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Abstract

We examine the non-uniform wear of the wafer and the pad in the
Chemical Mechanical Polishing of wafers in the semiconductor industry.
We model the pad as a set of springs in order to get the pressure distri-
bution, which then determines the wear according to Preston’s Law. The
shape of the pad and the wafer evolve in time, as the wafer rotates and
oscillates, and the pad rotates. The non-planarity that our model predicts
resembles experimental data.

1 Introduction

In the semiconductor industry, it is necessary to generate surfaces with minimum
topography. As the size of the structures on the circuit devices decreases, it is
becoming even more important that the surfaces be made uniformly planar.
Many techniques have been developed for this purpose, but most are ineffective
in global planarization. The current standard method for planarization is the
Chemical-Mechanical Polishing (CMP), which have been shown to yield the best
results for wafer planarity and uniformity [1, 2, 3].

In the CMP process, a wafer is pressed against a pad while each is rotating
about its axis. In practice, they rotate at the same angular speed since this gives
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constant relative speed for all points on the wafer. The wafer also moves back
and forth along the line that connects the two centers. The pad is covered with
slurry, which induces chemical reactions on the surface and plays an important
role in the local planarization. The dimensions of the wafer, the pad, and
the movements are shown in Fig. 1. Typically, each wafer requires about 60
rotations. Each pad can be used to polish about 150 wafers. After the non-
uniformity of the surface exceeds given tolerance, the pad is discarded.

There are two main approaches to studying the CMP and in particular
the determination of the pressure distribution [4]. One is to concentrate on
the motion of slurry and the hydrodynamic and chemical interactions. For
example, elastic contact surface mechanics and hydrodynamic lubrication were
used to study the effect of suction fluid pressure below the wafer in [5]. Many
authors have documented experiments in which the effect of the size and the
concentration of the slurry particles on the wear were examined.

The other is the direct wafer-pad contact and the mechanical properties.
A statistical model for the asperities was studied to characterize the surface
roughness and its effect on the polishing rate [6]; Von Mises stress on the wafer
surface is considered in [7]; mechanical properties of the slurry particles was
studied in [8]; contact pressure and wafer shape changes were computed in [9].

While this method has been studied widely, a time-dependent simulation
accounting for the rotations and the oscillation has not been performed until
now.

¢ Force (7-10 psi)

<E&> 38"

25-30 rpm
\p/

Figure 1: Schematic of the CMP Process
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2 Formulation of the Problem

We would like to construct a model that describes the following two phenomena:

1. the shape and polishing rate of the wafer as a function of radial distance
from the pad center.

2. the shape of the pad and wear-out rate, also as a function of radial distance
from the pad center.

In the process of modeling one has to take into account the following factors:

¢ as the pad is used, the asperities wear down and the removal rate of the
pad decreases;

¢ a worn pad is no longer planar. One expects a parabolic-type shape after
a number of wafers have been polished. Therefore, the polishing rate at
the edge of the wafer might exceed the rate at the center;

e as the pad rotates, points situated at different radii from the center will
have different contact time with the wafer. This fact also influences the
wear of the pad.

There are many different interactions in the pad-wafer problem. For exam-
ple, at the microscopic scale, there are asperities, slurry, chemical reactions with
the wafer, and the accumulation of debris in the pad pores which will all affect
the removal rate. On the other hand, at the macroscopic level, contact time,
distribution of pressure, relative velocity, and the radial oscillation of the wafer
with respect to the pad must all be taken into account.

The literature we have consulted is extensive. However, most of the papers
were limited in scope and handled the problem in a static sense. So a logical
progression led us to attempt a dynamic approach.

The main steps to be followed are:

(i) start with a perfectly flat pad and a flat (at the macroscopic level) wafer.
Consider a radial slice of the pad and wafer along a common diameter
(Fig. 6);

(ii) apply an initial force, F, uniformly distributed on the wafer, which will
determine a penetration, ¢, into the pad;

(iii) using the elasticity equations, with boundary conditions, find the displace-
ments of the pad;

(iv) find the stress tensor, and the pressure distribution, as a function of dis-
tance from the center of the pad;

(v) using Preston’s Law, find the removal rate and the change in profile of
both the pad and the wafer;
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(vi) update the profile of the pad and wafer and, assuming the applied force
is constant, calculate the penetration.

