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Abstract

A new contact-mechanics-based model for chemical–mechanical polishing is presented. Ac-
cording to this model, the local polish rate is controlled by the pressure distribution between
features on the wafer and the polishing pad. The model uses an analysis based on the work
by Greenwood to evaluate this pressure distribution taking into account pad compliance and
roughness. Using the model, the e2ects of pattern density, applied down-force, selectivity, pad
properties, etc. on the evolution of the wafer surface can be readily evaluated. The interaction
between individual pad asperities and the wafer pattern is investigated in detail. It is shown that
the pressure distribution between an asperity and the wafer surface is discontinuous at edges of
features that have di2erent nominal polish rates and that this pressure discontinuity dominates
the polish rate and dishing of narrow features.

The model is implemented as an algorithm that calculates the evolution of the pro4le of a set
of features on the wafer during the polishing process. The model can be applied to chemical–
mechanical polishing used for oxide planarization, metal damascene or shallow trench isolation.
? 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

With the advent of shallow trench isolation (STI) and copper interconnects, chemical–
mechanical polishing (CMP) has emerged as one of the most important operations in
the fabrication of integrated circuits. In the CMP process, an abrasive slurry is used to
polish a patterned Si wafer on a polishing pad in order to selectively remove material
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from the wafer surface. This material can be a metal or a dielectric. The goal of this
process is then to either planarize the wafer (e.g. dielectric CMP) or to de4ne a pattern
in the wafer surface (e.g. metal damascene or STI). In spite of its apparent simplicity,
CMP is a very complicated process in which both mechanical and chemical factors
play an important role. The removal rate during the polishing process depends sensi-
tively on pattern geometry and density, and CMP may result in excessive erosion of the
dielectric layer or dishing of metal lines if the process is not properly controlled. Since
surface topography has a signi4cant impact on wafer yield, numerous attempts have
been made to predict the evolution of the wafer pro4le during the polishing process.
One of the 4rst models that allowed quantitative predictions of wafer topography is a

phenomenological model proposed by Warnock (1991). In this model, the removal rate
at a given point is a2ected by the surrounding wafer topography. If the surrounding
features are higher, the removal rate is reduced; if they are lower, the removal rate
is enhanced. The model makes use of a number of 4tting parameters that are related
to pad compressibility and roughness, but that do not have a direct physical meaning.
While useful in practice for predicting dishing and erosion, this type of model does
not provide much insight in the actual CMP process.
Recently several mechanic-based models have been proposed. These models can be

regarded as either wafer-scale (Sundararajan et al., 1999; Tichy et al., 1999; Thakurta
et al., 2000) or feature-scale (Runnels, 1994; Chekina et al., 1998). Wafer-scale models
are usually concerned with the pressure distribution between wafer and polishing pad
and with the uniformity of the removal rate across a wafer. Sundararajan et al. (1999)
and Thakurta et al. (2000) recently developed a sophisticated wafer-scale model that
relies on slurry hydrodynamics. In this model, lubrication theory is used to relate slurry
4lm thickness and pressure. The model takes into account compressibility of the pad and
the mode of slurry delivery to the polishing pad. The CMP removal rate is calculated
using a mass transport model. The model seems to give reasonable predictions of
removal rate as long as the CMP process takes place in the lubrication regime where
the wafer is not in direct contact with the pad. Tichy et al. (1999) developed another
model in which the CMP process is regarded as a contact problem of a wafer on a
rough pad lubricated by a slurry. The slurry 4lm thickness is controlled by the height
of the pad asperities and Reynolds equation is used to calculate interfacial pressure.
This model has been successful at predicting experimentally measured pressure pro4les
(Shan et al., 1999).
Feature-scale models describe how individual features on a wafer change during

