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Abstract Chemical mechanical polishing (CMP) is a
complex, multi-scale problem with several order of physics.
As it is a subtractive manufacturing process, it involves
cutting tool-workpiece interaction. The cutting tool in CMP
are nanoscale abrasives trapped in the contact between the
workpiece (wafer) and a soft, rotating pad. These abrasives
are suspended in a liquid medium and transported across the
interface to provide even material removal. The current
model presents an expansive wafer-scale framework that not
only accounts for the solid—solid contact mechanics and
wear, but also utilizes the mechanics of the slurry through
fluid and particle dynamics. Results from this work include
the temporal evolution of hydrodynamic fluid pressure,
contact stress and material removal at the die and wafer
scales. Comparisons with published CMP experiments have
been made, and the results are favorable. Parametric studies
have been conducted to predict the influence of different
polishing parameters on the material removal rate. With this
new framework, the entire wafer—pad interface can be
studied under the influence of the four major physical
interactions (contact mechanics, fluid mechanics, particle
mechanics, wear). The result is a significantly faster multi-
physical model that can simulate realistic CMP conditions
without sacrificing accuracy.
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List of symbols

o Orientation of the wafer with X-axis

B Orientation of the wafer with Y-axis

do Z-separation between the wafer center and mean
plane of the pad

n Slurry viscosity

Vpad Poisson’s ratio of the foundation (pad)

Qp Angular velocity of the pad

Qy Angular velocity of the wafer

a(x,y) Contact stress at position (x, y)

oy Standard deviation in the diameter of abrasives

T Initial height of the foundation

0 Tangential coordinate measured from X-axis of
the wafer

A Combined indentation of the particle into the pad
and wafer

Ap Indentation of the abrasive into the pad surface

Ay Indentation of the abrasive into the wafer surface

Ay Width of contact between an abrasive and the
wafer surface

d Diameter of an abrasive particle

davg—a  Average diameter of active particle

dayg Mean diameter of abrasives

Epaa Elastic modulus of the foundation (pad)
Force on the abrasive while indenting on the
wafer

Net force on the wafer, along the Z-axis
Fluid film thickness

Hardness of the wafer

Net moment on the wafer, along the X-axis
Net moment on the wafer, along the Y-axis
Number of abrasive particles

Hydrodynamic fluid pressure

Radial coordinate with wafer center as the origin

1

=

ST >

RS I
<

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11249-015-0553-y&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11249-015-0553-y&amp;domain=pdf

32 Page2of 11

Tribol Lett (2015) 59:32

Twp Separation between the axes of rotation of wafer
and pad

u(x, y) Z-deflection at position (x, y)

Va(p) Velocity of the pad in the tangential direction

Vo(w) Velocity of the wafer in the tangential direction

Vi(p) Velocity of the pad in the radial direction

Vi(w) Velocity of the wafer in the radial direction

Vrel Relative velocity between an abrasive and wafer
surface

Vol  Average material removed by an active particle

1 Introduction

Chemical mechanical polishing has been a critical process
for achieving surface planarization in electronics and is
commonly used as an intermediate fabrication step for
devices such as integrated circuits [25], light-emitting
diodes [26, 28] and magnetic hard disk read/write heads
[9]. Although CMP is a common practice in the precision
manufacturing industry, the tribological mechanism of the
process is not completely understood. This is primarily due
to the complex nature of the interactions between the
wafer, pad and the abrasive particles.