By repeating steps (iii) through (vi), we can define a dynamic model which
would reflect several intermediate profiles.

Since there does not exist an explicit solution for the general elasticity equa-
tion for the given boundary condition, we must approximate these values. Two
different approaches were developed:

e the one-dimensional elasticity problem (spring equation) has an explicit
solution. So one idea was to consider a "mattress” approximation of the
pad: define a mesh on the pad and regard each element as a spring on the
pad;

e Solve the plane-strain formulation of the elasticity problem using the
boundary element method.

Each one of these approaches will be discussed later.

2.1 Relative Velocities

The removal rate depends on the relative velocities between the pad and the
wafer. It is easy to show that the relative velocity is simply the same unidirec-
tional vector for all points on the wafer. In Fig. 2, the velocity of the point P
relative to the center of the pad is V, = w(—y — d, z) and relative to the center
of the wafer V,, = w(—y,x), where d is the distance between the two centers and
w is the angular velocity. By subtracting the two, we immediately see that the
net velocity is always to the left. With the oscillation of the wafer at a constant
speed, relative velocity is still the same for all points on the wafer.

2.2 Contact Time
2.2.1 Without oscillatory motion

The wafer rotates with w; and oscillates up and down with wy, while the pad
rotates with ws. Notice that all the points on the wafer are always in contact
with the pad, the reverse is not true. We calculate the time that a point on the
pad is in contact with the wafer as a function of the distance from the center.

We first consider the case without the oscillatory motion. For each revolution
of the pad, the fractional time that a point on the pad spends in contact is the
ratio of the lengths between the arc of the circle contained in the wafer and the
whole circle. We can also think of this in terms of the angles, as shown in the
picture. Since we know hg, the distance from the center of the pad to that of
the wafer, and r, the radius of the wafer, we can compute the angle 6, using the
law of cosine. So the fractional time that the point  away from the center of
the pad spends inside the wafer in one revolution of the pad is

2+ hg — 72
25L‘h0

$2+h3—r2

T(z;ho,r) = %cos*1 ( Sahe

) whenever | | <1
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Figure 2: Relative Velocity

This condition holds only for the points on the pad that are in contact with
the wafer for some time during a single revolution.
The profile with r = .2 and hg = .5, is shown below in Fig 4.

2.2.2 With oscillatory motion

We assume that the oscillatory motion is slow relative to the spinning of the
wafer that the contact time can be approximated by the expression for the
stationary case above. This is the case in practice. Typically, w3 = ws =
2sec/rev and wy, = 15sec/period.

We introduce another parameter a, half the amplitude of the oscillatory
motion. The center of the wafer then moves between hg — a and hg + a. We
notice that the errors from the upward and downward movement would cancel
each other to some degree. Therefore, we take the average T'(z; ho,r) over one
period d of the oscillatory motion.

1 to+d
I(x; hg,rya) = 3/ T(x; h(s),r) ds

to

The position of the center in time can be written as
h(t) = ho + a sin(wpt)

We therefore have
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Figure 3: Oscillatory Motion

_Jo, Y] >1
¢(t)_{%cos—1 @), <1

2 + h(t)? — r?
2z h(t)
We have the two cases as above because for a given point z on the pad, the
wafer may move out of range for a part of the period and there is no contribution

to the contact time in that case. The profile of contact time with oscillation
when ho=0.5, r=.2 and wp, = 1 are shown in Fig 5.

where 1) =

2.3 Preston’s Law

In our model, we take Preston’s law for granted. Preston’s law claims that
RR, =C) pV,

