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ABSTRACT

Chemical Mechanical Planarization (CMP) is a necessary step in semi conductor
manufacturing. Since its introduction it has been able to provide better local and global
planarization. CMP has found applications in emerging technologies such as shallow trench
isolation, damascene technologies. As device size shrinks CMP has become increasingly
prominent.

CMP process has been analyzed at different length scales such as particle,
feature and wafer scales. Models have been developed for each scale. The models initially
have been deterministic, accounting for material removal by a single isolated particle. These
models predicted the quality control parameters such as material removal rate and
planarization at global scales. Recently, probabilistic models have been developed to
describe material removal rate from particle scale. However there do not exist models which
capture the interaction between parameters at different length scales.

The focus of this thesis is to develop a multi-scale model that considers the
interaction between parameters at different length scales. The interaction between macro-
scale property pH of the slurry on the micro-scale phenomenon such as particle
agglomeration has been studied. Interaction between pad asperity distribution and particle
diameter distribution has also been studied.

In the existing probabilistic models the effect of asperities on the material
removal has been studied assuming that the pad asperities are supported on a rigid base. In
this thesis the pad cellular structure under the asperities is considered to predict scratch

performance and material removal rate.
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The effect of pad structure and slurry pH on scratch propensity and wafer
scale material removal rate is studied. The model prediction of material removal rate has
been validated against experimental data. The predicted linear dependence of material
removal rate on pressure has been verified. The underlying cellular structure of the pad has
been found to have little impact on the dependence of material removal rate on pressure.

Defectivity, as defined by scratch propensity has been studied in this thesis.
Scratch performance has been found to be effected mainly by the proximity of slurry pH to
the isoelectric point of the slurry particles. The scratch performance has worsened as the pH
of the slurry becomes closer to the isoelectric point of particles.

A parametric study has been undertaken to study the effect of pad and slurry
evolution on scratch propensity and material removal rate. Based on the study, suggestions
have been made to improve scratch performance and material removal rate. Aggressive pad
conditioning has been found to improve scratch propensity while it also has been found to
maintain material removal rate, which decreases if the pad is allowed to evolve. On the other
hand, pad evolution has been found to alleviate scratch problem.

Based on the insights gained in the parametric study, few suggestions about
operating conditions have been made. It has been suggested to keep the slurry pH away from
the isoelectric point of particles to alleviate scratch propensity. It is suggested that the pad be
conditioned when the wafer surface is away from the target profile and the pad be allowed to
evolve when the wafer surface is closer to target profile. This strategy maintains the material
removal rate during the beginning of the process while avoiding the killer defects towards the

end of the process.



CHAPTER 1. INTRODUCTION

1.1 Introduction

Since the process was introduced in the early 1990s to achieve better local and global
planarization, Chemical Mechanical Planarization (CMP) has been an essential step in semi-
conductor manufacturing, particularly for technology nodes below 0.250 microns [1]. The
process has been adapted from the glass polishing industry. With the increase of number of
layers and with the shrinking of the feature size in semi-conductor devices, the prominence
of CMP has increased immensely over the last decade.

The semi-conductor industry has been keeping pace with the prediction of Moore’s
law [2] by improvising the technology for each process step in semi-conductor
manufacturing. Moore’s law states that the number of transistors, which roughly relates to
computational power, that can be placed inexpensively on an integrated circuit has increased
exponentially, doubling approximately every two years. This also resulted in miniaturization.
Moore says [3] that progress in lithography played a crucial role in exploiting the higher
densities of transistors. CMP, as explained later, plays a crucial role in the success of
lithography and hence is important in the further miniaturization of the semi-conductor
devices. It is the miniaturization that has led to pervasive use of semi-conductor devices
ranging from micro-wave ovens to defense equipment to portable electronics. This has
resulted in the development of consumer based economy.

Another reason for miniaturization is to reduce the circuit delay. The time delay of
the signal is one bottleneck in the effort to improve signal speed and thus the speed of

operation of the semi conductor device. The delay is proportional to RC where R is the



resistance and C is capacitance. When the semi-conductors devices involve multiple layers
there is capacitance effect due to conductive metal circuit lines separated by dielectric layers.
There are multiple approaches to solve this. As capacitance decreases with the distance
between circuit lines, it is necessary to reduce the size of the circuit to reduce the time delays
in the circuit. Another way to reduce the capacitance is to use low-K materials as inter layer
dielectric materials and this also requires some tight quality in terms of planarization [4].
Since the time delay is proportional to the resistance R and since Copper has 40% less
resistivity compared to Aluminum the shift from aluminum to copper also reduces the delay
[5]. All approaches have been aggressively pursued by the industry. The miniaturization is
not without drawbacks as the reduction of line width reduces the size but it also reduces the
conductor area of cross-section which means that the resistance R increases and the delay
increases. Since miniaturization has other benefits the net deteriorating effect on time delay

can be offset by choosing proper materials for conductor and dielectric.

1.2 CMP Expansion in the Industry

CMP began as a process to help planarize inter-level dielectrics. This involves
copper CMP, inter layer dielectric (ILD, usually silicon oxide) CMP and shallow trench
isolation (STI). Multiple layers of circuits have been realized due to this ability of CMP to
planarize different materials. Thus CMP enabled sophisticated multi-level metallization
integration approach to prosper [4].

The planarization process, when it was initially applied to semi-conductor
industry had its origins in glass polishing. In early 1990s the CMP started as an

unsophisticated adaptation of glass polishing. As the device size shrank with each year the



precision of photo-lithography became a bottleneck in the final quality of the devices. To
keep the wafer surface in focus for wide lengths, the planarization requirements, both at local
level and global level became stringent. Thus the necessity to study the process of
planarization in detail emerged. Researchers started looking closely at the various

components of the CMP process and how each component contributed to the final quality.

1.3 CMP Process

CMP involves a wafer rotating on a polyurethane pad as shown in figure 1.1. Pressure
is applied on the wafer and slurry is used in the process. The slurry contains abrasive
particles which perform the process of abrasion and aid in mechanical aspect of material
removal. CMP involves different length scales with particles of nanometer size to the wafer
with a size of few hundred millimeters. Figure 1.2 shows how the different parts at different
length scales combine to produce the target surface. In the CMP process the particles are
suspended in chemically active slurry which flows continuously onto the pad. The pad is
conditioned frequently to keep the asperities distribution closer to a new pad which improves
material removal rate. It is the interaction between wafer pad and the abrasive particles along
with the chemically active slurry that determines the quality of the CMP. Thus the
mechanical properties of the components and the chemical nature of slurry are crucial design
parameters in the quality control of the CMP process. The pad and the wafer are placed
eccentrically and rotate in opposite directions as shown in figure 1.1. Figure 1.3 shows the

evolution of silicon oxide (silica) profile during CMP.

1.4 Interactions between components



CMP components are, as shown in figure 1.1, pad, wafer, slurry, and the CMP
polisher. CMP pads are usually made of polyurethane material. Pads are of two types,
cellular and fibrous. Cellular pad are the commonly employed pads in CMP and in this thesis
only cellular pads are discussed. Cellular pads contain a cellular structure of base and
asperities on the base as shown in figure 1.4. The asperities of the pad are shown in figure
L.5.

Pad and wafer are in contact during CMP and the slurry particles are sandwiched in
between. The pressure applied on the pad causes the particles to indent into the wafer and the
relative motion ensures that particles plough through the wafer surface to remove material.
There are three possible mechanisms to explain the wafer-pad-particle interaction ([6]).
Figure 1.6 demonstrates the different scenarios. In figure 1.6(a) there is no contact between
the wafer asperities and the pad. Instead the asperities apply pressure on the particles
interlaced and the particles transfer the load further down on to the wafer thus resulting in
indentation. This mode of contact is relevant for cases when the slurry particle concentration
is high or when the pad is stiff or when the load is small or a combination of these factors. A
stiffer pad does not deform much and hence it is in this mode of deformation.

Figure 1.6 (b) demonstrates the second type of contact in which pad is partly in
contact with the wafer along with the particle wafer contact. This happens when the pad is
moderately stiff or when the particle concentration is moderate or when the load is moderate,
or a combination of these factors. During this mode of deformation the pad wears out during

the CMP process.



Figure 1.6 (c) demonstrates the extreme form of contact in which each particle is
completely engulfed by a pad asperity. This occurs when the load is higher or when the pad
is very soft along with low particle concentration. The material removal process is not
affected between the second and third modes because the horizontal force in the third mode
cancels the horizontal component from the opposite direction. The pad wear is maximum in
this case because of the maximum contact with the wafer.

Another important factor that affects the pad-wafer interaction is the pad cellular
structure. The pad has a cell structure from the studies of Gouda [7] as shown in figure 1.7.
There are two modes of loading the each cell structure of the pad. There is local indentation
and the cell bending mode as depicted in figure 1.8. For small loads and a load span less than
the length of the cell, local indentation is active. When the load increases the cell starts to
bend. Gouda [7] developed a series spring mechanical model to understand the nature of load
distribution on a CMP pad. Even though there has been such detailed study about the
structure and mechanics of the pad, few models considered pad cell structure to quantify
scratch propensity. The current thesis makes an attempt to include the cell structure in the
prediction of scratch propensity. The pad bending modes are important in understanding the
mechanical interaction between the pad particle and wafer.

Another interaction that influences the key quality parameters of CMP is the slurry
particle-wafer interaction. This is arguably the most crucial interaction in CMP. CMP
involves abrasion of the wafer surface by slurry particles which are softer than the wafer
surface. However, due to the presence of chemically active (usually acidic or basic) liquid in
the slurry the wafer surface becomes softer and thus the material removal becomes possible.