Several models have been proposed to explain the wear
action in the CMP process, ignoring one or more of the
physical phenomena involved. Some of the earlier studies
presented empirical models based on results from CMP
experiments. Preston in his landmark paper [17] presented
the first mechanical model relating the material removal
rate to the work done by the frictional force. This approach
though reasonable under certain restrictions, does not
reveal insights into the wear mechanism. Zhao and Chang
[27] and Luo and Dornfeld [12] published seminal wear
models based on the real contact area between the pad and
wafer interface and the calculation of active particles. Both
models gave an accurate fraction of “active” particles, as
shown by [14], thus resulting in reasonable wear predic-
tion. However, both works acknowledged the fact that the
slurry flow behavior would play an important role in the
polishing mechanism, something that both models
neglected. Another group of authors such as Sundararajan
et al. [21] have approached CMP with fluid hydrodynamics
to calculate wear by calculating the hydrodynamic pres-
sure. Their models, as opposed to the previously mentioned
category of models, captured the behavior of the slurry
quite well, but ignored the effect of contact between the
pad and wafer surfaces, thus neglecting the possibility of
abrasive wear. The final approach builds up on the theories
of contact mechanics and fluid hydrodynamics. Shan et al.
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[20] presented a one-dimensional model to predict inter-
facial fluid pressure under the wafer by solving an average
flow Reynolds equation by introducing mixed lubrication
(the Iubrication process where the load is being carried by
the fluid, together with a solid—solid contact) into CMP.
Higgs et al. [5] extended that work to two dimensions with
a stationary wafer and determined the equilibrium orien-
tation for calculating the hydrodynamic pressure and con-
tact stress. Similar work was done by Jin et al. [7]
following the theory of elasto-hydrodynamic lubrica-
tion (EHL). However, the seminal EHL or mixed lubrica-
tion studies for CMP were just oriented toward predicting
the interfacial lubrication process and did not address the
material removal aspect of CMP.

All the approaches mentioned above were set up at the
wafer scale and did not predict the presence of defects at
feature scale, namely dishing, erosion and micro-scratching.
Identifying a phenomenon they called particle-augmented
mixed lubrication (PAML), Terrell and Higgs [22] pre-
sented an asperity-scale deterministic model that can
overcome these shortcomings of the wafer-scale modeling
approach. However, due to the high computational costs,
even with a small domain, the model was computationally
quite expensive. The present study, similar to the earlier
PAML study, integrates the effect of slurry fluid flow, the
mechanics of wafer and pad contact, and includes abrasive
wear of particles for the process of polishing. The approach
here is presented as a wafer-scale analysis, intended to
capture the wafer-scale defects such as inter-die polishing
differences.

2 Modeling Scheme

The philosophy of the proposed modeling scheme has two
parts: determining the quasi-equilibrium orientation of the
wafer over the polishing pad and calculating the material
removal in that orientation. The state of quasi-equilibrium of
the wafer is achieved when the net forces and moments acting
on the wafer vanish. Due to apparent circular symmetry in the
process, the net horizontal force (in X and Y directions) is
assumed negligible. For the same reason, the vertical moment
(in Z-direction) is also neglected in the present analysis. As a
result, the only conditions required to satisfy, for dynamic
equilibrium, are F; = 0, M, = 0 and M, = 0.

The major forces acting on the wafer during CMP are
the hydrodynamic pressure applied by the slurry, the con-
tact pressure applied by the pad asperities, and the external
load applied on the wafer carrier. The slurry flow is
assumed to be incompressible and Newtonian, and the pad
material is assumed to be linear-elastic and isotropic.
Based on these assumptions, a comprehensive model is
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presented here that accounts for the effect of the slurry,
solid—solid contact between the wafer and the pad and wear
due to the abrasive particles in the slurry. The following
sections describe the major components of the model.

2.1 Hydrodynamic (Slurry) Modeling

The effect of the slurry on CMP has been widely
acknowledged previously, even by the authors who
excluded the slurry from their models [12, 27]. Some
authors have claimed that the chemical erosion is the
dominant material removal mechanism in CMP and have
hence focused their entire approach toward accurate pre-
diction of the hydrodynamic behavior of the slurry [19, 21].

The authors of the present study also acknowledge the
effect of the slurry on the polishing process and have thus
integrated the effect of the slurry as an important part of the
analysis. The slurry has several chemical additives that are
intended to enhance its polishing performance. The addi-
tives adsorb and react with the surface of the wafer,
altering its thermo-mechanical properties, and thus affect-
ing the material removal rate. However, for the purpose of
this work, the analysis of the slurry has been restricted to
its mechanical or hydrodynamic behavior only. In the
presented model, the hydrodynamic pressure acting on the
wafer plays an important role in determining the equilib-
rium orientation of the wafer. Similar to previously men-
tioned studies [5, 20, 21], the Reynolds equation has been
solved to calculate the hydrodynamic pressure acting on
the wafer surface. Due to the cylindrical geometry of the
interface, the cylindrical polar form of Reynolds equation
[eq. (1)] given by Beschorner and Higgs [1] has been used
in the current model.
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The primary quantity dictating the fluid pressure (p) in the
Reynolds equation [eq. (1)] is the film thickness ‘A’. The
film thickness in this model has been approximated as the
separation between the smooth wafer surface and the mean
plane of the pad asperities. The individual contribution of
the nominal clearance (dy), rolling angle () and pitching
angle (f) has been superposed to give the effective film
thickness at a point (Fig. 1). The resultant film thickness
can be written as shown in (2).