the polishing process. This is of some import since erosion of dielectric or dishing
of metal features have an adverse e2ect on wafer yield. Runnels (1994) has devel-
oped a Euid-based wear model in which there is a continuous slurry layer between
wafer and pad. The Eow of the slurry 4lm is analyzed and the removal rate is as-
sumed to be a function of the shear stress induced at the wafer surface. Chekina
et al. (1998) have used an approach developed in contact mechanics to analyze feature
shape and pressure pro4le evolution during the CMP process. In this model the pres-
sure distribution between wafer and pad is determined by the elastic deformation of the
polishing pad, which thus plays an important role in determining the 4nal wafer surface
pro4le.
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Boning et al. (1999) have developed a model to calculate the wafer surface pro4le
at a length scale comparable to the size of a die, i.e. intermediate between feature and
wafer scale. In this model, the removal rate depends on the e2ective pattern density,
which is calculated from the wafer topography using a procedure based on contact
mechanical considerations. This model is a useful tool for developing integrated circuit
layouts, but it is mostly phenomenological and does not provide much physical insight.
The e2ect of polishing pad roughness has been considered by Yu et al. (1993) who
used a statistical approach to model the interaction between pad asperities and wafer.
In this model, they considered contact between planar surfaces only and did not take
into account pad deformation.
In this article, a new model is presented to describe the evolution of the wafer sur-

face during the CMP process. The model determines the average pressure distribution
between polishing pad and wafer at the feature scale. This pressure distribution is then
used to determine the local removal rate. The roughness of the polishing pad is mod-
eled using an approach 4rst developed by Greenwood and coworkers (Greenwood and
Williamson, 1966; Greenwood and Tripp, 1967). Elastic deformation of the pad due to
the non-planar topography of the wafer is taken into account using a contact-mechanics
analysis. The model is then used to study dielectric erosion and metal dishing or recess
as a function of CMP process parameters and wafer pattern geometry. In the second
part of the article, the interaction between individual pad asperities and the wafer pat-
tern is investigated in detail. It will be shown that discontinuities in the nominal polish
rate, e.g. at the edge of a metal line, have a signi4cant impact on the local pressure
distribution and hence the evolution of the wafer surface.

2. Model description

Fig. 1 illustrates the CMP model described in this article. The polishing process is
modeled as a process in which a compliant polishing pad contacts the patterned surface
of a rigid wafer. The pad is assumed to be linearly elastic and show no viscoelastic
e2ects. The surface of the pad is rough and contains asperities with a given height
distribution. It is further assumed that the abrasive particles in the slurry are much
smaller than the pad asperities, which is indeed the case for most commercial CMP
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Fig. 1. Schematic representation of the contact model.
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processes. When the wafer is pressed against the pad, some of the pad asperities con-
tact the wafer directly, transferring the force from the wafer to the pad and elastically
deforming the polishing pad. The pressure in the slurry is assumed to be constant at
the length scale under consideration and hence does not contribute to variations in pad
deEection. There is some experimental evidence that this is indeed the case (Shan
et al., 1999). The contact pressure between pad and wafer is then calculated us-
ing the approach formulated by Greenwood and Williamson (1966) and Greenwood
and Tripp (1967). Once the contact pressure is known, the local removal rate is
determined.
The heights of the pad asperities are described by an exponential distribution func-

tion:

P(z) =
1
2�

exp
(
− |z|

�

)
; (1)

where z is the height of the asperity above or below the pad surface. The variable �
is a characteristic roughness parameter that represents the width of the asperity height
distribution and can be measured for a given polishing pad. Experimental data (Yu
et al., 1993) suggest that a Gaussian distribution would give a more accurate descrip-
tion of the height distribution. The exponential distribution, however, has signi4cant
computational advantages and is expected to give similar results (Johnson, 1985). The
tops of the asperities are taken to be spherical, all with the same curvature �. In reality,
the curvatures take random values and the average curvature can be used for �. This
procedure is not exact since the asperity height and curvature are strictly not inde-
pendent parameters, but the approximation has been justi4ed by Onions and Archard
(1973).
When the wafer is pressed against the polishing pad, asperities with heights greater

than the gap between wafer and pad will be compressed and transfer load from the
wafer to the pad, which in turn will deform elastically. If w(x; y; t) represents the
shape of the deformed pad surface at time t, then the gap between pad surface and
wafer is

d(x; y; t) = w(x; y; t)− S(x; y; t); (2)

where S(x; y; t) is a function that describes the wafer surface at time t (see Fig. 1). If
the asperities deform elastically according to the laws governing Hertzian contacts, the
force transmitted by an individual asperity of height z is given by