The modified softened layer is of the order of nano-meters and each time an abrasion takes



places there is a new layer formed due to the chemical reaction of slurry chemical on the now
exposed surface. Thus the material removal takes place incrementally until the target
thickness is achieved. There is chemical reaction between wafer surface and slurry, and
mechanical abrasion in the material removal process, hence the name Chemical Mechanical
Planarization.

In the previous paragraph the mechanical aspect of the material removal is discussed.
The chemical aspect arises not only from the softening of the wafer surface but also from
dissolution. The models developed in this thesis predominantly deal with the mechanical
aspects and the chemical dissolution is not taken up here. However it is important to
acknowledge that the material removal takes place through dissolution as well. Yu and Suo
[8] proposed a mathematical model which describes the effect of dissolution of the wafer
surface roughness. They found that the chemical dissolution is a function of stress applied on
the surface. They derived the effects of compressive and tensile stresses on dissolution. Che
et al [9] conducted an experimental study on copper CMP which established that there is a
wavelength selectivity caused by chemical dissolution. They found that after the dissolution
longer wavelengths dominate while shorter wavelengths decay. The critical wavelength for
their experimental conditions has been found to be 0.7 micron. It has to be noted that this
critical wavelength is a function of the chemical agent used in the dissolution process. In
light of these modeling and experimental studies it can be said that despite the trends
observed, the dissolution hampers planarity in an arbitrary fashion and can not be controlled
by chemistry alone. Hence the mechanical aspects play more important role in reinstating the

planarity than the chemical dissolution.



As discussed here, pad asperities are under loading constantly through out the process
of CMP which means that the asperities tend to become more uniform in their height as they
wear out. This has implications on the material removal and a model quantifying the effect of
such wear has been developed by Wang et al [10] based on an earlier analysis conducted by
Borucki et al [11] and Greenwood Williamson contact model [12].

All the above mentioned models are based on the assumption that the polyurethane
pad used in CMP behaves as linear elastic material. The effects of non linear pad are studied
by Gouda [7] assuming a time-dependent viscoelastic pad. In this study the effect of visco-
elastic pad on the pad-particle-wafer interaction and on the pad-wafer interaction are
explored.

Another time-dependent viscoelastic model has been developed by Guo and Chandra
[13] to explain the effects of visco-elastic pad on the die scale evolution, especially in
deteriorating the dishing and erosion that happens during CMP. Pad bending is implicated in

these problems.

1.5 Material removal in CMP

As CMP has its historical roots in glass polishing and Preston was among the first to
study glass polishing phenomenologically it is not surprising that many earlier models
developed used Preston’s equation [14] in quantifying the wafer scale average material
removal rate. The mean removal rate is

MRR = KPV (1.1)
where, P is the mean interface pressure and V is the relative velocity and K is Preston

constant. All the other physical variables are combined into the proportionality constant K.



Numerous other models have been developed by using the Preston’s equation in some form
in the models.

Two kinds of theories have been developed to explain the wafer-pad-slurry
interaction aiding in material removal in CMP. One theory hypothesizes the existence of a
hydrodynamic layer between the wafer and the pad, called the lubrication theory. Numerous
models have been developed to explain the fluid mechanics and mass transport of this layer.
The models typically try to predict the thickness of the layer and the hydrodynamic pressure
at the interface. Sunderarajan et al [15] developed a 2D model wafer scale model for
lubrication and mass transport for the hydrodynamic layer. As mentioned in the review paper
on the lubrication theory by Elon et al [16] many of the models started with the Reynolds
equation involving the hydrodynamic pressure and the layer thickness. For CMP Couette
flow boundary conditions are more relevant. Higgs et al provided a model to predict the
pressure based on polar form of Reynolds equation. [17]. The hydrodynamic models assume
the existence of an uninterrupted layer of fluid between the pad and wafer. In CMP abrasive
slurry particles are of nanometer size and hence penetrate this layer to develop mechanical
contact with the wafer. So the assumption of an uninterrupted layer does seem to be a
limitation in these models. The hydrodynamic model does not explain dishing, a common
problem in CMP.

In these models wafer and pad have been assumed to have different shapes ranging
from flat wafer and pad to flat wafer and sinusoidal pad [18] parabolic wafer and flat pad
[19].

In the lubrication theory mechanical abrasion plays a diminished role. There is

another competing theory which predominantly accounts for the removal via mechanistic



processes. The actual removal is due to a combination of these theories but it is closer to the
mechanistic model as the mechanical abrasion accounts for most of the material removed. In
this thesis mechanistic and probabilistic model is discussed which is closer to the actual
process.

Lubrication theories described earlier account at the best for die scale details. To
build a multi-scale model that explains the material removal mechanisms from the smallest
scale-particle scale, these models are not sufficient. In the current thesis the model start from
the abrasion of the wafer by an individual particle. The model then integrates the particle
scale phenomenon to account for the material removal and scratch propensity at the wafer
scale. Thus the model helps gain insights into the physical parameters affecting the material
removal and scratch propensity from the particle scale. This modeled can hence be useful in
designing the strategies to control the material removal at different stages of CMP and also
the final surface quality at the end of CMP in terms of the scratch propensity.

The mechanistic models of material removal in CMP can be categorized into two
different eras. The models involving deterministic models in which the material removal rate
due to a single particle has been derived with no account for the probability distributions of
either particle diameter or pad asperities. With the use of Greenwood and Williamson contact
model in deriving the material removal rate a whole range of probabilistic models have been
proposed.

Both the models predominantly have been based on contact mechanics to capture the
pad-wafer-slurry interaction and its role in material removal. So many of the models, just like
Preston’s model, have pressure (P) and velocity (V) as the only physical variables. There

have been variations in the dependence of material removal rate on of the exponent(s) of
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pressure and /or velocity. The exponents vary from 0.5 to 9/8. Zhang and Busnania[20]

proposed a model that is based on normal and shear stress at the interface and came up with

MRR = K\[PV , which has much lower dependence on pressure and velocity compared to
Preston model. Che et al [21] proposed a scratch intersection model of material removal for
copper CMP in which material is removed only when two scratches made by abrasive
particles intersect. The resulting model derived had a pressure dependence exponent of 1.3 in
the expression for material removal rate. This has been proposed after an earlier study into
micro-machining by Che et al [22] supported a characteristic length, which quantifies the
length of the chip removed due to secondary scratch after a primary scratch has been made.
Using FEM the length has been found to be approximately 7.6 times the height of the chip
for micro-machining of while the experimental results yielded 3.7. This characteristic length
however is a function of material properties.

Fu et al proposed another model assuming that the indentation of abrasive slurry
particles is plastic [23]. Material removal rates were derived for both spherical and pyramid
particles. The rate varies linearly with velocity. In this model the material removal is derived
for both extreme cases of pad-particle-wafer contact depicted in figure 1.6. For extended pad-
wafer contact the pressure dependence has been derived to be of exponent 1.5 where as for
the no pad-wafer contact regime the pressure dependence has been derived to be of exponent
9/8. Both of these are for spherical slurry particles. Expressions for sharp pyramidal particles
have also been derived in the same paper. For extended contact the dependence is of
exponent ¥4 where as for the no pad-wafer contact regime the dependence in pressure is

linear.
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The above described models characterize material removal at particle scale. The goal
of CMP is to achieve die scale and wafer scale planarity. This means the models that quantify
the die scale and wafer scale planarity must be based on particle scale phenomenon. Models
that account for die scale and wafer scale material removal have been phenomenological in
nature and did not involve particle scale aspects.

Alleviating this deficiency in the models, a series of probabilistic models based on
statistics of pad asperities and slurry particles have been proposed using Greenwood
Williamson [12] model for contact of two rough surfaces. The model is applied to CMP
assuming a flat wafer and a probabilistic nature of pad asperities. The wafer roughness is of
the order of nanometers, which is orders of magnitude lower than the pad asperity roughness,
hence the assumption is reasonable.

Borucki [11] is among the first to use Greenwood Williamson model to CMP pad
evolution which has been used to account for the decrease in material removal rate as the pad
wears out. The model assumes a Hertzian elastic contact between the pad and the wafer and
calculates the wear rate of pad asperities based on the evolution of pad asperity distribution.
Since pad asperity distribution is used to calculate the material removal rate, the evolution of
pad asperity distribution provides the evolution of the material removal rate with pad wear.

Continuing with the model Wang [24] has assumed the pad asperities to have Pearson
type distributions and has calculated the effects of evolution of asperities on material removal
rate. Stability of the differential equation governing the pad asperity evolution has been
analyzed. Material removal rate decay with time has been obtained and compared with

experimental results. Similar to Borucki [11], Wang has also found that the material removal
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rate drops with the pad wear. A regime of partial wafer-particle-pad contact is assumed as
shown in figure 1.6(b).

Greenwood Williamson model has been used to build models that quantify the
material removal rate by calculating the distribution of the force on each particle and the
distribution of indentation depth by a particle under an asperity. A series [25, 26, 10] of
models have been developed to quantify the material removal rate at wafer scale from the
calculation of material removal by individual particles. Probability distributions haven been
used to account for the diameter distribution of slurry particles.

Among the above models Wang [13] has worked on the effects of variation of slurry
particle distribution with material removal rate. The model predicts that the material removal
rate increases as the mean particle size increases and also increases with particle standard
deviation for same contact area fraction.

With these models probability made inroads into CMP modeling before which
deterministic models had been used. The deterministic models could provide the mechanistic
material removal rates for a single particle. With the advent of probabilistic models, mean

material removal has been calculated using distributions of particles and pad asperities.

