded in the surface of the
compliant polishing pad and are dragged across the wafer surface by the relative velocity
between the two surfaces. To calculate the removal rate of the wafer based on the
abrasive wear mechanism, three contact variables are modeled. They are the real area of
contact between the polishing pad and the wafer, the number of slurry particles
participating in the wear process and the indentation depth of a particle into the wafer
surface.

Figure 10.6: Schematic of pad-particle-wafer contact mechanism

The wafer-particle-pad contact within the real area of contact between the pad and
the wafer can be visualized in Figure 10.6, where the particle is largely embedded into
the pad surface. The elastic contact force between the pad and the particle is given by:
(Johnson 1985)
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Eq. 10.1

where Ecp is the Young’s modulus elasticity between ceria particles and pad, Dp is the
particle diameter and δp is the indentation depth into the pad. The plastic contact force
between the wafer and the particle is defined by
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Eq. 10.2

where Hw is the hardness of the wafer surface and δw is the indentation depth in the wafer
surface.
Then, the force equilibrium of the particle gives
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The indentation depths of the particle into the pad and wafer surfaces are related
to its diameter by

4 + 4" = 

Eq. 10.5
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Substituting Eq. 10.5 into Eq. 10.4 and rearranging yields
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Eq. 10.6

Eq. 10.6 may be used to calculate the indentation depth of the particle into the
wafer surface with the knowledge of wafer hardness, particle diameter and Young’s
moduli of the particle and pad. In this study, Hw is 8.3 x 109 Pa (Zhao et al. 2002) and Ecp
is assumed to be similar to the Young’s modulus of a silica particle on a polyurethane
pad, 3.33 x 107 Pa (Zhao et al. 2002).
The total removal of the wafer surface associated with one particle, ∆V, can be
formulated by
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Eq. 10.7

The amount of the ceria particles that are embedded in the actual pad-wafer
contact directly participate in the wear process. This number is calculated based on the
following three assumptions:
1. The abrasive particles are uniformly distributed in the CMP slurry.
2. All the particles are spherical in shape with an average diameter of Dp.
3. The area density of the particles embedded in the polishing pad is the same as that
in the polishing slurry.
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Allowing l and Xv to be the line density (m-1) and volume fraction of the particles in the
slurry, respectively, then

 y  = u

Eq. 10.8

where ζ is the average volume of an individual particle, which is the volume of a sphere
having diameter Dp,



 = y

Eq. 10.9

T

Substituting Eq. (6) into Eq. (5) and rearranging gives
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Eq. 10.10

Since the area density q of the slurry particles is related to the line density l by

 = V

Eq. 10.11
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then

T
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l

Eq. 10.12

Therefore, the number of particles, NA, participating in the material removal of the
wafer surface can be calculated by

VU
y

T
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l

Eq. 10.13

Eq. 10.13 relates the number of active particles to the actual area of pad/wafer
contact (At), the average size of the particles (Dp) and their volume concentration of the
abrasive particles in the slurry (Xv).
In this study, all 20 wafers were polished using the same polishing pad. With a
typical pad end-of-life in CMP of about 800 – 1000 wafers, it is plausible enough to
assume that the actual pad-wafer contact area, At, remained constant during the 20
wafers’ polishing. Hence,
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Eq. 10.14
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The total wear associated with NAo, number of particles, with ∆V, removed
volume for each particle, resulted in the total wear of:
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Eq. 10.15

To calculate Xv from a solid weight content, Xw, of 0.01, the density of the ceria
particles and slurry solution is needed. The density of the ceria particles is 7.65 gr/cm3
(Zhuang et al. 2005), the density of the slurry solution is assumed to be 1 gr/cm3 (Chapter
8). The slurry solution is mainly made by water. It can be calculated that Xv is equal to
0.001319. For the modeling calculation, the particle size is assumed to be the same as the
D50. Table 10.3 summarizes the results of the modeling.