F =
4

3
√
�

E
1− �2

(z − d(x; y; t))3=2; (3)

where E and � are Young’s modulus and Poisson’s ratio of the pad, respectively. The
average pressure between wafer and pad due to all pad asperities in contact with the
wafer is then

p(x; y; t) =
4�
3
√
�

E
1− �2

∫ ∞

d(x;y; t)
(z − d(x; y; t))3=2

1
2�

exp
(
− |z|

�

)
dz; (4)
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where � is the asperity density. After a change of variables, the integral can be readily
calculated leading to the following expression for the pressure distribution:

p(x; y; t) =

√
��3�
2
√
�

E
1− �2

exp
(
− w(x; y; t)− S(x; y; t)

�

)
for w − S¿ 0: (5)

If the deformation of the pad w(x; y; t) is known, the pressure distribution between
wafer and pad can be obtained from Eq. (5).
The deformation of the polishing pad in turn can be related to the pressure distri-

bution using equations derived in contact mechanics. If a pressure p(x; y; t) is applied
over an area A of a half space, the displacement, w(x; y; t), of the surface of the half
space is given by the following formula (Johnson, 1985):

w(x; y; t) =
1− �2

�E

∫
A
p(�; �; t)

1√
(�− x)2 + (�− y)2

d� d�: (6)

If the length scale over which we consider the deformation of the pad is small compared
to the thickness of the polishing pad, Eq. (6) can be used to determine the deEection of
the pad. Eqs. (5) and (6) then constitute a set of two equations describing the pressure
distribution and ensuing pad deEection for a given wafer surface topography S(x; y; t).

If the pattern on the wafer consists of an array of parallel lines, the computational
e2ort involved in determining the pressure pro4le from Eqs. (5) and (6) can be sig-
ni4cantly reduced by representing the pattern as a two-dimensional periodic structure.
Using this approach, a wide range of surface pro4les can be simulated, from an iso-
lated line in a 4eld to a periodic array of dense lines. The plane-strain deformation,
w(x; t), of a half-space under a periodic pressure distribution is given by the following
equation (Johnson, 1985; Gradshtein and Ryzhik, 1994):

dw
dx

=−2(1− �2)
LE

∫ L=2

−L=2
p(s; t) cot

�(x − s)
L

ds; (7)

where L is the repeat length or period of the structure. After integrating Eq. (7), one
obtains the following expression for w(x; t):

w(x; t)− C(t) =−2(1− �2)
�E

∫ L=2

−L=2
p(s; t) ln

∣∣∣∣sin �(x − s)
L

∣∣∣∣ ds; (8)

where C(t) is an integration constant. Eqs. (5) and (8) again form a set of two equa-
tions from which the pressure distribution and pad deEection can be calculated. It
should be noted that Eq. (8) gives the shape of the pad only within an integration
constant C(t). This is typical for plane-strain contact problems. In this case, the value
of C(t) can be determined from the requirement that the pressure distribution integrated
over one period be equal to the load applied to the corresponding section of the wafer.
One of the diJculties in analyzing contact problems is that the area of contact

between the two objects is not known a priori. The present model does not su2er from
this problem since the pad is assumed to be everywhere in contact with the wafer via
the pad asperities. Since in theory the asperity height can take on any arbitrary value,
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one can always 4nd an asperity that will bridge the gap between the wafer and the
pad independent of how large that gap is. The wafer is therefore always in indirect
contact with the pad. If the gap is very large, however, asperities bridging the gap will
be very rare and little or no load will be transferred between the wafer and the pad.
The material removal rate in CMP generally depends on many parameters including

the contact pressure between wafer and polishing pad, the relative velocity of the wafer
with respect to the pad, the temperature T , and the nature of the abrasive slurry. The
local removal or wear rate can thus be represented by a function