1.6 Thesis Outline

The thesis consists of five chapters. Chapter two deals with the pad model that
quantifies pad evolution and pad effects. Chapter three involves detailed modeling of slurry
agglomeration and its role in generating scratches larger than expected. The variation of
agglomeration rate as a function of slurry pH is discussed. Chapter four combines the effects

of pad and slurry and other process conditions on material removal in the CMP. The final
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chapter discusses the conclusion of this work and possible improvements to the CMP process

from the perspective of this thesis.



14

Down Force

‘Wafer
Holder ? / Pad Conditioner

[ ]
° Slurry Pad
0
[ ~
Polish Platen

E

Figure 1.1. Schematic of orbital CMP Machine (adapted from [6])

Ot
o

Pad

Matarial properties Slurry
__ Surface topography Particle properties
Size distribution

Chemical composition

Wafer
Material properties
. Pattern dimensions and densities

Machine
Frocess Parameters
Control

Figure 1.2. Interaction of various components of CMP




15

a Stheon omde profle before CRF

b. Silicon. omide profile during CHIF

c. Stheon. omde profile after complete
CME
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Figure 1.4. SEM image of cellular pad (adapted from [29] )
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Figure 1.5. Pad asperity profile (adapted from [30])
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Figure 1.6. The speculated domains for details of local pad-wafer-particle contact
(adapted from [29])

Figure 1.7. Cell structure of CMP pad (adapted from [7])
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CHAPTER 2. ROLE OF PAD AND ITS CHARACTERISTICS ON

MATERIAL REMOVAL IN CMP

2.1 CMP and Grinding

CMP is a free abrasive grinding process. In grinding process the abrasives are fixed.
Grinding can be modeled as a special case of CMP with a pad much harder than the
polyurethane pads used in CMP. The abrasives in grinding process are much rougher as well.
In CMP the chemical slurry together with pad acts as free abrasives. In contrast grinding has
bonding material which binds all the abrasive grits together.

Another difference between CMP and grinding is that in grinding the bonding
material does not touch the work piece. However in CMP, the pad material is much softer

and deforms along the contour lines of the patterned wafer. This accelerates the pad wear.

2.2 Asperity Contact Model

The pad-wafer contact is assumed to be Hertzian elastic in this thesis. The elastic
model is used by Greenwood and Williamson [12] to develop a model that describes the
contact between two nominally flat but rough surfaces. In the present study, the Greenwood
Williamson model has been simplified to account for the contact between a rigid, flat and
infinitely smooth plane and another surface with surface roughness equivalent to the
combined effect of the collective roughness of the mating surfaces. This second surface (or
body) is also endowed with an effective or equivalent elastic modulus representing the
combined elasticity of both contacting bodies. In this thesis the wafer is assumed to be flat

and since the pad is the only rough surface the model used here can be describe as a limiting
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case for the original Greenwood and Williamson contact model for two nominally flat rough
surfaces.

Figure 2.1 shows the Greenwood and Williamson model applied to the current
problem. The pad asperities are shown to be in contact with the wafer. The variable z in the
figure is the asperity height and the variable s is the mean separation between the wafer and
the pad. In this model pad asperities have a probabilistic distribution ¢z) with the asperity
height Z being the random variable. It can be easily deduced that the distribution of asperity
heights determines the mean separation distance and that only the asperities taller than s
actually contact the wafer surface. The separation distance s is a function of the applied
nominal pressure applied P.

The pad asperities are assumed to be standing over a flat pad layer of around 1.8 mm.

The pad asperity density is assumed to be 75, and for an area of A the number of asperities N
= 14, Bach of the N asperities {Z,}", is assumed to have independent and identical

distribution (IID). Using load balance we have [31]

3

(Z —5)?, Z >s

L = 3\/_ ’ (2.1)
Z, <
with the area of contact using Hertzian linear elastic contact solution is given by
Z —
”w, Z[ > S
4= K (2.2)
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where s is the mean separation distance between the pad and the wafer, x; the asperity

: 1 1-v} . , :
tip curvature and Z = L+ EUW with E being the equivalent modulus of the contact

P w

between wafer and pad. E,, E,, are the Young’s modulii of pad and wafer while v, and w, are
Poisson’s ratio of pad and wafer respectively. Because the wafer modulus is approximately

three orders of magnitude higher than that of pad, the expression approximately results

E
in E =—2*— . The local contact pressure for an individual asperity then becomes

2
l—z)p

P :%:”J"_x/—zi_s 2.3)

cont 37[

1

Since Z; is a random variable any expression involving the height of the asperity
becomes a random variable. Thus contact pressure and contact area are both random
variables. Since the load, as evident from equation (2.1), is carried only by the “active”
asperities (defined by height z > s), the real contact area is only a fraction of the expected

value. Thus the load carried by an arbitrarily selected asperity is
3 o 3
ELL)= [ 09)d + [ (257 4 =] (2, -9 s
—00 K 3\/’(75 3\/’(75 N

(2.4)

Hence the total expected load «carried by all the active asperities

isN imr (z—s)"*¢(z)dz , since N is the total number of asperities.

Similarly, as a result of equation (2.1) the actual (real) contact area is given by [10]



22

A4, = E[ 4] = X ELA) = N[ = )p(2)dz = N 2 [ (= 5)p(2)dz

(2.5)
Let ; be the nominal contact pressure applied on the wafer. The total load carried by

the asperities is a random variable and so is contact pressure on each asperity. The expected
value of the nominal pressure which is the ratio of the total load to nominal contact area, is

given by

p=ELp)= EL1/ 4, = jj; [ (2~ p(2)d= 26)

2.3 Model of Pad Asperity Evolution

The model explained so far is based on Greenwood Williamson model. The model
only captures the effect of asperities. As shown in figures 1.4 and 1.7 the pad has a base of a
cellular structure which carries the load down to the base. But the pad structure beneath the
asperities has been known [7] to play a role in its response to loading. This response is
sensitive to the amount of load applied because of non-linearity in the pad response. The non-
linear effect begins to show their effect after a certain loading at which the slope of the load-
displacement curve suddenly increases. This effect of non-linear response of the pad is
explained in chapter 4.

In this current work an effort has been made to capture the effects on the entire
structure of the pad including the cellular base and the asperities. In [7] an effort has been
made to capture the response of the pad by studying the response of effect of individual

components on the loading of the pad and then combining the responses to predict the total
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response of the pad. As the loading of pad progresses, it can be categorized into two regimes.
The first involves the indentation of the asperities and the second involves bending of the
cells that define the structure of the pad below the asperities (figure 1.8). As loading begins
the asperities come into contact. The load then is transferred to the structure beneath the
asperities. Thus the cells of the pad start to absorb the load and deform. This analysis will be
used in chapter 4 in scratch prediction. The asperities have a radius of curvature of about 50
micron.

Thus the contact between the wafer and a single asperity is modeled as contact

between two spheres, one with radius of R; = 50 p and the other with extremely large radius

. . . 1 1 1 1 .
of curvature R,. The equivalent radius of curvature is given by [31] —=—+—~—, since
R R R, R

R; is large compared to R;. Let the asperity be compressed by o (=z-s) by the load applied on

the asperity. Then, from Hertzian normal contact mechanics of elastic solids [31] the load

supported by the asperity is given by

1.5 0.5
P 46 °RE 2.7)
3
The contact stiffness for the assumed spherical tip is then given by
0.5 p0.5
sph :£ = 45 R E (28)
‘ o 3

The load is then transferred to the base structure of the pad which contains the

cellular structure of the pad. The stiffness of the cell is given by [7] as

Ar E .. tizll
cell = 3(1 _V‘I; 2 (29)

pad ) rcell
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As shown in figure 1.7 ..y is the radius of the cell and ¢,y is the thickness of the cell.
The other variables in the equation have already been discussed. The pad used in a typical
CMP process has a thickness of 2mm. The asperities only account for about 100-200 um of
that. The remaining of the structure is made of cells. Each cell has a height of approximately
20 wm which implies that there can be up to 100 layers of the cell structures in the base of a
pad.

The stiffness of the cell mentioned above is per layer. Taking multiple layers of cells
in account makes the effective stiffness of the pad much lower, since the layers are in series.

If n is the number of layers of cells present in a pad the cellular structure has an effective

total _cell —

. K . . .
stiffness of K =—< The asperities and the cellular structure are in series and hence
n

the effective stiffness K of the pad is given by

it | (2.10)
K K

total _cell Ksph

Thus the pad is softer than its individual components. The deflection of the pad is the
sum of deflection of asperities and the deflection of the base. The effective stiffness will be
used in chapter 4 for scratch propensity calculations. The separation distance s can be
established by solving the following load balance integral equation iteratively until

equilibrium is reached.
pA= j K(z)(z—s)dz 2.11)

In the above integral equation, ; is the nominal pressure; 4 is the nominal area; and

¢ is the distribution of pad asperities and z is the random variable denoting asperity height.
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The equation has to be solved by iteration. The load carried by individual asperity is then
calculated and thus the pressure carried out by each individual asperity is computed.
Archard’s law [32] is then used to find the pad asperity wear rate for individual asperity
treating each asperity height as a random variable. This forms the following governing
equation for the pad asperity evolution.

dzZ
—=C,p(Z 2.12
5 = G2 (2.12)

From the above equation it can be seen that the wear rate of an asperity is a function
of the asperity height. This is because the taller asperities undergo larger deformation and
hence experience higher pressure. This implies that the polishing process makes the
asperities more uniform in height. To confirm this, the probability density function of pad
asperity height needs to be evolved. From equations (2.7), (2.12) and [11] the evolution of

probability density function for Z > s is given by the partial differential equation

d AC.E\Jx, d
—o(Z.1) =TE{\/Z—S(0¢(Z,¢)} (2.13)

dt

2.4 Pad Evolution Simulation

Simulation has been performed to predict the pad asperity evolution under the
conditions given in table 2.1. All the conditions are kept constant from [10,11]. The partial
differential equation (2.13) is solved with a time step of 0.5 sec.