h(r,0) = 6y + rsinacos 8 + rsin fsin 6 (2)

The velocities have been calculated with the wafer’s
center as the origin, following the work of previous studies
by Park et al. [16], Cho et al. [4] and Beschorner and Higgs
[1], shown in Fig. 2 and can be given as in (3)

Vi(p) = Fwp Sin 092, (3a)
Vop) = (7 + rupcos 0)Q, (3b)
Vrw) = 0 (3¢)
Vow) = rQy (3d)

2.2 Wafer-Pad Contact

In a regular CMP setup, the pad is made of a soft polymeric
material placed on top of a rigid metallic platen. The wafer
typically is a metallic, metalloid or ceramic material and is
much tougher than the polymeric pad. Thus, the solid—solid
contact between the wafer and the pad can be modeled
through a Winkler elastic foundation [8] which approxi-
mates the softer material as a mattress, constructed by
assembling a set of parallel springs. In this case, each
spring represents a collection of, or a single asperity,
occupying a rectangular area, and representing the average
height of that area. It is assumed that these springs deform
vertically, without influencing their neighbors. This pro-
vides a relationship [eq. (4)] between the stress and normal
deflection for each spring, as has been described by John-
son [8]

u(x,y) (4)

J(xay) =K

where ¢ is the contact pressure, 7 is the initial height of the
foundation, and u is the deformation at the surface. The
following assumptions were made to determine the pro-
portionality constant:

— Tangential deflection of the asperities is neglected
— The effect of the tangential loads on the normal
deflection is neglected

With the above assumptions, the equations of elasticity for
the pad can be condensed to eq. (5)

Epad(1 — vpaa)  u(x,y) (5)

o(x.y) = (1= 29pa0) (1 + vpaa) <

This expression explicitly relates the normal stress o(x,y)
to the normal deflection u(x, y) of an asperity. As a result,
the calculation of contact pressure can be obtained through
O(N) operations, which is critical to maintaining the speed
and memory efficiency of the model.

@ Springer
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Fig. 1 Superposition of individual variables to calculate the film thickness. a Angle with X-axis. b Angle with Y-axis. ¢ Displacement in

Z-direction
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Fig. 2 Different velocities in the system

2.3 Equilibrium Orientation

The fluid and contact pressure fields are used to formulate
three equations in three independent variables mentioned
earlier, the nominal clearance (Jy), rolling angle («) and
pitching angle (f3). The three equations correspond to the
equilibrium conditions of no normal force (F, = 0) and no
tangential moments (Mx = 0, My = 0) on the wafer. The
equations are nonlinear, implicit equations and, hence, an
analytical solution is not possible. A novel root-finding
method based on a homotopy algorithm has been designed
to solve the equations, which is described next.

The algorithm starts with an initial guess, sufficiently far
from the expected solution. One of the variables is fixed at
the initial value, and the remaining two variables are varied
to satisfy two of the equations. The first variable is then
modified slightly, and the other two variables are again
varied to satisfy two equations, starting with the previous
iteration’s roots as the initial guesses. This process is
repeated until the third equation is also satisfied by the
values of the three variables.

For the step at solving the two equations, the conjugate
gradient method was employed to ensure stability and
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consistency. As all the equations are nonlinear and highly
complex, traditional root-finding algorithms such as New-
ton—Raphson, Secant method or Broyden method were
found incapable of yielding consistent results.

It is important to note that the equilibrium being dis-
cussed here is a quasi-steady equilibrium. As the pad and
wafer rotate, the hydrodynamic pressure and the contact
stress change and a new equilibrium orientation appears at
every time step.