Table 10.3: Summary of the modeling results

Slurry

Dp
(nm)

δw
(nm)

∆V
(nm3)

NAo
(nm-2)

Theoretical
Wear
(nm)

I

160

0.19

9.3

7.23 x 10-7

6.72 x 10-6

II

180

0.22

13.2

5.71 x 10-7

7.54 x 10-6

III

190

0.23

15.6

5.13 x 10-7

8.00 x 10-6

IV

200

0.24

18.1

4.63 x 10-7

8.38 x 10-6
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The experimental COF and removal rate are plotted as a function of theoretical
wear as shown in Figures 10.7 and 10.8. The simulation result and the experimental setup
correlates well. As the model developed fully based on the mechanical aspect of the
micro wear, this result confirmed that the PETEOS wafer polishing using a cerium based
slurry tends to be a mechanically controlled process. At higher removal rate, correlation
between the theoretical wear and removal rate becomes non-linear, the removal rates is
lower than the early slope. This is possibly due to a shift from mechanically-limited

Experimental COF

process (i.e. the model assumption) to a chemically-limited process.
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Figure 10.7: Experimental COF as a function of theoretical wear
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Figure 10.8: Experimental removal rate as a function of theoretical wear

10.3 Pattern Evolution Studies in STI CMP via Real-Time Shear and Down Force
Spectral Analyses
10.3.1 Experimental Procedure
Polishing was performed on the APD-500 polisher as described in Chapter 3. The
data acquisition is performed at 1000 Hz. The cerium oxide slurry manufactured by
Hitachi Chemical Corporation having a D50 value of 190 nm was used to polish five 200mm SKW STI-patterned wafers. The wafers were polished for 1 minute on a 500-mm
IC1000 A2 concentric groove pad manufactured by Rohm and Haas. The combination of
polishing pressure and sliding velocity were kept constant at 3 PSI and 1.37 m/s (a
combination of 93 RPM for the platen and 87 RPM for the wafer carrier). All polishing
was done in in-situ conditioning. A 107-mm triple ring dot (TRD) conditioner disc with a
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100-grit diamond size manufactured by Mitsubishi Materials Corporation was used to
condition the pad with the constant down-force at 5.8 lbf during wafer polishing. A
conditioner disc was rotated at 30 RPM and swept 10 times per minute across the radius
of the pad. The slurry was injected on top of the pad center and its flow rate was set
constant at 200 ml/min.

10.3.2 Results and Discussion
Figure 10.9 shows how the shear force and down force vary with the polishing
time for one of the 5 wafers. The polishing time was intentionally lengthened for all 5
wafers to ensure that over-polishing happened. Shear force and down force and their
fluctuations are generated by dynamic 2-body and 3-body interactions among the wafer,
the slurry particles and the pad. Figure 10.10 illustrates the progression of the cross
section of an STI patterned wafer during CMP. The STI patterned wafer polishing starts
with a thick high density plasma (HDP) oxide film followed by the subsequent step-down
reduction. Such a process is called “early-pattern evolution”. Later, it proceeds to clear
the HDP oxide to the underlying silicon nitride layer, namely, the layer transition process.
This progression can be related to the shear force data. As seen in Figure 10.9, there are
three different polishing regimes which occurred during the STI patterned wafer
polishing, as follows: 1) the early evolution of wafer topography (i.e. less than 57
seconds), 2) the subsequent layer transition to silicon nitride polishing (i.e. between 57
and 75 seconds) and 3) the over-polish regime (i.e. after 75 seconds).
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Figure 10.9: Shear and down force as a function of polish time during
CMP of an STI patterned wafer no. 1

Figure 10.10: Progression of an STI patterned wafer during CMP

Figure 10.11 shows the shear and down force of the other 4 STI-patterned wafers.
It must be noted that all STI wafers exhibited similar characteristics.
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Figure 10.11: Shear and down force as a function of polish time during
CMP of the other 4 STI patterned wafers

COF as a function of time of a STI patterned wafer polishing shown in Figure
10.12 was calculated by dividing the shear force by the down force. It can be observed
that during the early evolution of wafer topography, the COF increases slowly from 0.3 to
0.4. Meanwhile, during the subsequent transition to silicon nitride polishing, the COF
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increases sharply from 0.4 to 0.6.