R(x; y; t) = f(p(x; y; t); v(x; y; t); T (x; y; t); : : :): (9)

The form of f depends on the details of the CMP process. Often a linear relationship
is observed (Cook, 1990; Kaufman et al., 1991), although non-linear behavior has also
been reported (Tseng and Wang, 1997). The simplest linear relationship between wear
rate, pressure, and velocity is known as Preston’s law and is given by

R(x; y; t) = k(x; y; t)v(x; y; t)p(x; y; t); (10)

where k(x; y; t) is the wear coeJcient. If the wafer surface consists of di2erent materi-
als, the wear coeJcient is a function of position. It should be noted that in the current
model any chemical e2ects in the CMP process are captured by the wear coeJcient.
Slurry chemistry, for instance, has a signi4cant impact on the removal rate and hence
on the value of k. Finally, the removal rate is directly linked to local changes in wafer
shape:

R(x; y; t) =−@S(x; y; t)
@t

: (11)

Integration of Preston’s equation yields the evolution of the surface pro4le S(x; y; t) as
a function of time. Note that Preston’s law is used in the present formulation of the
model, but this is not essential to the model and any wear law in which the removal
rate increases monotonously with pressure could be used instead. Qualitatively, the
results remain the same.
Eqs. (5), (10), and (11) together with Eqs. (8) or (6) depending on whether the

problem is respectively two or three-dimensional, describe the evolution of the wafer
surface during the polishing process. It is interesting to consider the behavior of this
model for limiting values of the parameter �. If the pad is very rough compared to the
relief on the wafer, i.e. � is much larger than w−S, then the pressure pro4le is nearly
constant and the removal rate depends only on the local value of the wear coeJcient
k(x; y; t) in Preston’s law. If, on the other hand, the pad surface is very smooth, �
approaches zero. In that case, Eq. (5) shows that the pressure is 4nite when there is
no gap between wafer and polishing pad, and zero otherwise. Any changes in surface
relief of the wafer can then be attributed to compression of the pad in addition to wear
coeJcient variations, as proposed in the model by Chekina et al. (1998).
Eqs. (5) and (6) or (8) need to be solved numerically for the pressure distribution

and the corresponding pad deEection. For a two-dimensional pattern, this is done it-
eratively by assuming an initial pressure distribution and using Eq. (8) to calculate
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the corresponding pad deEection. Eq. (5) is then used to calculate an updated pressure
distribution. This procedure is repeated until convergence is obtained. The integral in
Eq. (8) is evaluated numerically using the trapezoid rule, although special care needs
to be taken in the neighborhood of singular values of the integrand. SuJcient accuracy
was obtained with 400 integration points. Convergence of this procedure was checked
by calculating the plane-strain pad deEection for a wafer pattern consisting of a peri-
odic set of recessed lines for the case where � approaches zero. Results are in good
agreement with an analytic solution given by Gladwell (1980). Given the contact pres-
sure distribution, the surface pro4le is determined through integration of Eqs. (10) and
(11) using the forward Euler method. Unless otherwise indicated, the numerical results
presented in the next section were obtained for a nominal removal rate of 3000 NA=min
for metal features and a removal rate of 30% of that value for the dielectric. The
applied down pressure is 15 kPa. The asperity density � is taken as 1:2 cm−2 and the
average radius of curvature of the asperities is 30 �m, which are typical values for
polishing pads (Yu et al., 1993).