2.4 Wear

Abrasive wear has been widely accepted as the predominant
wear mechanism during CMP. Following the definition of
abrasive wear, a “wafer-wear” event only occurs when an
abrasive particle, trapped within the contact of a pad and a
wafer asperity, indents into the wafer surface, due to force
applied by the pad asperity. The method used for calculating
wear over a wafer asperity is based on the formulation
described by Luo and Dornfeld [12, 13]. The aggregate plastic
deformation in both wafer and pad (A) can be written as:

A=A, +A, (6)

where the subscripts ‘w’” and ‘p’ refer to the wafer and the
pad, respectively. The particle sizes are assumed to follow
normal distribution, with the probability distribution
function defined as in eqs. (7) and (8).

ol i] o

1 (da_davg)/a—d
pld<d,} = —%/

Every particle having diameter larger than A will cause
plastic deformation and hence lead to wear. Following this
principle, the number of active particles can be calculated
as eq. (9).

e~ (1/2)2 44 (8)

Nactive = Nrotal — Na<a

= Nootal (P{d < dmax} - P{d < A}) (9)
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Here, following the work of ref. [12], it is assumed that the
average diameter of the active particles is independent of
the down pressure, as in most cases, only the largest par-
ticles would be participating in wear. Ny, 1S the total
number of particles trapped in the interface, which can be
calculated through the slurry concentration.

Also, in most cases, (dmax —davg)/0~3 and
p{d <dmn.} =~ 1. The total volume removed at every
asperity contact is calculated by adding the volume
removed by every active particle, which in turn is
approximated as the product of the number of active par-
ticles and volume removed by one average-sized active
particle. Volume removed by one particle is written as

eq. (10).
Volayy = AwlyVrel (10)

where A,, is the particle indentation depth into the wafer
surface, a, is the radius of contact area between the par-
ticle and the wafer surface, and v, is the velocity with
which the particle is being dragged across the wafer, which
in this case is the relative velocity between the pad and the
wafer at that location. Assuming the contact between the
particle and the wafer is completely plastic, as shown by
ref. [12], Ay and ay can be calculated as (11) and (12),
respectively.

2F
AW e ——
Tdavg—aHy ( 1)
2F
_ 12
ay 8 (12)

Using eqs. (11) and (12), we can rewrite (10) as (13).

3/2
1 (ZF) - (13)

Volaye = —
e davg—a nHw

Here, F can be calculated using the contact stress given by
eq. (5) and v, can be obtained using eq. (3). As mentioned
earlier, d,ys_, is independent of the down pressure and has
been approximated as being close to the size of the largest
particles.

2.5 Differences Between the Current Work
and Previous Work by Terrell and Higgs [22]

An approach similar to the current work was presented by
the co-author in another paper [22] in the past. However,
the present solution is significantly different from the
previous work, in the following ways:

— The hydrodynamic pressure field was solved using the
Reynolds lubrication equation for cylindrical polar
contacts, whereas [22] solved the three-dimensional
Navier—Stokes equations

— Even though both models utilized the elastic foundation
model, contrary to the present work, [22] did not
account for the topography of the entire pad and limited
its focus on a small, microscopic domain

— High-resolution Lagrangian—Eulerian formulation was
used to model the particle—fluid interactions in [22].
Their model assumed that all particles trapped between
a wafer and pad asperities were contributing to material
removal or were “active.” Although the present work
makes assumptions regarding particle transport, it
accounts for the probability of particles being inactive
while still being trapped in the solid—solid contact zone.

— The wafer orientation from [22] only aimed to achieve
a quasi-equilibrium using the solid contact force. The
current work achieves a three-dimensional load and
moment balance at each time step, which incorporates
both the solid and fluid load-carrying capacity.

While [22] used higher fidelity modeling treatments, the
framework was computationally expensive and thus lim-
ited to a microscopic wafer—pad interface simulated over
microseconds. The present work, on the other hand, can
study the entire wafer—pad interface and simulate real CMP
conditions in a practical timescale.

3 Results

The Reynolds Equation was solved numerically using the wafer
center as the origin. The entire region under the wafer was
discretized into a polar rectangular grid. The pad was inde-
pendently discretized into another polar grid, originating at its
own center. For calculating the contact stress, a pad surface was
generated with a mean height and average roughness specified
in Table 1. The pad was assumed to be a Rodel IC1000, and the
wafer was assumed to be a blanket Cu surface. The slurry was
assumed to be an aqueous alumina suspension.