Figure 10.12: Shear and down force as a function of polish time during
CMP of an STI patterned wafer no. 1

Again, the other 4 STI patterned wafers share similar characteristic with COF, as
shown in Figure 10.13. It can be observed that there is a slight variation as to when the
layer transition started and ended. Table 10.4 summarizes the polish times based on
Figures 10.12 and 10.13. The polish time varies by 5 seconds which could be due to the
variation of the as-received STI patterned wafer. Under the described polishing
conditions and set consumables used in this study, the layer transitions occur for a
duration of 15 seconds before they proceed to the over-polishing regions.

Table 10.4: Summary of polishing time
Transition Start (s) Transition End (s)
Average

56.4

71.4

Standard Deviation

3.4

4.5
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Figure 10.13: COF as a function of polish time during
CMP of the other 4 STI patterned wafers

Figure 10.5 indicates that the removal rate and COF for the blanket HDP oxide
polishing using cerium oxide based slurries correlated well with an R2 value of 0.94. A
higher COF is induced by more aggressive mechanical actions within the pad-wafer
region; therefore resulting in a higher removal rate. Figure 10.14 shows the Lim et al.
study regarding the transient oxide thickness during STI patterned wafer polishing using
a IC1000 pad and cerium oxide based slurry, comparable to this study. It shows that the
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removal rate of HDP oxide increases slowly from 950 A/min to 1150 A/min during the
first 55 seconds and then increases sharply to 4750 A/min after 75 seconds. The removal
rate trend published by Lim et al. is qualitatively similar to the COF trend exhibited in
this study. This observation, coupled with the fact that the removal rate and COF
correlate well with the previous study, suggests that the trend of COF can, also, indicate
the removal rate trend of HDP oxide during the polishing of the STI patterned wafer.

Figure 10.14: Thickness of HDP oxide and removal rate of STI patterned wafer as a
function of polishing time (Lim et al. 2005)
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During polishing, variance of shear force and down force is calculated every 5
seconds as shown in Figure 10.15. Variance of shear force increases and reaches a
maximum value during the onset of transition to silicon nitride polishing. In contrast, the
variance of down force is less affected during the early evolution of wafer topography as
it starts to increase during the early stages of layer transition and reaches a maximum
value after total oxide clearing.

Figure 10.15: Transient variance of shear and down force as a function of
polish time during CMP of a STI patterned wafer

To shed light on the interactions among abrasive particles, the pad and the
wafer, the shear force and down force data are converted from time to frequency domain
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using FFT as described in Chapter 8. The frequency spectra associated with the early
evolution of wafer topography are shown in Figure 10.16. Each spectrum is calculated
based on data from 5 seconds associated with each polish interval. Results indicate the
presence of unique and consistent spectral fingerprints associated with polishing of the
patterned wafers. There are peaks in the shear force spectra that dominate at 20 and 22
Hz during early polishing time (i.e. 5 – 10 second). These particular peaks drop by about
1 order of magnitude before the transition to the silicon nitride layer (i.e. 50 – 55
seconds). Concurrently, fundamental peaks at 16 Hz rise by 1 order of magnitude. No
significant changes in peaks are observed regarding the down force spectra. Figures 10.17
and 10.18 show the same trends for the other 4 STI patterned wafers.

(a)

(b)

Figure 10.16: Force spectral analysis of a STI patterned wafer during early evolution of
wafer topography based on (a) shear force and (b) down force

294

Figure 10.17: Force spectral analysis of the other 4 STI patterned wafers during early
evolution of wafer topography based on shear force

Figure 10.18: Force spectral analysis of the other 4 STI patterned wafers during early
evolution of wafer topography based on down force
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Figure 10.19 shows the frequency spectra of shear and down force before, during
and after the transition to silicon nitride. Both spectra based on shear force and down
do
force have similar changes at several fundamental peaks. There are peaks that dominate
at 6 and 9 Hz before the transition and these particular peaks drop by about 1 order of
magnitude during the transition, followed by another drop of about 1 order of magnitude
after the transition. Fundamental peaks at 25 and 28 Hz rise by 1 order of magnitude after
the transition has taken place. Changes in the topography of the layers being polished and
their interaction
nteraction with the contacting bodies (i.e. the abrasive particles and the pad) are
manifested in the dynamic evolution of the frequency spectra described above. Figures
10.20 and 10.21 show the same trends for the other 4 STI patterned wafers.