Simulation has been carried out for the parameters listed in table 2.1. The time step
used is 0.5 sec and the resolution of the domain, which is pad asperity height, is 0.01 micron.
The simulation has been run for 3000 seconds which is of the order of time a pad is used in

CMP (or typical conditioning interval). The evolution of pad asperities is shown in figure



26

2.2. For a new pad only the asperities with heights greater than a threshold value are in
contact with the wafer. These asperities carry the entire load. As the pad asperities wear out
more asperities, the ones with smaller initial height also come into contact and undergo the
wear process. With time more asperities come into contact. The wearing process makes the
asperities uniform in height. In other words, the pad asperity height evolution process may
also be viewed as a homogenization process [33]. Since the number of asperities in contact
is cumulative in nature along with the fact that the wearing process makes the asperities
uniform, it is expected that the asperities towards the right end of the distribution have higher
frequency in occurrence as time progresses. This is the reason why the probability density
function develops a spike which becomes increasingly sharp with time.

The wearing of the pad means that with time taller asperities are worn out and hence
the distance between pad and wafer decreases as evident from figure 2.3. For a new pad the
taller asperities carry the entire load and hence the area fraction in equation (2.6) is small. As
more asperities come into contact, the area fraction increases as shown in figure 2.4.

The evolution of pad asperity height, pad-wafer distance and the contact area fraction

will be used to predict scratch propensity in chapter 4.



27

Wafer

= )

A

AL
AT

Figure 2.1. Conceptual illustration of Greenwood-Williamson contact model [12]
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Table 2.1. Physical parameters used for pad evolution simulation [11]

Variable

Asperity mean
Standard deviation
Skewness

Kurtosis

Pad Modulus (E;)
Poisson’s ratio

Pad asperity density
Pad asperity wear rate
Asperity tip radius

Pressure

Value

0

15.625

-1.25

6.875

100E6

0.4

2E8

1.5E-8

50

50E3

Units
micron

micron

Pa

w2
Pa'min™!
micron

Pa
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CHAPTER 3. INFLUENCE OF SLURRY PARTICLE

AGGLOMERATION IN MATERIAL REMOVAL

Slurry particle agglomeration exerts a crucial influence on the material removal
mechanism in CMP. Since the geometry of the particles participating in the polishing process
inherently induces a negative rake angle [34], the material removal mechanism may be
described as an inclined indenter, subject to both normal and shear loading. This implies that
the indentation characteristics play a crucial role in the material removal process. Thus, the
indentation depth becomes a function of the particle size, which determines the magnitude of
the negative rake angle as well as the magnitudes of normal and shear forces carried by a
particle. It is interesting to note that the force per particle is determined not only by the
particle carrying the load, but also by its neighboring particles, though this effect is not
included in this thesis. Thus, the neighborhood or the particle cluster in which a particle
resides also influences the material removal characteristics. This influence of particle size
and its distribution, which is altered in time due to agglomeration, is expressed in a material
removal process via the indentation depth under the particle(s) of interest. The fact that the

agglomerates exhibit fractal behavior [35, 36] further complicates this expression.

3.1 Brownian Motion and Agglomeration

Slurry particles tend to agglomerate before (on the shelf) and during a CMP process
(depending on the conditions in which the slurry has been stored. Figure 3.1 shows a
schematic of the agglomeration process. Since particles of smaller sizes agglomerate to form

larger particles, the phenomenon in a closed system is mass-conserving. The debris generated
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due to material removal also plays a role in the process but since the debris usually constitute
a different material, only the agglomeration of slurry particles is discussed in this thesis.
Work is currently in progress on understanding the agglomeration process in composite
slurries constituting of multiple materials.

The predominant aspect of agglomeration is Brownian motion of nano-particles
which are suspended in a liquid. Brownian motion gains the name as it was first studied by
Robert Brown in 19th century. The problem was mathematically solved by Louis Bachelier
[37] in 1900 but the phenomenon remained an enigma till Einstein’s [38] and
Somluchowski’s [39] research brought the solution to the attention of physicists, which also
indirectly confirmed the existence of atoms and molecules.

Fluid molecules are not as rigidly bound as molecules in a solid. As temperature of a
fluid rises, the vibration of the molecules in a fluid increases. The dependence of velocity on
temperature increases from liquid state to gaseous state. The motion of molecules in a fluid is
random due to quantum mechanical effects. Hence the solid particle that is suspended in a
fluid is constantly bombarded with the fluid molecules from all direction. Due to the random
nature of the bombardment, not only the direction of the resultant force of the collision(s) is
random, but the equilibrium position of a solid particle is also not sustainable. Thus the
particles suspended in a fluid are under the influence of forces in random directions with
random (but finite) magnitude. The magnitude of motion however has an upper limit
determined by the temperature of the fluid. The average magnitude, as will be seen later in
this chapter, is determined by the Boltzman constant. It relates the energy at the microscopic
scale to the temperature at the macroscopic scale. The Brownian motion is responsible for

particles coming into each others proximity, and also makes them collide with each other. In
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general, the particles which come into contact with each other have an affinity to stick to
each other and form agglomerates. This tendency is of course mitigated by several factors or
properties of the particle, e.g., charge, net momentum change in a collision, forces holding
the agglomerate together, etc. Based on the “strength” of the affinity, an agglomeration
process is, in general, classified into two regimes: Diffusion Limited Agglomeration (DLA)
and Reaction Limited Agglomeration (RLA). Only the mitigating effects of charge are

discussed in this thesis.

3.2 Types of Agglomeration

The particle agglomeration process, based on the nature of the agglomeration is
divided into two regimes, Diffusion Limited Agglomeration (DLA) and Reaction Limited
Agglomeration (RLA). In DLA, the agglomeration process is limited by the ability of the
particles to diffuse through the fluid medium. This regime takes place when the particles
suspended in the fluid carry no net charge. Under such circumstances, it is reasonable to
assume that whenever two or more particles come together, they stick to each other
immediately with a probability of 1. In this chapter it will be explained how the lack of net
charge results in the probability of 1. DLA is the fastest among known forms of
agglomeration.

RLA occurs when the particles suspended in the fluid carry net charge on their
surface. Due to the charge present on the particles they tend to electrostatically repel each
other and hence it takes much more collisions for a particle to stick to another particle.
Particles of same chemical composition, when suspended in a fluid, carry same charge. Since

particles of same chemical composition will always carry the same charge, the electrostatic
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force between them cannot be attractive. Thus, there exist only two regimes of agglomeration
in slurry containing only a single species of particles.

In this thesis an attempt has been made to unify DLA and RLA regimes of
agglomeration. Thus, under assumptions of a uni-species slurry, DLA will be presented as a
special case of RLA, the case when charge on particle surface is zero. In this development, it
is assumed that a large particle cannot break up into smaller pieces or fragments. Such an
assumption is reasonable when the energy contained in the Brownian motion is below a
critical threshold that is needed to cause such debonding of agglomerates. This is due to the

fact that in a typical CMP process temperatures are well within the threshold.

3.3 Modeling of RLA

Modeling of RLA paves the way to account for a general form of particle
agglomeration, thus making it easy to explain the scratches generated in CMP that are larger
than expected. Since the scratches generated are directly proportional to the particle diameter
the ideal way to express the agglomeration of particles is in terms of their diameter
distribution as a function of time. The distribution as a function of time is dependent on the
environment that surrounds the particles. The environment that affects the agglomeration
process the most is the chemistry of the fluid in which the nano-particles are suspended.
Other parameters that affect the agglomeration include temperature and pressure. Only the
effect of temperature is discussed in this thesis.

The agglomeration of particles is described in terms of volume by Smoluchowski’s

equations [39] as described below.
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%N(M) = %Afa(M,K)N(M ~K)N(K) - ia(M,K)N(M)N(K) 3.1)

It should be noted that the equation describes a physical process in a statistical sense.
This means that the particle volume discussed here is a distribution. In the equation, the left
hand side describes the rate of change of frequency of particles of volume M. The frequency
discussed here is in the sense of probability distribution. The first term on the right hand side
describes the gain in the frequency of the particles of volume M. This is contributed by the
collision of particles of volumes M-K and K, whose sum is M. The index of summation goes
from K=1 till K = M-I, which means that each pair whose volumes adds up to M is counted
twice. Hence there is a factor of half in front of the term. The second term on the right hand
side describes the loss in the frequency of particles of volume M, which agglomerate with
other particles ranging from the smallest to the largest. The net change in the frequency of
particles of volume M is thus the difference between the frequency of particles that are
gaining volume to become particles of volume M, and the frequency of particles of volume M
that agglomerate with other particles, to form even bigger particles. Only low energy
collisions are considered here, and situations involving particle fragmentation are neglected.

The term that is common among both the terms on the right hand side is the
agglomeration kernel a. The agglomeration kernel determines the speed of agglomeration.
This means that the kernel determines the speed or rate at which particles of volume M
aggregate with other particles and also the rate at which particles of volume lower than M
aggregate to become particles of volume M. From the earlier discussion, it becomes apparent

that the kernel is related to the extent of Brownian motion of nano-particles in the fluid. In
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the generalized case of RLA, the kernel is dependent on the surface area of the two particles

about to agglomerate. The reason for this will be explained in the following sections.