Figure 3 shows the overall algorithm that was followed
in the model for the transient analysis. As shown, the
equilibrium hydrodynamic pressure and contact stress
profiles are calculated at every time step, as is the wafer
wear. Note that the model provides a wear “field” as an
output, which is then averaged over the entire region for
comparing with other studies, which typically give an
average material removal rate in terms of reduction in
thickness of the wafer (Fig. 4).

3.1 Fluid Pressure

The model can predict the evolution of the hydrodynamic
pressure profile over the course of a simulation. Over the
entire simulation, no steady state pressure profile is
observed. This is not surprising as the surface of the pad

@ Springer
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Table 1 Model parameters

Pad properties

Model simulated IC 1000
Elastic modulus (bulk) 12 MPa
Elastic modulus (tip) 300 MPa
Poisson’s ratio 0.4
Hardness 5.0 MPa
Asperity distribution Gaussian
Thickness 1.3 mm
Roughness 5 pm
Wafer properties

Elastic modulus 110 GPa
Poisson’s ratio 0.16
Hardness 2.0 GPa
Slurry properties

Solvent Water
Solvent density 1000 kg/m?
Abrasives SiO,
Abrasive density 2000 kg/m3
Abrasive size distribution Gaussian
Mean abrasive diameter 150 nm
Standard deviation of abrasive diameter 70 nm

Guess

a’ﬁ550

Solve M, =0
M, =0,
assuming &g
is constant

Modify &

Solved:
a, B, &

Fig. 3 Root-finding algorithm
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Guess
a, ,B 9 50
Compute new
Y | a.B.0
Reynolds TPl Ly Elastic
Equation h(e,3,6) Foundation
|
Find fluid Find contact
pressure: p(r,0) stress: o (r,0)
Root
Finder

Solved:
a.f,

Calculate material
removal and MRR

Fig. 4 Flowchart of the modeling process

affects the equilibrium orientation, which in turn governs
the distribution of fluid pressure. As the surface of the pad
is rough with significantly different topographies interact-
ing with the wafer in consecutive time steps, a new equi-
librium orientation and thus a new pressure profile are
expected at every time step. However, an “average fluid
pressure field” can still be calculated by averaging the
pressure field over one whole rotation of the pad. This
average pressure was compared against the measured fluid
pressure reported by Osorno [15] for conditioned pads in
Fig. 5. The experimental measurements were taken through
wireless point probes that rotated with the wafer. These
discrete values reported by the point probes were then
interpolated to construct a pressure contour. Ignoring the
zigzag nature of the pressure distribution which appears to
be the artifact of the spatial interpolation, good agreement
can be observed between the model and the experiments.

3.2 Polishing Load

The effect of the polishing load on the material removal
rate was compared against the numerical and experimental
results given by Terrell and Higgs [22], as shown in Fig. 6.
It can be seen that for lower loads (less than 16 psi), the
model is in good agreement with the experimental mea-
surements and is closer than the numerical results
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Fig. 5 Dynamic fluid pressure profile for a well-conditioned pad. a Dynamic pressure measurement conducted by Osorno [15]. b Average

pressure calculated over one pad rotation

Material Removal Rate with Polishing Load
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Fig. 6 Effect of polishing load on the material removal rate

generated by the PAML model [22]. However, for higher
loads, the deviation between the experimental results and
the current model becomes much greater, which can be
attributed to the approach taken to model the contact
mechanics in this work. As discussed in 2.2, the pad has
been modeled to act as an assembly of independent voxels
that do not influence each other while deforming under
stress. As the springs (and hence the representative voxels)
act independently, they only come in contact when the
applied load is large enough to cause deformation in all the
asperities taller than themselves. Because of this, as the
load increases, patches of pad start to appear that have been

deformed completely flat, i.e., no difference in the heights
of the deformed voxels. This leads to the fluid slowly
getting squeezed out of the interface. This in turn results
in diminishing fluid load carrying capacity, and, unrealis-
tically large fraction of the load being supported through
the solid—solid contact between the wafer and the pad.
Such high contact stresses would lead to much higher
material removal as is seen in Fig. 6. Fortunately, more and
more applications now seek very low after-polish rough-
ness values. The general strategy to achieve such low
roughnesses is to apply very low loads during polishing. In
such cases, the present model can provide excellent
predictions.