(a)

(b)

Figure 10.19 Force spectral analysis before, during and after silicon dioxide clearing
based on (a) shear force and (b) down force
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Figure 10.20: Force spectral analysis of the other 4 STI patterned wafers before, during
and after silicon dioxide clearing based on shear force

Figure 10.21: Force spectral analysis of the other 4 STI patterned wafers before, during
and after silicon dioxide clearing based on down force
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10.3.3 Conclusions
The effect of ceria particle sizes is studied using a novel polisher and tribometer
that has the unique ability to measure real-time shear force. The shear force during
polishing using a blanket PETEOS wafer is relatively stable. The coefficient of friction
and removal rate are found to increase with particle size. The removal rate correlates
linearly with the coefficient of friction. The STI patterned wafers were over-polished
using a cerium oxide slurry. Results showed that the COF increased slowly during the
early evolution of pattern topography and increased sharply during the transition to
silicon nitride. The variance of shear force decreased during the first 20 seconds and then
increased and reached a maximum value at the onset of transition. In contrast, the
variance of down force was less affected during the early evolution of wafer topography
as it started to increase during the early stages of layer transition and reached a maximum
value after total oxide clearing. Unique and consistent spectral fingerprints emerged
showing significant changes in several fundamental peaks during the early evolution of
wafer topography and subsequent layer transition to silicon nitride polishing. Results
showed that a combination of unique spectral fingerprinting and analysis of force
variance (based on shear and down force) is critical for monitoring the evolution of
the STI polish process in real-time.
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CHAPTER 11
CONCLUSIONS AND FUTURE PLANS

11.1 Conclusions
A number of studies were conducted that were designed to address some of the
CMP challenges that the semiconductor industry will continue to face as IC technology
advances. Major challenges that this work focused on ranged from decreasing overall
COO and environmental impacts, to decreasing wafer defects, to providing understanding
of fundamental reaction kinetics that govern the CMP process. Each major study is
separately highlighted below along with the major conclusions reached.

•

A method for direct measurement of substrate temperature during copper
CMP
A method is described for measuring the substrate backside temperature
during copper CMP. On highly conductive substrates, the back-side
temperature closely follows the front polished side temperature, which is in
turn the same as the slurry temperature near the substrate surface. During
polishing on a flat pad, the copper disc temperature fluctuates with a
frequency that is very close to the conditioner oscillation. On a concentrically
groove pad, the effect of conditioning is ‘masked’ by the grooves and the
slurry mixing in the grooves. Results show that there is a temperature
distribution on the wafer surface and that the distribution is related to the
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slurry flow beneath the wafer. Both the pad leading and trailing edge
temperatures are lower than that of the wafer, suggesting that the polishing
pad directly under the wafer is also cooler than the wafer.

•

Effect of slurry injection position on slurry mixing, friction, removal rate and
temperature during copper CMP
This work has shown that the extent of the slurry mixing between new and
aged slurry influences copper removal rates. Higher slurry mixing lowers the
removal rate since the less reactive slurry degrades the chemical activity of the
slurry under the wafer. By pulling out aged slurry entrained in grooves and
mixing it with the fresh slurry, the conditioner intensifies slurry mixing.
Furthermore, results indicated that the slurry injection position plays an
important role in the slurry mixing characteristics and slurry utilization
efficiency. Injecting slurry at the edge of the wafer carrier near the pad center
reduces the extent of the slurry mixing induced by the conditioner and
increases the removal rate up to 15 % relative to injection at the pad center,
providing an opportunity to significantly reduce slurry use without changing
the lubrication mechanism.
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•