3.4 Effect of Isoelectric point on agglomeration

Each material has an isoelectric point. Isoelectric point is defined as the pH of the
solution at which the particles suspended in the fluid carry no charge on their surface. At this
pH the particle surfaces carry no charge which implies that there is no hindrance for particle
agglomeration. The Brownian motion is generally sufficient to allow particles to come in
contact with each other subject to the concentration of the particles and viscosity of the
slurry. At the isoelectric point, the particles agglomerate or stick to each other upon their first
contact.

Amphoteric substance is one which can react both as an acid and as a base depending
on the medium they are surrounded with. Most metalloids such as B, Si, As, Ge have
amphoteric oxides. Cerium also has oxides that can behave both as an acid and a base. Apart
from these oxides, ampholytes, which have both acidic and basic functional groups, are also
amphoteric. Examples of these include polymers, amino acids, buffers and many other
organic molecules. In CMP, typical slurry particles are made of oxides of silicon and/or
cerium. Recently polymer particles have been found useful in alleviating the scratch
generation problem in CMP. These polymer particles can also behave as both acidic and
basic which implies that there is an optimal range of pH at which a specific polymer slurry
particle may be used.

For polymer particles that have x acidic functional groups and y basic functional

groups, the isoelectric point can be estimated theoretically using the formula p/ = (x pK; + y
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pK>)/(x+y), where pK; is acid-ionization constant and pK is base-ionization constant. For the
amphoteric oxide there is no simple formula and hence the isoelectric point has to be
established from experiments.

When slurry particles are suspended in a fluid whose pH is away from the particles’
isoelectric point, the particles carry a net surface charge which is proportional to how far the
pH is from the isoelectric point. Since the particles carry a net charge on the surface, there is
electro-static repulsion between the particles. This force restricts particles coming into
contact with each other. Hence it takes more collisions for two particles to agglomerate at
this pH compared to that at the isoelectric point. Since the collisions and the process of
agglomeration is statistical in nature, the probability of agglomeration decreases. However, if
the kinetic energy of the approaching particle(s) is high enough, they can cross the critical
threshold distance between them after which van der Waal’s forces become predominant and
bind the two particles together. The kinetic energy required to penetrate the repulsive force is
provided by Brownian motion.

There are three factors that affect the agglomeration of particles. The repulsive force
exists because the particles carry similar charge on their surface. The van der Waal forces
exist due to intermolecular attractions between different atoms carrying opposite charges.
These forces are much smaller in range since the forces occur at atomic or molecular scale
which is much smaller than particle scale, which is of the order of nanometers. Van der
Waals forces are responsible for the particles to stick to each other when they come in
contact. The third factor that affects agglomeration is the Brownian motion, which catapults
the particles to approach each other closer than the repulsive forces allow them. This offsets

the hindrance provided by the electro-static repulsive force.
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3.5 Agglomeration Kernel

The kernel for RLA is given by [27]

U

8K,IN, (M’ +K'°)* — 7
377 M2/3+K2/3 € (3.2)

a(M,K):

The kernel is a product of three different terms each describing the effect of one or
more factors discussed in the previous section. The inverse of kernel determines the average
time between two collisions. This means that the higher the kernel the smaller the time
between collisions and the faster the agglomeration process.

The first term is the description of speed or rate of agglomeration. The agglomeration
speed is directly proportional to the temperature of the particles. When the temperature is
high the particles have higher kinetic energy and hence the particles are more likely to come
into contact with each other as Boltzmann constant relates the energy at particle level with
temperature observed at the bulk level. The speed of agglomeration is also directly
proportional to the concentration of the particles present in the slurry. The more particles
present in a unit volume the more there is chance for the particles to come into contact and
hence the possibility of agglomeration. The first term also describes how the agglomeration
rate is inversely proportional to the viscosity of the fluid (slurry). Since viscosity makes it
difficult for the particles to move around, it reduces the rate of agglomeration.

The second term describes the effect of surface area on the speed of agglomeration.
The numerator represents the surface area of the resultant particle whereas the denominator
represents the sum of surface areas of the particles before agglomeration. Surface area plays

a role in agglomeration because it is this quantity that determines the magnitude of electro-
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static repulsion between particles. The higher the denominator, the higher the repulsion
between the interacting particles, and hence the agglomeration rate is slower.

The third term contains the effect of electro-static repulsion as a function of the slurry

_U@)

%" In this term U(r) is the potential energy between

pH. The third term is the exponent e
two approaching particles whose agglomeration is to be determined. It is clear from the
expression that as the potential energy (which is positive for repulsion) increases, the

agglomeration rate decreases exponentially. The denominator of the exponent is k5T, which

represents the kinetic energy of the particles. As the kinetic energy of the particles increases
it can withstand higher repulsive forces and still approach each other to an extent that van der
Waal forces become predominant and bind the particles together.

The potential energy of the pair of particles in question has to be determined to
calculate the rate of agglomeration for that pair. Since the slurry involves a range of particles
with different sizes, the pair potential energy has to be calculated for every possible

interaction. The potential energy is given by [40]

U:%é‘l"l//g ln[1+e"d] (3.3)
w,=C (1 +§J e (3.4)

In the equations above
¢ 1s the dielectric permittivity,
r is the mean radius of the particle,

v, 1s the particle surface potential,
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K is the Debye-Huckel parameter,
¢ is the zeta potential of the slurry

z is the distance between surface and slipping plane

7, 18 Stokes radius

[ is the separation between particles.

The maximum repulsion experienced by the particles is when they are closest at
which point the term x/tends to zero. The distance between the surface and the slipping
plane z is typically 1.5 nm [41]. Stokes radius is slightly smaller than the effective radius of
the particles used in CMP. Stokes radius defines the maximum radius of influence of the

particle. Since the distance between slipping plane and the surface is much smaller than the

radius of particles used in CMP, the ratio Z s negligible. The fraction is typically relevant

N

when calculating the surface potential of molecules whose sizes are of or below the order of
nanometer. After these relevant assumptions, the potential energy for an approaching pair

reduces to
:%gré’zez’“ In2 (3.5)

The variable K, which represents Debye length, needs to be estimated. This is the
length in which mobile charge carrier screens out the external electrical field. This variable is

given by the expression [42]

4re’
nz 3.6
ngZ,, (3.6)



41

In the expression for Debye Huckel parameter,
e is the charge on an electron,

n; is the number of ions that have valance z;.

3.6 DLA as a Special Case

The agglomeration equation for RLA has been established in previous section. In
RLA the particles carry a net charge on the surface which impedes the agglomeration
process. As the pH of the slurry moves towards the isoelectric point of the particles the
charge on the surface of the particles decreases and when the pH of the slurry is at its
isoelectric point the particles have no charge on the surface and are free to agglomerate
without any hindrance. This is the DLA regime.

When there is no charge on the surface, the pair potential energy U of approaching
particles is zero. Thus in equation (3.2) the term that accounts for electro-static repulsion
becomes unity. The second term which takes into account the surface area of the particles
also becomes irrelevant. The term goes to unity as well since agglomeration no longer has
surface area dependence. The resulting agglomeration kernel is independent of the volume of
the particles and is given by
_ 8K,TN
= —377

a (3.7)

Here N is number of particles per unit volume at any time. Thus the particle
agglomeration is limited only by the ability of the particles to diffuse, which is entirely
dependent on the temperature, slurry particle concentration and the viscosity of the slurry

liquid. Hence the name diffusion limited agglomeration (DLA) is apt.
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3.7 Simulation of Agglomeration

The agglomeration equations require that the particles be characterized according to
their volumes. This is because volumes are linearly additive and this makes the differential
equation linear. The typical measurements of nano-particles are done using dynamic light
scattering (DLS) [35, 43]. In this technique particles are characterized by their diameter in
probability sense. The particle mean diameter and standard deviation are the available
measurements from the technique.

Since the particles need to be characterized by their volumes, in agglomeration
equation it is necessary to convert the diameter distribution yielded by the DLS. Given a

diameter distribution of the particles fp(d), it needs to be converted to volume distribution

T

V=—D>D
6

3
fy(v) via the transformation . The volume distribution then becomes [44]

1

f0)=1, {6—} i(ﬂjﬁlfl) [6—}
T dv

Once the simulations are run the time evolution of Smoluchowski equations yield the
results in terms of volume of particles. This needs to be converted to the diameter distribution

so that the result can be compared with initial particle diameter distribution.
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The conversion is also necessary because the indentation depth calculations
performed in later chapters use particle diameter distribution. The conversion is similar to

equation (3.8) and is given by

Nd ( nd’ d? zd’
= fV -

d
d) =
Sold)=Jy 6 )dd|\ 6 2 6 (3.9)

For the simulations, another input parameter, the pH of the slurry liquid is required
for evolving the particle volume distribution. This parameter is required since pH directly
influences zeta potential of the slurry. Zeta potential is the electric potential in the interfacial
double layer at the location of slipping plane versus a point in the bulk fluid away from the
interface. For typical silica based slurries used in CMP which are away from isoelectric
point, zeta potential is typically under 60mV per unit concentration of ions present in the
slurry [45, 46, 47] as shown in the figure 3.2.

Simulations have been carried out for silica particles used in CMP for pH values of 2,
4,7 and 12. Isoelectric point of silica is 3 from figure 3.2. The input parameters used for the
simulations are listed in table 3.1. The parameters are listed in various units that are
conventionally used in physics. Though the units of input parameters may be different,
sufficient care has been taken in most to ensure that proper conversion is made when using
the parameters in the simulation. In the remaining cases the simulations need non-
dimensional numbers and hence the units of two or more different parameters with same

dimensions cancel, in which case the units of these input parameters are not relevant.