RRw = ULy pV,

where RR, and RR,, are the removal rates for the pad and the wafer respec-
tively, Cp and C, are the Preston coefficients for the pad and the wafer respec-
tively, p is the pressure, and V the relative speed. This simply says that in the
parameter regime in which the CMP takes place, the removal rate varies linearly
with the pressure applied and the relative speed. While there is no theoretical



Chemical-Mechanical Polishing 7

oal -

o.08| -

Fractional tme

o.06 -

0.0a -

) o1 0.2 0.3 0.4 05 0.6 0.7 o8 0.9 1

Figure 4: Contact Time (without oscillation)

ho=5,r=.2, a=.1, w,=1
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Figure 5: Contact Time (with oscillation)

basis for this assertion, it agrees with our intuition and has been experiemen-
tally verified to be a good approximation. These equations are coupled through
the common pressure on the contact area between the pad and the wafer.

3 The Model

In the following model we neglect the slurry. Since we are interested in the
global planarization, mostly due to the mechanical aspect of the process, this
is a reasonable simplification. We also assume that the pad and the wafer are
fully in contact. We assume that we start with a flat rigid wafer and a flat
elastic pad. Ideally we would like to consider the full three dimensional model.
However, due to computational difficulties we reduce the problem to two or one
dimensional problem. We first briefly describe the full elasticity model. We
would have to solve this set of equations in three dimensions at each time step
in order to get the correct behavior.

We fix the bottom of the pad on the xy-plane and the center of the pad
at the origin.Also, we assume that the center of the wafer is on the positive
x-axis. Let Sp(x,y;t) be the profile of the “elastic” pad, S, (&,9;t) the profile



Chemical-Mechanical Polishing 8

of the “rigid” wafer, S,, determines the distance from the surface of the wafer
facing the pad to the bottom of the pad. P(Z,9;t) the pressure at point (£, ),
and V(Z,9;t) the relative velocity, all at time ¢. The wafer is pushed into the
pad by a fixed force F. As a result, the whole wafer is displaced vertically by
a constant distance c, and the elastic pad will experience a displacement u =
(u1(z,y,2),us(x,y,2),u3(x,y,2)) . At this moment, assuming linear elasticity,
the pad is in static equilibrium in which we drop any body forces, due to gravity
for example. The equilibrium (Navier’s) equation in terms of the stress tensor
o (force per unit area) is:

dive =0 (1)

where o is related to the strain tensor ( displacement per unit length) and the
displacement vector via the relations:

Oij = Xexrlij + peij,
e = L(Vu+wvdh),
where: p = ﬁ and A = W are Lame constants, E is the Young’s

modulus and v is the Poisson ratio.
Thus the equilibrium (Navier Equation) Eq.(1) can be rewritten in terms of
the displacement u as

I
puigj + 5 ug.gi =0 (2)
with boundary conditions:
Ulz:O = 07
Uy, Sul@pt)ar+y2<r?y = Sp(:45t) = Su(#, 951) + ¢,
0 l{(a,y,8,(a,pt)ia2 92502y = 0,

and with the following constraint:

oc-ndS =F.
(@,y,Sw (z,y;t)):x24y2 <r?

where particles (z,y) and (#,§) are in contact at time ¢, and ¢ the vertical
movement of the wafer.

Observe that T = ¢ - n is the traction vector, and n is the outward normal
on the surface of the pad.

As noted above, the shape of the pad and wafer are dependent not only on
the elastic properties of the materials but the removal rate as well. Expressing
(RR), to be the removal rate of the pad, (RR), to be the removal rate of the
walfer, and T'(z,y) the “unit-free” contact time of a point (z,y) on the pad with
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the wafer.
Do~ (RR) .07 ),
B (RR)WG,90).
By Preston’s Law,
(RR), = removal rate of the pad

(volume of material removed from pad)

(unit area)(unit time)
= CpP(x,y,t)V(t),

where V (¢) is the relative velocity between the pad and wafer, and C, is a
constant.
Plugging this in to our equations above,

dd_*?’ = —C,P(z,y,t)V ()T (z,y), 3)
o = P,V 0) (4)

With the initial conditions Sp(z,y,0) = dy and Sy (Z,9,0) = do.