3.3 Particle Size and Concentration

The effect of the abrasive particles in the slurry was also
studied through the model. The material removal rate
predictions of the model have been compared against the
experimental data reported by Bielmann et al. [2] who
studied the effect of different particle sizes and solid con-
centration on the MRR. Figure 7 plots the variation in the
MRR as a function of solids loading. For the lower con-
centrations (less than 15 %), the linear increase in the MRR
with increasing solid concentration matches well with the
experimental observation by Bielmann et al. (shown in the
inset). However, two major differences can be noted
between the two set of results.

Firstly, in the experimental data, one can observe the
saturation of MRR for smaller particles above the con-
centration of 10 %. It has been explained in detail by [11]
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Material Removal Rate with Solid Concentration
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Fig. 7 Material removal rate with varying abrasive concentration in
the slurry, plotted for various mean abrasive diameters. Inset Data
presented by Bielmann et al. [2]

that at higher concentrations, the MRR saturates and does
not increase with increasing solid loading. After the satu-
ration point, in the absence of exposed wafer surface,
additional abrasive particles cannot come in contact with
the wafer and hence fail to cause any additional wear.
Thus, a larger fraction of available abrasives remains
“inactive” and possibly enhances lubrication, similar to
lubrication enhancement caused by granular media [6, 24].
As the current model fails to account for the inactivity in a
larger fraction of particles beyond a certain point, similar
phenomena is not reflected in the predictions.

Secondly, although the variation in MRR in the exper-
imental data is linear [Fig. 7 (inset)], there appears to be a
nonzero y-intercept to all the curves plotted. On the other
hand, the present model shows that all the curves pass
through the origin, thus resulting in zero intercept. This
difference can be explained by the assumption made for the
present model which ignores all wear mechanisms except
abrasive wear. This means that there would be no wear
predicted by the model when the solid concentration goes
to zero, i.e., in an abrasive-free slurry. During the experi-
ments, however, some material removal may still be pos-
sible in the absence of particles as a result of chemical
erosion which has been neglected in this study.

The dependence of MRR on mean abrasive particle
diameter has also been studied. As noted by Bielmann
et al. [2] and followed on by [13], the material removal rate
drops exponentially with the increase in the abrasive par-
ticle diameter. Similar behavior has been observed in the
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present study as shown in Fig. 8a. The MRR averaged over
concentration values in the linear region in Fig. 7 (2, 5 and
10 %) has been plotted against mean abrasive particle
diameter.

Although trend-wise similarity has been observed in
both of these comparisons, quantitatively, the values
reported by the present study have been off by a factor of
3-4. This can be explained by the uncertainty in the values
of the input parameters required for the model. For this
comparison, most common values have been used for the
material properties of the wafer and the pad and operating
parameters were estimated from the limited information
available in Bielmann et al.’s paper [2]. If the model pre-
dictions are multiplied by a constant scaling factor to
account for all these uncertainties, an excellent match can
be obtained between the predicted values and the experi-
mental measurements, as shown in Fig. 8b. Similar
approach has been followed by [13] while comparing their
modeling approach against the experimental data reported
by [2]. In the present work, the scaling thus accounts for
two factors: the uncertainty in the values of the input
parameters and the chemical action during the process.
Detailed in-house experimentation can help us avoid the
use of scaling for the former. However, to accurately
incorporate the latter, large-scale modifications would be
required in the model.

3.4 Parametric Studies

Now that experimental evidence supporting the model
predictions has been presented, parametric studies were
conducted to understand the effect of parameters that are
difficult to study experimentally.

3.4.1 Slurry Viscosity

Several researchers have reported several degrees of tem-
perature increase during polishing [3, 10, 23]. Thus, the
performance of the slurry can differ significantly with such
changes in temperature. One of the most prominent effects
of the increase in temperature can be seen by a sharp
decrease in the slurry viscosity. Through the present model,
the effect of such change in viscosity has been studied and
the result is shown in Fig. 9. It can be seen that material
removal rate decreases rapidly with increases in viscosity.
This is expected, as with increase in viscosity the load-car-
rying capacity of the fluid increases, resulting in reduced
solid—solid contact stress between the wafer and the pad.
The increase in the fluid load-carrying capacity can also be
monitored by the fluid pressure in the interface. Figure 10
shows the time-averaged fluid pressure distribution in the
interface for three of the studied viscosity values (the Z-axis
limits have been adjusted for each plot to show the pressure
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(a) Material Removal Rate with Abrasive Diameter
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Fig. 9 Effect of Newtonian slurry viscosity on the material removal
rate

profile). Even though the pressure profile remains similar, a
steady increase in the pressure values can be observed as the
viscosity increases. To demonstrate the differences in mag-
nitudes of pressure values, Fig. 10 is replotted with the same
pressure limits across the viscosity plots, in Fig. 11 that
shows the sharp increase in the pressure more clearly.