Characterization of thermoset and thermoplastic polyurethane pads, and
molded and machined grooving methods for oxide CMP applications
Experimental results indicate that the thermoplastic pad investigated
induces a higher COF than the thermoset pad for all of the pressures and
velocities considered. This observation agrees well with DMA data and a
theory that indicates that a higher energy dissipation per cycle (tan δ) should
result in a higher COF. While the removal rate data for the two pad types are
similar, the pad temperature of a thermoplastic pad is slightly higher than that
of the thermoset due to the higher COF.
Comparing machined and molded grooving, SEM images clearly show
that machined grooving produces rougher edges than molded grooving,
thereby inducing a higher COF and a higher shear force variance. This affects
the balance of chemical and mechanical rates. Molded grooving, with a lower
removal rate, is also more mechanically controlled than machined grooving.
Since the LSP groove is designed to push slurry toward the center of the pad,
the mean temperature of this pad is slightly higher than that of the concentric
groove pad. In addition, the LSP pad has a higher shear force variance.
However, there is no significant difference in removal rate and mean COF.
The governing removal mechanism is similar, as shown by an analysis using a
two-step removal mechanism.
Analysis using two-step removal rate model indicates that thermoplastic
pad induces a higher reaction temperature than a thermoset pad; hence a
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higher chemical rate constant. Due to a significantly lower cp, the
thermoplastic pad results in a lower mechanical rate constant. Therefore, it has
a higher k1/ k2 ratio, indicating that the thermoplastic pad produces a more
mechanically controlled removal mechanism than the thermoset pad.

•

Stability ratio and critical coagulation concentration: Comparison of turbidity
and low angle light scattering methods
The early stage homoaggregation kinetics of negatively charged
monodisperse polystyrene latex in aqueous suspension is investigated. The
turbidity method using red and blue light source as well as low angle
scattering light intensity method can indicate the aggregation process.
Turbidity and scattering light intensity increases as the aggregation is in
progress. The stability ratio is systematically decreased by reducing the
electrostatic barrier to aggregation. Systematic overestimation of the stability
ratio compared to the turbidity method is observed since the polystyrene used
in this work was not strictly Rayleigh scatterer. Nonetheless, the normalized
stability ratio from the investigated techniques provides a useful means to
quantify the aggregation kinetics and is a convenient indicator for the
effective inter-particle potential and inverse sticking probability. Furthermore,
the combined evaluation of simultaneously measured low angle scattered light
turbidity using red and blue light demonstrated high reproducibility of
coagulation critical concentration. The stability ratio from blue laser light
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turbidity shows the lowest standard deviation for high salt concentrations.
However, the standard deviations of stability ratio on slow aggregation
kinetics and of the normalized stability ratio are statistically the same.
Stability ratio based on low angle scattering light show better reproducibility
than turbidity method. This observation, coupled with the fact that the low
angle scattered light method results in similar value of absolute stability ratio
to the available literature data, demonstrated that the low angle scattered light
method is better than the turbidity method to study the aggregation kinetics of
polystyrene latexes.
This work also demonstrates the application of stability ratio
measurements in the ceria based CMP slurry. Because of the wider particle
size distribution, the transition of stability ratio from slow to rapid aggregation
kinetics is slower. The electrical conductivity (EC) of the CCC is 20 times
higher than the measured stock slurry, critical to minimize the abrasive
particle aggregations.

•

Feasibility of real-time detection of abnormality in inter dielectric slurry
during CMP using frictional analysis
The effects of trace amounts of larger particles (i.e. alumina) in a
commercially available silica based ILD CMP slurry are explored. With the
certain types of consumables used in this study, this work showed that larger
particles are effectively transported in the pad-wafer region and are in intimate
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contact with the polished wafer. The presence of an infinitesimal
concentration ratio of alumina to silica particles does not affect the ILD
removal rate. However, contaminated slurries induce significantly higher
values of coefficient of friction and shear force variance than the pure slurry.
Fast fourier transform is used to transform the shear force data from time to
frequency domain and to elucidate the stick-slip phenomena of ILD CMP. It is
proposed that larger particles induce significantly slower rolling frequencies
than smaller particles, hence the presence of larger particle enhances the
energy distribution in the low frequency range which may be responsible for
creating microscratches.