Now, since solving this three dimensional system is hard, we reduce it to a
two dimensional system. To do so we take a radial section through the pad such
taht this ray passes through the center of the wafer see Fig. 6. So Equations (3)
and (4) are now:

Dr =GP OVOT(), 6)
Bo ~ cup@ v, (©
Sp(II},O) =do Sw(j;ao) =do. (7)

3.1 Simplification of the 3D Model
3.1.1 The completely 2D Elastic Model

Now to solve the system we need to find the pressure as a function of the applied
force and the resulting displacement. From here we have two alternatives. The
first one is to continue with solving the 2D form of Eq. 2 using the Boundary
Element Method (BEM).
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r center of wafer

center of pad
Figure 6: Schematic radial cross section

3.1.2 The Mattress Model

The other alternative is to simplify the system further, by assuming that the
pad is a discontinuous elastic body comprised from a set of springs. Each spring
is fixed x units away from the center of the pad. In addition each spring has an
initial length Sp(z,t). Using Hooke’s law, the pressure P(z,t) (force per unit
area) can be expressed as

P(a,t) = k ( ~ (Su(z,1) - Sp<w,t))) "

Sp(xa t)

where k£ denotes Hooke’s constant.

Su

Figure 7: Spring Model

For now, assume homogeneity so the spring constant is independent of time
or position. Since the total applied force is F' = f P(z,t), then we can express
the constant vertical displacement ¢ when the wafer is pressed into the pad as:
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_(F/k—2r)+ [ Sw/Spdx 9
©= 11/S, dz ©)

where r is the radius of the wafer.
Substituting Egs. (8) and (9) in Equations (5) and (6) we get the so called
“mattress model”.

4 Numerical Results

4.1 Description of the Method

We first introduce the general formulation of a method for calculating the wear
of the pad and the wafer, using Preston’s laws. The method needs a subroutine
which will compute the pressure distribution underneath the wafer when it is
in contact with the pad, given the profiles of the pad and the wafer specified
on a grid that will be described in detail below. The method is designed to
be compatible with the kinds of spatial discretizations that are often used to
compute the pressure distributions from elasticity theory. Note that we are
assuming below that the profile of the pad is radially symmetric with respect
to the center of the pad, and that the profile of the wafer is radially symmetric
with respect to the center of the wafer. We do this for simplicity in both the
exposition and in the calculations, but the method can easily be extended to
more general profiles.

We discretize the pad in the radial direction, that is we assume we have a
set of radial values {r;}}¥, where the spacing between these values is uniform,
rir1 = r; + 0r. We also assume we have a grid of radial values on the wafer
{pi}M | where the spacing between the values is also §r. We assume that p; = 0.
Corresponding to these different grid points we have the values of the profiles
on the grid, that is, two sets of numbers, {Sp,;}X, and {S, ;}}L, where S, ; =
Sp(r;) and Sy,; = Sw(p;)-

From the profiles of the pad and wafer on the specified grid, Sp; and Sy ;
we can use some numerical procedure to calculate the corresponding pressure
distribution between the wafer and the pad when we push the wafer into the
pad with some fixed force. The details of how this calculation is performed are
not important so long as it is sufficent that the profiles be specified on the grids
we have just defined. For the results presented later in this section, we use the
spring model described in the previous section. We will take the values of the
pressure only at certain distinguished points on the wafer, namely, the points
where the different grids intersect, that is points on the wafer (i,j) = (r =
ri,p = p;). At each such point the pressure is specified p(3, j) = p(rs, p;)-

In our computations, in order to maintain the radial symmetry of the pad
and wafer profiles, we need to ensure that different points on the pad at the same
distance r; from the pad center see the same pressure, and similarly, that points
on the wafer at the same distance p; from the wafer center see the same pressure.
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But the pressure distribution, as computed above is not radially symmetric on
either the pad or the wafer. Thus we will assume that the actual pressure
seen by the wafer or pad is the average pressure taken over either an arc of
fixed r = r; across the wafer, or a circle of fixed p = p; around the wafer. In
particular, p(¢) is the spatially averaged pressure over the wafer at the distance
r = r; from the wafer center, and p(j) is the spatially averaged pressure around
the wafer at a distance p = p; from the wafer’s center. Replacing the pressure
with its average value in Preston’s law is justified by the fact that Preston’s
law is linear in the pressure, and the fact that the time scale of the wearing of
the pad should be much longer than one rotation period of pad and wafer, so
that it is reasonable to assume that the wearing in one rotation is negligible.
Note that the need to average the pressures could be dropped if we were not
assuming radial symmetry.