3. Results and discussion

Selected numerical results for periodic two-dimensional wafer patterns are shown in
Figs. 2–8. Figs. 2a and b depict the evolution of wafer surface and contact pressure
for a metal line embedded in a dielectric matrix as a function of polish time. As
indicated in the 4gure, the surface of the metal line is initially assumed to be coplanar
with the surrounding dielectric, i.e., there is no metal overburden. This assumption is
not essential to the model, but has been implemented for simplicity. Fig. 2a clearly
shows that the recess or dishing of the metal line increases with increasing polish
time, while the corners of the dielectric get more rounded. This is a direct result of the
contact pressure distributions shown in Fig. 2b. The pressure pro4le starts out constant
at 15 kPa, but quickly changes to form maxima near the edges of the dielectric. These
pressure peaks cause the dielectric to be eroded more quickly and rounded corners
are formed. Eventually a steady state is approached in which the removal rates of the
metal line and the surrounding dielectric are the same. In the steady state, the pressure
distributions within individual metal and dielectric areas are constant and the ratio of
the pressure over the dielectric to that over the metal is equal to the ratio of the wear
coeJcient of the metal to that of the dielectric, i.e., the selectivity s. Figs. 3a and b
show the evolution of a periodic array of three lines and the corresponding pressure
pro4les. Due to the recess of the metal lines, a higher fraction of the load is borne by
the dielectric between the lines and as a result the erosion of the dielectric in this area
is more pronounced.
Fig. 4 shows the dishing of a metal line as a function of time for various values of

the selectivity. Dishing here is de4ned as the recess of the center of the metal line with
respect to the edge of the dielectric. Dishing increases with increasing polish time and
decreasing selectivity, and eventually reaches a steady state. According to the model,
the amount of recess in the steady state is given by

�= � ln s+Qwp; (12)
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Fig. 2. (a) Evolution of a metal line embedded in a dielectric as a function of polish time. The metal
removal rate is 300 nm=min, the selectivity is 3:1. (b) Evolution of the pressure distribution for a metal line
embedded in a dielectric.

where s is the selectivity and Qwp the di2erence in pad deEection between the center
and the edge of the metal line. The increase of the metal recess with increasing se-
lectivity is well documented in the literature. Elbel et al. (1998), for instance, report
experimental data on the steady-state recess of W plugs embedded in various dielectrics
and show that the W recess is indeed signi4cantly larger for a TEOS silicon oxide than
for a faster polishing borophosphosilicate glass.
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Fig. 3. (a) Evolution of three parallel metal lines embedded in a dielectric as a function of polish time.
(b) Evolution of the pressure distribution for three metal lines embedded in a dielectric.

Figs. 5a and b illustrate the e2ect of the plane-strain elastic modulus of the pad on
the surface pro4le of the wafer. A more compliant pad clearly results in more dishing
since the pad deEects more easily into recessed areas on the wafer. Fig. 5b shows
that the metal recess in the steady state increases linearly with pad compliance. This
observation agrees with Eq. (12) since the pad deEection Qwp is inversely proportional
to pad sti2ness. Figs. 6a and b illustrate the e2ect of the roughness parameter �.
Fig. 6a clearly shows that metal recess increases with increasing values of the roughness
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parameter �. According to Eq. (12), the amount of dishing in the steady state increases
linearly with �. The curves in Fig. 6a indeed tend to a straight line with increasing
polish time, but the steady state is clearly not yet attained for larger values of �.
Fig. 6b depicts the erosion of the dielectric as a function of �, where erosion is
de4ned as the excess dielectric removed at the edge of a metal feature due to the
presence of that feature. Dielectric erosion decreases slightly with increasing �. This
is so because as � increases a bigger fraction of the load is supported by the recessed
metal feature, increasing the removal rate of the metal, but decreasing that of the
dielectric. Note that this argument also applies to oxide planarization by means of
CMP. If the pad is rough, recessed areas will be polished at a higher rate than if the
pad is smooth. E2ective planarization therefore requires a smooth pad. Other roughness
parameters such as asperity density and curvature do not have any impact on wafer
surface topography according to this model.
Fig. 7 shows the amount of dielectric erosion as a function of pattern density. Erosion