•

Effect of pad break-in time and in-situ pad conditioning duty cycle for porous
and non-porous pads in CMP
The effect of pad break-in time and the in-situ pad conditioning duty cycle
during copper CMP are explored. Fast Fourier Transform is employed to
illustrate the amplitude distribution of shear force. Results show that, under
identical polishing conditions, porous and non-porous pads have opposing
effects on removal rate and coefficient of friction. Shear force variance
increases with pad break-in time and unique and consistent spectra emerge
which show increasing fundamental peaks for longer break-in times. In
contrast, removal rate and coefficient of friction are not affected by the
conditioning duty cycle while shear force variance is found to increase with
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the duty cycle of up to 50 percent after which saturation is reached. Further
investigation of shear force spectra indicates spectral similarities among the
50, 75 and 100 percent duty cycles thus suggesting similar conditioning
outcomes for these three processes. Furrow density Monte Carlo simulations
of break-in and conditioning methods are performed, the results of which
indicate that the fundamental peaks shown in the experimental results are
most likely generated by the pad conditioner.

•

Applications of force spectral analysis in shallow trench isolation CMP
The effect of ceria particle sizes is studied using a novel polisher and
tribometer that has the unique ability to measure real-time shear force. Shear
force during polishing using blanket PETEOS wafer is relatively stable.
Coefficient of friction and removal rate are found to increase with particle size
with saturation observed at the largest particle size studied. The removal rate
correlates linearly with coefficient of friction. STI patterned wafers were overpolished using a cerium oxide slurry. Results showed that COF increased
slowly during the early evolution of pattern topography and increased sharply
during transition to silicon nitride. Variance of shear force decreased during
the first 20 seconds and then increased and reached a maximum value at the
onset of transition. In contrast, the variance of down force was less affected
during the early evolution of wafer topography as it started to increase during
the early stages of layer transition and reached a maximum value after total
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oxide clearing. Unique and consistent spectral fingerprints emerged showing
significant changes in several fundamental peaks during the early evolution of
wafer topography and subsequent layer transition to silicon nitride polishing.
Results showed that a combination of unique spectral fingerprinting and
analysis of force variance (based on shear and down force) is critical for
monitoring the evolution of the STI polish process in real-time.

11.2 Future Plans
Main considerations should be given to the continuation of the spectral analysis
work described in Chapters 8, 9 and 10. These chapters show the feasibility of spectral
analysis based on shear force and down force data to detect slurry abnormality (i.e. larger
particle size), optimize the break-in and conditioning schedule and monitor in real-time
the polishing progress during STI-patterned wafer CMP. In this dissertation, spectral
analysis of force data can indicate the state of the polishing process by detecting the
systematic changes of the peaks in spectral results. A simulation result shown in Chapter
9 related the effect of pad conditioning to the spectral analysis data that was acquired
simultaneously. However, we currently have not fully understood the effects of many
other CMP parameters and consumables on spectral analysis.
Spectral analysis of a CMP process shows many peaks in certain frequency ranges
that have not been de-coupled so as to make clear the relative contribution of CMP
parameters and consumables that are manifested in such spectral data. For example, the
contribution of concentric grooves with a certain pitch size or faster wafer carrier rotation
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on the spectral analysis have not been determined. To understand the spectral peaks
contributed from pad grooving design, one can compare the results of spectral analysis
from polishing using a flat pad and a concentrically grooved pad. Additional simulation
data to support the experimental data will be beneficial. Further extensive research to decouple every spectral peak could provide greater predictive capabilities in a research or
industrial setting that could eventually lead to more efficient processes.
The spectral analysis work of pattern evolution and layer transition on STI
structures, as described in Chapter 10, should also be extended to other structures such as
copper/tantalum and tantalum/dielectric. The ultimate goal is to be able to monitor the
pattern evolution and layer transition during any CMP processes in real-time.
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