Once we know the effective values of the pressure seen by any point on the
pad we can use Preston’s laws to compute the wearing of the pad and wafer
profiles. The value of the profile at each separate grid point satisfies Preston’s
law, where the pressure at that grid point is used. The profiles S, ; and S, ;
then satisfy the ODEs:

dsS,; N
2= G T(di)p)(d)
Bui — Cuptip@ (10)

Here d is the distance from the center of the pad to the center of the wafer.
T(d,4) is the contact time at a distance r; from the pad center and v(d) is
the relative velocity. Note that, if the wafer is oscillating back and forth, then
d is a function of time. Note that these form a coupled system of N + M
nonautonomous ODEs. They are coupled through the pressure distribution
which, at any fixed time, depends on the values of all the heights S, ; and S, ;.
The basis of our computation for computing the wear of the pad and wafer as
time evolves then is to solve (10) numerically.

4.2 Results

We now present some of the results from our computation described above. To
compute the pressure distributions, we have used the spring model described in
section 3.2. For the pad, we have used a Young’s modulus of E = 4.0 x 10" N/m?
and a Poisson ratio of v = 0.4, and a wearing constant of C, = 10~ 13m?2/N. Its
thickness was lcm and its radius was 25 cm. The wearing constant of the wafer
was Cy, = 7.2985 x 10714m? /N, which is about the experimentally observed
value [3]. The wafer’s radius was 10cm. The wafer was pushed into the pad
with a total force of 735 N. The period of rotation of pad and wafer was 2s and
every wafer was polished for 60 rotations. The wafer oscillated back and forth
with a period of 15s and an amplitude of about lcm.

In figure 8 we show the 20th polished wafer after starting with a flat pad,
and in figure 9 we show the 200th wafer polished by the same pad. It is evident
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Figure 8: 20th polished wafer
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Figure 9: 200th polished wafer

from these pictures that as we continue polishing, the planarity of the polished
wafer deteriorates considerably. This is further illustrated by figure 10 which
shows how the vertical variation on a wafer increases as the pad keeps polishing.
It shows the vertical distance from the highest to lowest point on the wafer for
every 20 wafers polished. It is an increasing function, and it is sublinear. The
sublinearity indicates that as the pad continues to polish, the deterioration in
planarity becomes smaller.

In figure 11 we show the pad after we have polished 200 wafers. The wearing
is skewed toward the center of the pad, though not dramatically. This is princi-
pally the influence of the contact time, which itself is skewed towards the center
of the pad. The basic qualitative shape in figure 11 is confirmed by experimental
data, which shows a similar gentle decrease from the edges into the depressed
middle, and is also skewed towards the center of the pad. However, there is one
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Figure 11: pad after 200 wafers

major quantitative difference: The total wear on the pad here is about a tenth
of a percent of the thickness of the pad, whereas in the experimental results it
is about 10 or 20 percent.

If we want the pad to wear more we should increase the constant C,. So, we
increased it by a factor of 100 to 10~''m?2 /N and ran it for 200 wafers. Figure
12 shows the resulting pad profile. Now, we do wear about 10 percent of the
total thickness of the pad, but the profile now does not agree with experimental
results. The pad profile simply drops at the edges to a flat valley.