3.8 Simulation Results
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The results of simulations will be presented and discussed in two subsections. One
subsection discusses the generalized RLA case where as the other subsection discusses the
special case of DLA. These subsections will discuss the evolution of particles diameter
distribution as a function of time and as a function of pH. The dependence on pH will be
discussed from the reference point of isoelectric point. Each subsection also discusses the

evolution of mean diameter as a function of time.

3.8.1 RLA Simulation Results

Simulations have been carried out with different pH values as shown in table 3.1.
Among them, all the cases with pH values other than 3 qualify to be deemed RLA since in all
those cases the particles carry a significant net charge on their surfaces. Figure 3.3 through
3.7 describe the particle diameter evolution for different pH values.

From the figures 3.3-3.7, the effect of pH on slurry agglomeration is evident. In these
cases the agglomeration takes place in reaction limited agglomeration regime and hence is
slow. The speed of agglomeration decreases as the pH of the slurry moves away from the
particles’ isoelectric point.

Figures 3.3 and 3.4 are so similar to each other that there is no difference in the
evolution of particle diameter distribution. This is because the isoelectric point is 3 and the
pH values for the figures are 2 and 4 respectively. Since the difference in pH values from the
isoelectric point is same, the magnitude of the charge carried by particles in each case is
same. The only difference is that in one case the particles’ surfaces carry negative charge
while in the other case the particles’ surfaces carry positive charge. From figure 3.2 it is clear

that the zeta potential of the solution in the two cases is same in magnitude but opposite in
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sign. From equation (3.4) this implies that the surface potential ¥/, in both cases is same in

magnitude but opposite in sign. But equation (3.3) for pair potential energy contains the
termy; , which makes the sign of the potential irrelevant. This is consistent with the fact that

energy is a scalar. These two cases demonstrate that for pH values closer to isoelectric point
(low zeta potential) the particle surfaces do not carry sufficient charge to makes the colloids
stable. This result is consistent with [48], which concludes that for this value of zeta potential
the colloidal stability is described as “incipient instability”. The simulations are run only for
50 minutes of real time and within this time the agglomeration is significant. In CMP the
slurry’s pH is adjusted much before the process, which means the slurry has more time to
agglomerate. For these periods the slurry behavior is clearly unstable.

Figure 3.5 shows the diameter distribution evolution for pH value 5. It is clear that for
the pH difference of 3 from isoelectric point, the slurry has sufficient zeta potential to prevent
aggressive agglomeration. The slurry in this case can be considered moderately stable
compared to the pH values of 2 and 4.

Figures 3.6 and 3.7 represent the particle diameter evolution for the pH values of 7
and 12 respectively. It can be easily noticed that in both cases the particles have not
agglomerated at all. This is because the particle surfaces carry very high charge which is
represented in terms of high zeta potential. The particle behavior is stable for the timeframe
of simulations. The slurry in this case is deemed stable.

Figure 3.8 represents the evolution of mean diameter of the particles for different pH
values. From the figure it is clear that for pH values close to isoelectric point the evolution of

mean diameter is significant. For the pH values far away from isoelectric point mean
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diameter is almost constant. The increase in mean diameter happened due to reduction in the
number of clusters when agglomeration takes place and the volume of the particles is

conserved during agglomeration.

3.8.2 DLA Simulation Results

In DLA the agglomeration is much faster and hence most of the agglomeration
happens during the first few seconds. The third term of agglomeration kernel in equation
(3.4) is unity, which implies that the agglomeration is limited by diffusion alone. Thus there
are more collisions per unit time, which implies faster agglomeration. There are few
problems that arise due to the speed of agglomeration. Any computer simulation is limited by
the necessity to define the upper bound of the entity to be simulated, volume in this case.
From equation (3.4) it is clear that, as this upper bound of volume increases the simulation
time increases as a square function of increase of the upper bound. This upper bound when
applied to distributions is termed bin size. In DLA situation the agglomeration is so fast that
the bin size is exhausted within seconds. Hence the study of diameter distribution evolution
or mean diameter evolution is not possible beyond the first few seconds.

It is evident from figure 3.9 that by 15 seconds the bin size is already exhausted.
Hence the analysis that follows is going to be limited to first 12 seconds. Figure 3.10 shows
the slurry behavior at lower diameter. This is a zoomed in version of figure 3.9.

To alleviate this problem an analytical expression has been developed [49, 50] in the
past. This is done exclusively in empirical fashion with no phenomenological support.
Hence the terms of the expression on either side of the equality are not dimensionally

consistent.
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NUDz%{F%J (3.10)

Here M is mean volume and N, is initial particle concentration. The mean volume

M at time ¢ is given by
M =tC+1 (3.11)
The error in the analytical expression mentioned above is that the expression assumes
constant agglomeration kernel. It can be observed from equation (3.7) that agglomeration
kernel itself is a function of number of particles per unit volume. As agglomeration proceeds,
the number of particles decreases and hence the kernel decreases. This effect is significant
for DLA since the agglomeration is very fast, which means that the rate of decrease of kernel
is also very fast. This is an effect that can be captured by analytical expression since there is
no solution for Smoluchowski equations with time dependent kernel. This is an obstacle for
progress in solving the differential equations analytically. The simulations have the hurdle in
terms of limited bin size. Thus a precise solution to DLA regime remains elusive.
Approximations for limited time and limited bin size however are available. The solutions for

longer time are not available. The DLA case is unstable.

3.9 Conclusions

For the first time a generalized RLA model is develop to predict the agglomeration
behavior of homogenous nano particles suspended in a liquid. The model is able to predict
the behavior for wide range of pH. It has been shown that the particle diameter evolution is

entirely dependent on the proximity of slurry pH to the isoelectric point of slurry particles.
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These solutions for generalized RLA case will be used in the following chapters for

the prediction of scratch intensity and scratch frequency.
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Figure 3.1. Schematic of particle agglomeration (adapted from [51])
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Figure 3.2. Zeta potential measured as a function of pH and counterion concentration.
Top: data from Ref. [44]; bottom: data from Ref. [47]. In both cases, z is plotted
normalized by pC as a function of pH. For both investigations, the z vs. pH relationship
can be collapsed to a single curve over decades of counterion concentration change.
Insets: plots of absolute z show variation if pC normalization is not employed. (Adapted
from [45])
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Particle diameter distribution evolution for pH = 2
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Figure 3.3. Particle diameter distribution evolution for pH = 2
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Particle diameter distribution evolution for pH = 4
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Figure 3.4. Particle diameter distribution evolution for pH = 4
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Particle diameter distribution evolution for pH =5
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Figure 3.5. Particle diameter distribution evolution for pH =5
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Particle diameter distribution evolution forpH =7
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Figure 3.6. Particle diameter distribution evolution for pH =7
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Particle diameter distribution evolution for pH = 12
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Figure 3.7. Particle diameter distribution evolution for pH = 12
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Particle mean diameter evolution
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Figure 3.8. Evolution of mean diameter of particles for various pH values
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Particle diameter distribution evolution for pH =3
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Figure 3.9. Particle diameter distribution evolution at isoelectric point
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Particle diameter distribution evolution for pH =3
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Figure 3.10. Particle diameter distribution evolution at isoelectric point, behavior at
lower diameter
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Table 3.1. Variables used in simulations

Variable Value Units

Particle mean 100 Nm
diameter

Particle Standard 15 Nm
Deviation

Viscosity of Slurry 8.9E-4 Pas

Temperature 300 K

Boltzmann Constant 1.38E-23 J/K

pH 2,3,4,5,7,12 -

Charge of electron 1.6E-19 Coloumb

Volume 0.02 -
concentration
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CHAPTER 4. SCRATCH GENERATION IN CMP

Chapter 2 describes the evolution of pad asperity height with time. Chapter 3
describes the evolution of slurry particle distribution with time. In this chapter the two will be
combined to predict the scratch generation propensity in CMP. It should be noted that the
models described in the previous chapters as well as the model proposed in this chapter are
probabilistic in nature and hence the quantities that are predicted in this thesis are
probabilistic in nature.

The probabilistic nature of the quantification of scratch generation is due to the
disparity between wafer-scale and particle-scale descriptions of the CMP process. The nature
of predicting wafer scale quantities such as the material removal rate from the particle scale
parameters and micron scale pad asperity height distribution necessitates the introduction of
such models. Such probabilistic descriptions allow us to establish ranges for wafer-scale
output variables.

In this chapter the probability of scratch generation in CMP will be predicted.
In the next chapter an effort will be made to explain how the schematic of traditional CMP

causes the relatively high scratch propensity.

4.1 Material Removal Process in CMP

Scratch generation is an essential ingredient of the CMP process as shown in figure
4.1. Material removal in CMP takes place via abrasion of slurry particles on the wafer
surface. Wafer surface in oxide CMP is harder than the particles. However, chemical reaction

between slurry liquid and the wafer surface makes the wafer surface softer than the slurry
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particle thus making the abrasion and hence material removal, possible. In oxide CMP as
well as in glass polishing this occurs as silica surface reacts with the chemically active slurry
to form silicon hydroxide layer as shown in figure 4.2. This layer is much softer than silica.
In Silicon Nitride wafers the stress applied during polishing along with the presence of water
(typically) makes the Silicon Nitride wafer transform the top layer first into silica and then
into silicon hydroxide [52].