is clearly very sensitive to pattern density and increases with increasing polish time.
This is also observed experimentally (Steigerwald et al., 1997). The e2ect of line
width on dishing is shown in Fig. 8. According to the model, steady-state dishing of
metal lines increases linearly with line width in agreement with experimental results
(Steigerwald et al., 1997). It should be noted, however, that the model is valid only for
features wide enough that pad asperities can enter the recessed areas. This explains the
4nite amount of dishing in the limit of zero line width, which is clearly not realistic.
The interaction of asperities with the edges of features patterned on the wafer surface
and the e2ect on the surface pro4le will be explored in more detail in the next section.
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The model described in the previous section can also be applied at the length
scale of the slurry particles. The abrasive particles in the polishing slurry are typi-
cally much smaller than the asperities on the pad. Thus, at this length scale one can
model the pad as a smooth half-space, while the abrasive particles take the role of as-
perities. The force transmitted by an individual particle of diameter z is still given by
Eq. (3), while the average pressure between wafer and pad follows from Eq. (4), where
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Fig. 6. (a) Dishing of a metal line embedded in a dielectric as a function of �. The metal removal rate is
300 nm=min. (b) Dielectric erosion as a function of � for a metal line embedded in a dielectric.

now the distribution function for the particle diameter is used. If this distribution can
be approximated with an exponential function, Eq. (5) is obtained. This approach,
however, presupposes that the curvature of the particles is independent of particle size.
This is clearly not true for spherical particles, but may not be a bad approximation if
the particles are irregular in shape.
Thus far, it has been assumed that the pad is linearly elastic and that there are no

viscoelastic e2ects. If one calculates the strain rate of an asperity that is swept over
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a feature patterned on the wafer at typical CMP velocities and applied pressures, one
obtains a rate on the order of 103–104 s−1. At these high deformation rates, the elastic
or storage moduli of the polymeric materials used in polishing pads can be orders of
magnitude higher than for static deformation, while the loss modulus is relatively much
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less important. Thus, an asperity that is compressed as it is swept across a wafer, will
still deform elastically, but will not expand nearly as much into recessed areas as it
would at lower deformation rates. The result is a much sharper drop in pressure in
recessed areas than one would assume based on Eq. (5) using the static modulus. If
the relief on the wafer is of the same order of magnitude as the compression of the
asperities, Eq. (5) can be used for the viscoelastic case as long as the high-frequency
elastic modulus is used. If, as is more likely, the relief is signi4cantly less than the
total asperity compression, Eq. (5) can be linearized to calculate the change in pressure
Qp due to a change in gap between wafer and pad:

Qp(x; y; t) =−
√
���

2
√
�

(
E

1− �2

)
dyn

exp
(
− d(t)

�

)
Qd(x; y; t); (13)

where the subscript “dyn” refers to the dynamic elastic modulus for the appropriate
strain rate. The factor Qd(x; y; t) in this expression represents the di2erence between
the actual gap between wafer and pad and the average gap d(t) for a given applied
pressure. Dynamic e2ects will result in an elevated pressure on protruding features and
a reduced pressure on recessed features. Hence, dynamic e2ects may indeed play an
important role in the planarization of dielectrics as suggested by Yu et al. (1993).