In the absence of any solid—solid contact, as might be
the case with the slurry viscosity equal to 0.01, there would
be virtually no material removal (once again, here we are
assuming that particle abrasion is the only mechanism for
wafer wear and effects of erosive material removal have
been neglected). As the temperature rises with time during
the polish, thus resulting in lower viscosities, one can

expect faster material removal than at initial, ambient
temperatures.

3.4.2 Particle Size Distribution

Controlling the abrasive particle shape and size is a very
difficult task due to the inherent nature of the process by
which they are produced. Also, it is extremely difficult to
study the effect of degree of deviation from the mean
abrasive size experimentally, as the deviation itself is not a
controlled parameter but a result of inefficient manufac-
turing. This is where computational tools like the present
model can provide invaluable insight. Assuming all the
particles are spherical, the effect of deviation from the
mean value of the particle diameter was studied. Figure 12
shows the variation in material removal rate with change in
the standard deviation of the diameter of the particles. One
expects the change in standard deviation to not cause much
variation in MRR, since with increasing the standard
deviation, two counteracting effects come into picture.
Firstly, for a particle size distribution with large standard
deviation, the active particles would have larger diameter
than the distribution with smaller standard deviation. For
the same pad-wafer asperity contact stress, these larger
active particles would result in larger material removal per
particle. However, as the volume of the particle is larger for
larger standard deviation, there would also be less number
of active particles, assuming the concentration to be
constant.

As seen in Fig. 12, a larger variation in particle sizes
indicated by a larger standard deviation of particle diameter
results in slightly higher average material removal rate.
Unless the standard deviation values are extremely small,
which represents extremely high size control on very fine
particles (very hard to achieve in manufacturing), the
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Fig. 12 Effect of particle size distribution on the material removal

rate, for a mean particle size of 150 nm

growing size of the particles overcomes the decrease in the
number of particles (as shown by [13]), thus increasing the
material removal rate. However, the wafer polished with a

@ Springer

slurry having a larger variation in particle sizes would have
a higher probability of resulting with polishing defects such
as micro-scratching and pitting [18]. On the other hand,
even though we would get much more control on the sur-
face quality with a very small variation in particle sizes, the
cost of such control might be prohibitive and would also
result in a much slower polish. Thus, aiming for a median
standard deviation value in particle sizes would be easier to
achieve and would also yield an acceptable surface quality.

4 Conclusion

A new wafer-scale multi-physics model based on the
hypothesis of abrasive wear and particle-augmented mixed
lubrication was developed for modeling CMP. The model
integrated the effects of mixed lubrication in the wafer—
pad-slurry interface and wear caused by the abrasive par-
ticles in the slurry.

The proposed framework was then compared against
experimental measurements available in the literature. A
variety of temporal and time-averaged quantities can be
obtained as the output of the model. The average fluid
pressure distribution obtained from the model matches well
with the experiments conducted by [15]. The effect of
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variation in polishing load on the material removal rate
also agrees with the experiments conducted by the co-
author in the past [22]. Finally, the effect of abrasive par-
ticle diameter and solid loading of the slurry also matches
with papers published in the past [2, 13].

The model can capture wafer-scale defects such as dif-
ferential polishing across the wafer and over-polishing
close to the wafer edge. With the model’s capability to
capture multi-physical interactions, the effect of several
material or operational parameters can be studied. The
model can thus provide invaluable insights in the cases
where the parameter of interest cannot be studied experi-
mentally. This capability was demonstrated through two
example cases of variation in slurry viscosity and abrasive
particle size distribution. Therefore, the current model can
facilitate design and evaluation of the next generation of
polishing equipment and consumables, thus bringing the
cost of electronic devices down.
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