Si,N, +10H,0+ CeO, —> 3Si0, + 4NH ,0H + CeO,

SiO, + H,0 — Si(OH ) + O,

The nature of pad-particle-wafer interactions essentially affects the scratch generation
process. Different regimes of pad-particle-wafer contact have been proposed by Bastawros
and Che [6] as shown in figure 1.6. In the figure the first mode of contact involves the
transfer of load from pad to wafer via particle. In this mode pad has no contact with the
wafer. Thus the entire load is applied on the particle. This happens for relatively low loads
and stiff pad. In the second mode pad is partially in contact with wafer while transferring the
load through the particle as well as well as directly. The load transmission directly from the
pad to wafer is relatively low compared to the load transmitted through the particle in the
second mode. This occurs for moderate loads and pads with relatively low stiffness. In the
third mode of contact, the pad completely engulfs the particle and significant amount of load
is transmitted through the pad to wafer as well, thus bypassing the particle. In this mode the

particle experiences relatively lower loads compared to total load exerted by pad asperities.
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In this thesis the first mode of contact is assumed. In light of high pad bending
stiffness and pad bending factor [13] at the feature scale, this assumption is reasonable for
relatively moderate loads applied here. The particle is surrounded by pad when the pad
transfers the load through the particle to the wafer. For any symmetric revolution of angle ¢,

shown in figure 4.3, the force of contact between pad and the particle is given by

.2[ P d*cos’ ¢

P d*sin@sinydOdy =—2- 2 (4.1)

cont
O=py=¢

When the contact reaches at least half the diameter the angle ¢ becomes zero. This is

the case in all the modes shown in figure 1.6. For this case the force on each particles

p.d .. : : : :
reduced to —2— . This is the load on each particle of diameter d under an asperity which
experiences a contact pressure P

4.2 Indentation Depth

Using the force transmitted by a particle under an asperity indentation depth is

calculated. A particle under i" asperity experiences a pressure given by

. 4E
Pwm(i)=%= 3\7{;5\/21-—5(0 (4.2)

1

And hence jth particle of diameter d under such an asperity carries a load of

F(i,j) =§d2(i, P (i) 43)
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The wafer is assumed to behave like a rigid - perfectly plastic body [25, 6]. For oxide
polishing, this assumption is reasonable since the elastic regime of response is almost
negligible. The indentation depth w, is inversely proportional to the hardness of the wafer H,,
and the expression for indentation depth by j"™ particle under i™ asperity, assuming that the

particle diameter is much larger than indentation depth, is given by [25]

o 2FG))  Pu() . . 2Bk ——
W) = e =R ) = d(i, )\Z, —s(2) (4.4)

The expression (4.4) calculates the indentation depth for a single particle. The
indentation depth on the left hand side is a random variable since it is a product of functions
of two other random variables, namely particle diameter and asperity height. These two
random variables are assumed to be independent of each other in this thesis. This is
reasonable since there is no dependence of diameter on the height of the asperity under which
it is present. There is no known physical law that reveals a pattern of particle distribution on
the pad. Hence it is assumed that any particle can be present under an asperity of any
particular height.

Let fp be the probability density function of particle diameter and f; be the probability
density function of asperity height. The cumulative density function of indentation depth Fy
is given by

Fy(w)= l [fo(d) 1 (2)d(d)dz (4.5)

0
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2
3wH

2E\Jx,

be obtained by differentiating the cumulative density function with respect to indentation

2
In the expressionz=z—s,and C = ( J . The probability density function can

depth.

4.3 Material Removal

Since the particle diameter distribution and particle indentation depth distribution are
known the material removed by each particle can be estimated. This can be done using the
similar technique (equation 4.5) described in the previous section.

The particle diameter d and particle indentation depth w are known. Let a be the semi
contact radius of the indented surface and 26 be the angle subtended by the arc at the center
of the particle. Let 4 be the area of the cross section ploughed by the particle in the direction
of velocity V. Then from geometry the following can expressions can be written. Here m is

material removal rate.

a=\dw—w’ (4.6)
—tan!| ¢
€ =tan p 4.7)
E—W

—a(d—2w) (4.8)
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d
) hd
m:Nm{GZ —a(d—2w)}V=Nm 24 —Ndw—w’ (d=2w) |V

(4.9)

MRR m, is a random variable since it depends on other random variables indentation
depth (w) and particle diameter (d). The material removal rate m can be calculated from the
distributions of diameter and indentation depth. Thus, following a procedure similar to
equation (4.5) the probability density function of MRR, can be computed and the expected
value of the distribution is the mean material removal rate. Thus the mean material removal
over a finite time may be estimated from particle diameter and mean indentation depth. It
should be noted here, that the usual Preston equation [14] producing a linear MRR in PV is
not utilized here. Instead, a Preston type response at the macro-scale is recovered from the

micro-scale based mechanistic model developed in this thesis.

4.4 Validation of the model

Experiments have been conducted [52] on silicon nitride wafers with water based
slurry using ceria particles (isoelectric point 6.2). The parameters used in the experiment are
listed in table 4.1. Zeta potential of ceria slurry is shown in table 4.2. The pH of slurry is
reported to change during the process from 6.5-8. DI water, though neutral on acid-base

scale, immediately after exposure to air, reacts with the CO; in the air to form carbonic acid.
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This makes the slurry slightly acidic before the process begins. The experiment is ideal for
the model because it contains no other chemical substance in the slurry other than DI water.
In traditional CMP slurries of different pH values are used. Since this involves addition of
reactive chemical agents, part of the material removal comes from the dissolution of wafer
surface. In the current experiment this effect is minimized because no other chemical agents
are present.

Simulations have been run with experimental conditions as input using both linear
and non-linear pad responses.

Particle agglomeration effect is shown in figures 4.4-4.7. The pH of the slurry is close
to the isoelectric point of the slurry particles, hence the agglomeration is rapid, which is
evident from rapid shrinking of the initial peak of diameter distribution in figure 4.5. The
effect is shown close up in figure 4.5. The mean particle diameter increases with time and the
number of particles decreases accordingly.

From the figure 4.8 it can be seen that scratch increases with load but not linearly.
This is because, as load increases more asperities come into contact and the load is shared,
hence the number of scratches increases.

Figure 4.9 compare the material removal obtained by using the process described in
section 4.3. The comparison is done by fitting one point (150kPa) to the experimental data
and then scaling the other data points using the same constant. The material removal due to

linear pad changes linearly with time and matches the experimental data well.

4.5 Fractal Dimensions
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Agglomerates tend to have geometry different from classical geometry as evident
from figure 4.12. First introduced by Benoit Mandelbrot in 1975 [53], this geometry is based
on self-similarity in s structure. This means that a fractal has similar structure at different
length scale and hence called self-similar. It has been useful in explaining many natural
phenomena since its introduction and also has helped design antenna for modern cell phones
which is required to absorb a wide range of frequencies.

Fractal geometry is different from Euclidean geometry in that the exponents of radius
in defining volume or area need not be a natural numbers. They can be rational numbers. It
has been established that [35, 43] agglomerates have fractal dimension ranging from 1.86 to
2.1. This is because there is plenty of empty space in the agglomerates which makes the
volume not proportional to ° but proportional to 7' where n = 1.86-2.1. In a strict sense as
the shape tends to be spherical, meaning no agglomerates, the exponent tends to 3.

Since the agglomerates in CMP exhibit fractal nature in their volume the particle
diameter is larger than for a sphere of the same volume. For DLA the fractal dimension has
been established [35] at 1.86 while for RLA this is closer to 2.1. This is reasonable since
there is aggressive agglomeration in DLA and the resulting structure farther away from
spherical geometry whereas in RLA the agglomeration is slow and limited and hence the
structure is closer to spherical geometry.

As far as indentation is concerned experiments need to be conducted to study the
behavior of agglomerates under stress. Since the agglomerates are conglomerates of particles
they have more compliance under stress than a spherical particle and equation (4.4), strictly

speaking, is not applicable. This effect is not included in this thesis as there is not enough
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research on the behavior of agglomerates under stress. Hence equation (4.4) is applied for

indentation depth calculations to determine the worst case scenario due to agglomerates.

4.6 Parametric study

Parametric study has been conducted to ascertain the effect of pad linearity, pH of
slurry and pad evolution on scratch propensity. For the parametric study the parameters
described in chapters 2 and 3 are used. The oxide film on the wafer is assumed to have a
hardness of 4GPa.

Two different sets of parameters have been used for the study. The first set of
parameters is the same as the one used in the validation process. This is used for section 4.6.1
which studies evolution of pad and wafer.

Second set of parameters are the ones used in chapter 2 and 3. This is necessary to
study the effect of pH on agglomeration and the effect of fractal dimensions on scratch depth

as the experimental conditions involves single pH.

4.6.1 Effect of Pad and Slurry Evolution

Particles agglomerate as shown in figure 4.4. Pad evolution is discussed in chapter 2.
The scratch depth and scratch frequency change as the slurry and pad evolves. Figure 4.10
shows the evolution of scratch with time. Figure 4.10 shows the effect of evolution of both
slurry and pad on material removal rate. The longer the pad is used the more the asperities
are worn out. This causes decrease in separation distance and hence more asperities come
into contact and the contact pressure on asperities decreases. This causes reduction in
material removal rate. Since pad evolves slowly, the effect is slow. As slurry evolves, mean

particle diameter increases as different particles add in volumes and the number of particles
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decreases linearly. The diameter of particles, which dictates indentation depth, does not
increase as fast as the number of particles decreases and hence the material removal rate
decreases. This effect is seen in figure 4.11.