4. Asperity shielding

In this section, the interaction of pad asperities with the edges of features patterned
on a wafer surface is further explored. As shown in Fig. 8, the model discussed in the
previous sections predicts a 4nite metal line recess in the limit of zero line width. This
is a direct result of the assumption that pad asperities behave like Hertzian contacts
near the edge of a feature. To illustrate that this is not the case, consider the contact
of an asperity with a step pro4le as shown in Fig. 9. As the asperity moves from
left to right, it 4rst contacts the raised portion of the step. When the asperity moves
over the edge and touches the lower section of the pro4le, a second contact area is
formed. Eventually, the asperity loses contact with the raised portion of the step. The
solution of this contact problem in two dimensions is derived in Appendix A using
Muskhelishvili’s approach as discussed by Gladwell (1980). Fig. 10 depicts the pressure
distributions between the asperity and the surface of the wafer when it is centered on

Asperity

MetalOxide

Asperity

MetalOxide

Asperity

MetalOxide

Asperity

MetalOxide

Fig. 9. Interaction of an asperity with a step in the wafer surface.
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the step. In the region where the asperity contacts the edge, a pressure singularity is
formed, resulting in an in4nite removal rate at the step. The recessed area, on the other
hand, is shielded from contact with the asperity and the local pressure vanishes. The
removal rate in this shielded area is reduced to zero. This analysis clearly indicates that
it is impossible for a discontinuous step to form within the context of this model. Any
step that forms as a result of a discontinuity in wear coeJcient, would be removed
immediately. This in turn implies that the pressure cannot be continuous across a
boundary between two materials with di2erent wear coeJcients. According to Eq.
(10), the ratio of the average pressure on either side of the boundary must be equal
to the selectivity to ensure an equal removal rate for both materials and to keep a
step from forming. The resulting contact can therefore not be described as a simple
Hertzian contact.
In order to assess the e2ect of this non-Hertzian contact of asperities near boundaries

between two materials, a simple two-dimensional model is proposed. Consider a pro4le
S(x; t) at time t with a discontinuity in the wear coeJcient at the origin as shown in
Fig. 11. As asperities sweep the surface of the wafer, an average pressure distribution
Tp(x; t) develops between wafer and pad. The average pressure at x can be calculated
from the pressure distribution between the wafer and an individual asperity:

Tp(x; t) =
1

a1 + a2

∫ x+a1

x−a2
p(x; !; t) d!; (14)

where p(x; !; t) is the pressure distribution between an asperity with centerline at !,
and where ! − a1 and ! + a2, respectively, represent the left- and rightmost lines of
contact between the asperity and the wafer, as shown in Fig. 11. Thus, in order to
calculate the average pressure distribution, p(x; !; t) needs to be determined 4rst. The
pressure distribution for an asperity with radius of curvature R and with center line at
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21
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k1 k2

 λa1 a2

S(x,t)

Fig. 11. Contact of an asperity with wafer surface. At the origin the wear coeJcient changes from k1 to k2.

! on a surface S(x; t) must obey the equation (Johnson, 1985)

− 2
1− �2

�E

∫ !+a2

!−a1
p(s; !; t) ln|x − s| ds= S(x; t) +

(x − !)2

2R
+ C; (15)

for !− a1 ¡x¡!+ a2, where C is an integration constant. In addition, the following
conditions need to be satis4ed

P =
∫ !+a2

!−a1
p(x; !; t) dx; (16)

p(0+; !; t)
p(0−; !; t)

=
k1
k2
; (17)

where k1 and k2 are the wear coeJcients for x¡ 0 and x¿ 0, respectively. Eq. (16)
ensures that the load per unit length on the asperity is equal to P; the second equa-
tion follows from the requirement that no step can develop at the origin. Eq. (17) is
somewhat more limiting than is strictly necessary, since it is suJcient for the average
pressure to satisfy this equation. Finally, the evolution of the surface pro4le S(x; t) is
related to the average pressure distribution Tp(x; t) through

@S(x; t)
@t

=−kiv(x; t) Tp(x; t); (18)

where the subscript i takes on the values of 1 or 2 depending on the material. Eqs. (14)–
(18) need to be solved numerically. The solution procedure is discussed in Appendix
B. Selected results are presented in Figs. 12–16. Consider an initially Eat surface with
k1 ¡k2. This would be the case for a damascene process where the material left of the
origin is a dielectric and the material to the right a metal. Fig. 12 shows the pressure
distribution underneath an asperity centered at the origin, where the wear coeJcient