Despite the discrepancy with the experimental results, we feel the above
results are promising. The case with C, = 10" ¥m?/N agreed qualitatively
quite well with empirical results, except that the total amount of wear is far
too little. We feel this indicates not a deficiency of the model, but more likely
that the actual correspondence between our model and the real physical setup
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needs to be worked out more carefully. In particular, in the above simulations
we have been using a pad that is much too thick. Our pad is 1 cm, but the real
pads are about an order of magnitude smaller. More work needs to be done to
make the model’s parameters agree with realistic physical parameters.

5 Boundary Elements and the Elasticity Model

5.1 Description of the method

The boundary element method (BEM) has been successfully applied in elasticity
problems [10, 11, 12].

In order to use the elasticity model, we need to compute the pressure distri-
bution on the surface of the pad due to the applied force at the area of contact
with the wafer for a fixed time t.

Since the 3D model is very hard to model numerically, we will compute the
pressure distribution only along a common radial cross-section of the pad and
the wafer. Hence we consider the 2D model of equation 2 in this section.

The pressure distribution is obtained by computing the stress distribution
due to the applied force.

The applied force will be indicated by the resulting displacement on the
contact area with the wafer which we will assume to be the whole surface of the
wafer facing the pad.

We followed the standard way in [12] [10] in applying the BEM. We briefly de-
scribe their technique. The method of weighted residuals is used to approximate
the displacement. The fundamental solution is used as the weighting function.
The displacement of the fundamental solution is the solution of the Navier’s
equation (1) due to a source force applied on an interior point £ = (x;,y;) in
the direction e. In particular these equations are:
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ki jj + 1_—“2yukj,j,~ +6(z,§)er =0

The fundamental displacement is the solution of the above equation and has
the form:

1

upi(z — i,y — yi) = 8ru(l—p)

({(3 — 4p)log(1/r) — 0.5}0%: + 5— 6@_ )

The fundamental traction is

. 1 or or or
Tri(z—i, y—y;) = [

or or or

The formulation of the weighted residual integrals is
/ Uij,iu;dﬂ = / (Tz — T,)u;‘dI‘ —/ (uz — di)Ti*dF (].].)
Q 'y I

By integrating by parts the term on the left hand side we find :

/O'ij,ju;dQ:/O':j,juidQ‘f‘/ u,-Ti*dF—/ u; T;dl (12)
Q2 Q I Ty

Substituting in the above equation we obtain :
/ oijguid = | wT;7dl = / Tiudl - / Tiujdl (13)
Q , Iy I Ty

Since the stress tensor due to a body source force in the direction ey, satisfies

* —
oy;; +dei =0 we have ,

/ o jusd = —eui(€) (14)

This will give us the integral equation:

wil6) = / Tjutydl — / u; Tl (15)
T T

The goal is to evaluate the displacement on the boundary. If the point £ is on
the boundary it means that the integral will diverge. Therefore, in evaluating
u(&) for £ on the boundary, the boundary is expanded by a half circle of radius
€ with center at £&. Then in taking the limit as e — 0, Eq. 15 will now be:

u(§) = lim [ /F  Tyujdl - /F L T;;.dr] + lim [ /S Tyl /S 6 ujT]’-';-dI‘]
(16)
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It turns out that

e—0

lim [ Tjujdl' =0 (17
S.
and in the case of a smooth boundary we have:

1
lim UjT,Z;-dF = —Eu](ﬁ)ém (18)
Se

e—0

Hence the boundary integral equation is

Ly (6) = / wl Ty dT — / Tiu;dT (19)
2 T J r J

The boundary is divided into n, elements. We assumed that the approximated
solution is constant on each element with an average value assumed at the
midpoint(nodes) of each element. The boundary integral equation is evaluated
at node n; to give:

%uj(E) = |:‘/1—~ u;"JdI‘l] Tj — |:/F T;’;dl“l] Uj

i i

fori =1,--- ,ne, giving rise to a linear system of 2n, x 2n, equations

Hop, x2n.Usn, x1 = Gon, x2n. Ton. x1

where:

0-55ij +/ T{;dl—‘ (20)
T.