Figure 4.14 show the effect of pad evolution alone for the conditioned used in
parametric study. For evolving pad the maximum scratch depth decreases with time. Thus the
frequency of shallower scratches reduced while the frequency of deeper scratches reduces.
As explained earlier this is due to increase in the number of asperities that are contact, thus
reducing the mean contact pressure. The non-evolving pad can be assumed to be aggressively
conditioned. For all times the scratch propensity, measured in terms of the frequency of
maximum scratch, is higher for conditioned pad compared to evolving pad. Let threshold
scratch depth be defined as the depth, scratches deeper which cause defects. For any value of
threshold and for any time the conditioned pad performs worse. Thus an evolving pad helps

to alleviate scratch problem.

4.6.2 Effect of pH

As discussed in chapter 3 the speed of slurry agglomeration depends on the proximity
of slurry pH to the isoelectric point of the slurry particles. Scratch probability for three
different values of pH is calculated. For pH values of 2, 3, 7 the scratch probability is shown
in figures 4.13, 4.15 and 4.16 respectively. It should be noted that for figure 4.16 all the
curves overlap as there is no agglomeration and pad evolution is not considered. The pH
value of 3 corresponds to fastest agglomeration regime of DLA. Since the agglomeration is
very fast the bins in simulation get exhausted or filled at a very rapid rate. Hence scratch is

predicted for only one instant of time. For this time instant it can be easily seen that the
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maximum scratch depth is about 14 nm compared to maximum scratch depth of 1.75 nm for

pH of 2 and 0.75 nm for pH of 7.

4.6.3 Effect of Fractal Geometry

The effect of fractal geometry is shown in figure 4.17. The case with pH of 3 is
undertaken. Scratch probability for exponents of 3 and 1.86 is plotted. The first exponent
means that the agglomerates are assumed to be spherical while the second exponent means
that the agglomerates have extreme fractal geometry. For the fractal case it is assumed that
the indentation behavior of the fractal is no different from spherical particle.

From the figure it can be easily seen that the fractal geometry has significant impact
on the scratch propensity. The spherical particle produces a scratch of depth 15nm whereas
the fractal agglomerate of same volume produces a scratch of 50 nm. If the fractals have
similar indentation characteristics the impact on scratch probability is significant. Even for a
fractal agglomerates with some compliance the scratch probability is still greater compared to
a spherical particle. Thus fractal nature of agglomerates has deteriorating effect on the final
surface quality.

The fractal nature of agglomerates yields much higher scratch intensity and material
removal rate. However this is not used in the validation process because the effect of stress

on particles with fractal geometry is not yet known.

4.8 Conclusions

The model developed in this thesis is validated. Effect of different parameters on
defectivity has been studied. Conditioned pad or used (evolved) pad can be used according to

the requirements in defectivity. To improve defectivity, the pad can be conditioned during
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the initial stage of CMP and the conditioning can be stopped (or made less aggressive) when
the wafer surface approaches target profile.

From the studies it is clear that the parameter that has most significant impact on
scratch is the proximity of slurry pH to the isoelectric point of slurry particles. In the control
of defectivity, slurry pH plays the most important role. The other factor considered is the
fractal nature of agglomerates. The speed and extent of agglomeration is entirely dependent
on slurry pH and hence the fractal exponent is also entirely dependent on slurry pH. The
lower the exponent the worse the scratch if the indentation behavior of these particles under
stress is assumed to be similar to spherical particles. Hence pH plays a role in producing
deeper scratch not only by increasing the volume of each particle but also by reducing the

fractal exponent.
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Figure 4.1. Schematic of material removal in CMP. Rake angle here is negative
(adapted from [22])
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Particle diameter distribution evolution
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Variation of number of particles with time
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Figure 4.6. Variation of number of particles with time for experimental conditions
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Figure 4.7. Variation of particle mean diameter with time for experimental conditions
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Figure 4.8. Simulated scratch depth distribution for experimental conditions with linear
pad. Scratch depth is not linear with load
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MRR vs Pressure

’g 03 +  Experimental ,

o —+ Model

E o025 1

(O}

©

o 0.2 i

©

3

e 015" .

Q

g 0.1 T :

5 -

= -

= 0.05/ j -
O | | | |
0 50 100 150 200

Pressure (kPa)

Figure 4.9. Model validated against experimental results at initial time
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MRR vs Pressure in time
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Figure 4.11. Variation of MRR in time with respect to pressure, effect of pad and slurry
evolution
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Figure 4.12. Geometry of fractals, extent of agglomeration determines fractal dimension
[55]
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Scratch Probability for Linear Pad
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Figure 4.13. Scratch probability for linear pad for parametric study
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Effect of Pad Evolution
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Figure 4.14. Scratch Probability with evolving pad, scratch depth increases with
conditioned pad and scratch becomes uniform as pad evolves
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Scratch Probability for pH3 at 60 sec
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Figure 4.15. Scratch probability for pH 3 at 60 sec, much higher compared to figure
4.14
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Scratch Probability for pH 7
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Figure 4.16. Scratch probability for pH 7 at 60 sec, all the curves over lap because pad
is not evolving and there is no agglomeration when slurry pH is away from isoelectric
point of particles



88

Effect of Fractals on Scratch Probability
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Figure 4.17. Fractals increase scratch propensity, if mechanical behavior of fractals is
assumed to be similar to spherical particles
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Table 4.1. Experimental conditions for model validation [52]

Property Value Units
Pad Modulus 25 MPa
Asperity Curvature 0.02 micron™
Particle mean Dia 500 nm
Particle Std Deviation
500 nm
Dia
Relative Velocity 2.03 m/s
Slurry particle
5% vol
concentration
Slurry flow rate 5.33 /min
pH of slurry 6.5
Wafer/Pad Diameter 50/300 mm
Slurry Viscosity(Water) 0.001 Pas
Temperature 300 K
Wafer
15.2 GPa
Hardness(hydrated)
Nominal Pressure 200 kPa
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Table 4.2. Zeta potential of (90%) ceria [56]

pH Zeta potential
3 15
4 10
5 5
6.2 0
7 -5
8 -10
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CHAPTER 5. CONCLUSIONS AND FUTURE WORK

5.1 Conclusions

CMP is a crucial step in semi conductor manufacturing. Its significance has been on
the rise with the shrinking device size. To improve the efficacy of the process, mechanistic
models are needed to reliably predict product quality and process efficiency. The models will
help calibrate the input parameters to achieve optimal output characteristics in terms of
product quality and process efficiency. They can also provide a measure for robustness of the
process. In CMP, most of the models developed so far have been deterministic. Recently
probabilistic models have gained prominence, however the models to predict macroscopic
properties from particle scale material removal processes have been lacking.

The macroscopic phenomenological Preston law has been extensively used in CMP to
predict material removal rate. Despite its success at macro-scale the law does not explain the
underlying mechanisms of material removal.

In the current work a model has been developed that can predict the macroscopic
material removal rate in CMP from mechanisms that occur at micro-scale. The current model
requires multiple input parameters from all components of CMP to predict material removal
rate. The mechanism by which each parameter influences the material removal rate is
investigated. Models for individual components are combined to predict wafer-scale material
removal rate.

The qualitative effect of pH on CMP process has been established by the industry.
One of the main objectives of the thesis has been to quantify the effect of agglomeration as a

function of pH. Existing literature on the quantitative influence of pH on zeta potential has
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been used. Zeta potential has been used to estimate the repulsion between nano-particle and
their tendency to agglomerate to form larger clusters. Thus the time evolution of nano-
particles as a function of pH has been established.

The particle evolution is then combined with pad evolution to predict the scratch
propensity at feature scale and material removal rate at wafer-scale. This behavior is
combined with slurry evolution to predict scratch propensity as a function of slurry evolution.

The model prediction is compared with experimental data the results match well.
Parametric study has been conducted to evaluate the effect of different parameters used in the
model. Pad evolution is recommended for the alleviation of scratch problem. However, this
comes at the expense of material removal rate. The pad structure can be altered to achieve a
better defectivity performance. The pad cellular structure can be shrunk so that there are
more cells to absorb the load from asperities. This also increases the stiffness of pad cellular
structure. An investigation needs to be conducted to determine which effect dominates the
other for a given pad.

The quantitative effect of slurry pH on scratch propensity is also studied. As the pH
of slurry becomes closer to the isoelectric point of slurry particles, the agglomeration
becomes aggressive and the scratch performance worsens. The agglomeration does not help

material removal either.

5.2 Future Work

Despite involving many parameters from many components used in CMP, the model
still does not account for certain aspects of CMP process. These aspects can be pursued as an

extension to the current work.
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The first one is the visco-elastic behavior of pad. The pad is made of polyurethane
and hence has a visco-elastic component to its behavior. This behavior makes the pad
respond not only to the amplitude of loading but also the frequency of loading. The pad
becomes stiffer as the frequency of loading increases. Each CMP machine has its own
vibration characteristics and the effect of machine vibration on pad response can be included
in the model.

The second one is the mechanical behavior of fractals. Agglomerated particles have
fractal geometry. It is not known how fractals respond to mechanical stress. This can be
studied experimentally, which would further enhance the current model for cases close
enough to DLA regime.

Finally, CMP is a multi-physics phenomenon representing interactions of both
chemical and mechanical effects. In the present model, the mechanical effects are given
primary importance, and chemical effect is incorporated via softening of the control layer at
the wafer surface. However, it is noted ([57], [58]) that chemical dissolution also is affected
by mechanical stresses and that can cause modulations on the surface profile. Work is

currently in progress to incorporate such multi-physics effects.
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