J

Gij / u;f‘jdl“ (21)
r

i

with boundary conditions of displacement and/or traction being specified at
each node. Since the boundary conditions are of mixed type, the system is
rearranged to have the form Aay,, x2n. X2n, x1 = Ban.x1 [10, 12]. The unknown
values at the boundary are in X and the known values are in B. This system
is solved using Gaussian Elimination method[?] When the traction and the
displacement are known all around, the boundary the stress tensor distribution
is computed. The pressure at node n; is found using the equation Pj(x) =
1 Trace(o;) where o; is the stress tensor at node n;.

5.2 Numerical Computations

We applied this method on a radial slice of the pad and the wafer along a com-
mon diameter, with the origin being the center of the pad. The pad has radius
0.275m and the diameter of the wafer is 0.2 m with the center of the wafer
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Figure 13: Boundary Element Mesh

0.1375 m from the origin. We specified Young’s modulus E = 4.0 x 107 N/m?
and the pad’s Poisson ratio » = 0.4 . We discretized the pad as shown in the
Fig. 13. Observe that we set the mesh to be finer on the top of the pad facing
the wafer.And it is finest around the region where the top is in contact with
edge of the wafer. The boundary condition are specified as follows:

o uy, =0,u, =0ify=0

o u, =0,T,=0if 0<y <0.01

e u, =1.5%x107% u, = 0if 0.0375 < = < 0.2375

¢ T, =0,T,=0if 0 <z <0.0375 or 0.2375 < z < 0.275

The code used in performing the calculations is taken from [10].

5.3 results

1. The vertical displacement on the top of the pad shows that at the edge
of the wafer, the pad surface rises as shown in Fig. 14 This is not what
one expects that the pad surface should be depressed near the edge of the
polishing object and smoothly leveling to the top surface.

2. The pressure (p) is computed using the stress tensor. The pressure curve
looks qualitatively correct. As seen in Fig. 15 The pressure is highest
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Figure 14: Displacement in Y-direction using BEM

at contact with the edge of the wafer and nearly uniform in the mid-
dle.However, the pressure values are negative!

3. The sum of the absolute value of the pressure on the contact area is com-
puted to find the total force corresponding to the imposed vertical dis-
placement. The vertical displacement on the boundary was adjusted until
the computed force matches the desired applied force 735 N/m?.

Observe that we applied the above BEM technique only at the first step when
the pad and the wafer are both flat. Since the results were not as expected, the
method was not implemented to adapt an arbitrary surface of the pad and the
wafer. Hence we did not compute the wear out of the pad and the wafer using
the 2D elasticity model.

6 Conclusion and Future Work

We have studied the evolution of the wafer and the pad in the CMP process.
To our knowledge, this is the first time that a time-dependent computation
has been carried out taking into account the oscillation of the wafer and the
rotations of both the wafer and the pad. The contact time for the points of the
pad was a significant factor in the wear out. The “mattress model” that treats
each point as a spring has been used for the solution of the pressure distribution
and the wear was determined using Preston’s Law. The results of the numerical
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Figure 15: Pressure Distribution using BEM

simulations matched the experimental data provided in a qualitative manner.
The surface profiles were comparable and the model predicted the deterioration
of the surface qualities for successive wafers. However, it was difficult to draw
quantitative conclusions at this point since many parameters, for example the
constants used in the Preston’s Law, were not known precisely. Calibrating
these constants against a portion of the data gave us a good result. As we
noted in the introduction, the mechanical aspects of the CMP is crucial for the
global planarization and important features of the process have been addressed
successfully.

We have tried to improve the determination of the pressure from the wafer
and pad profiles by solving the two-dimensional elasticity equations using the
Boundary Element Method. The pressure distribution computed from the stress
tensor seemed accurate but the displacement predicted by this approach seemed
counter-intuitive. This area will be explored for conclusive results in the future
and will be incorporated in the dynamics simulation of the whole process. An-
other area of improvement is consideration of the slurry in this process. Contact
mechanics for liquid-solid-liquid interaction has been address in [14], and this
and other results can be used to determine the more accurate contact area and
pressure distribution.
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