J.J. Vlassak / J. Mech. Phys. Solids 52 (2004) 847–873 863

0

0.5

1

1.5

2

2.5

3

3.5

4

-1.5 -1 -0.5 0 0.5 1 1.5

Normalized position

N
or

m
al

iz
ed

 p
os

iti
on

Polish time: 5 s
Removal rate: 300 nm/min
Selectivity: 10:1
Step height is 23.4 nm
Down force: 4.67 N/m
R: 30 µm 
E/(1-ν2): 45 MPa

Hertzian contact

Step profile

Actual

p-

p+

Fig. 12. Pressure distribution for an asperity centered at the origin. The dashed lines show the pressure pro4les
for a discrete step and for a Hertzian contact. The step height was determined as the height di2erence over
the total contact length. The x coordinate is normalized with the Hertzian contact length; the pressure is
normalized with the maximum Hertzian contact pressure. The metal removal rate is 300 nm=min at a pressure
of 15 kPa.

changes abruptly from k1 to k2. The dashed lines show the pressure pro4les for a
discrete step and for a Hertzian contact. The pressure pro4le closely approaches that
for a discrete step suJciently far away from the origin. Near the origin, it is bounded
by the pressure distribution for a Hertzian contact and that for a discreet step. Fig. 13
depicts how the pressure distribution underneath an asperity evolves during the CMP
process. With increased polish time, a larger fraction of the load is supported by the
dielectric, which increasingly shields the metal area. Fig. 14 illustrates the evolution of
an initially Eat surface as a function of time assuming a constant load is applied to the
asperity. As time progresses, the area with the higher removal rate becomes increasingly
more recessed, while the shielding e2ect of the edge is felt over a longer distance. The
e2ect of selectivity is depicted in Fig. 15. In this 4gure, the vertical dimension has
been shifted and normalized to ensure that the degree of recess is identical for each
curve. The selectivity has a signi4cant e2ect on the degree of erosion of the dielectric
and hence on the surface pro4le: as the selectivity increases a more pronounced corner
is formed. The e2ect of applied pressure is illustrated in Fig. 16, which depicts the
pro4les that are formed when two di2erent loads are applied to the asperity. Polish
times have been adjusted to result in the same overall amount of metal removed and
the resulting pro4les have been normalized. Despite the di2erence in contact length
−1:99 versus 1:58 �m—the normalized pro4les are virtually identical. This indicates
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that the shape of the pro4le is mainly determined by the absolute step height going
from one material to another rather than the contact length.
Instead of applying a constant load as the asperity slides across the wafer, it is also

possible to couple the pad roughness model presented in Section 2 with the asperity
shielding model discussed in this section. This can be achieved by using the pres-
sure distribution obtained from the roughness model to determine the interaction of
the asperities with the edges of features patterned on a wafer. To ensure that the con-
tact pressure for the two-dimensional asperities in the asperity shielding model is the
same as for three-dimensional asperities, the line load applied to the two-dimensional
asperities must be equal to

P =
64
3�3

3

√
4p2E

3�2R(1− �2)
; (19)

where p is the pressure distribution obtained from the pad roughness model. It is clear
from Eq. (19) that P depends on both asperity density and curvature, although the e2ect
of these quantities on the 4nal pro4le is expected to be rather weak given the results
in Fig. 16. Since the asperity shielding model is essentially a two-dimensional model,
the model is necessarily be qualitative. The extension to a three-dimensional asperity
shielding model is straightforward but computationally expensive. Such a model would
give a much improved description of metal recess as a function of line width in the
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limit of very narrow lines. It should be noted that the asperity shielding model currently
does not use a statistical description of the asperity height.

5. Conclusions

The chemical mechanical polishing process is analyzed using a model based on con-
tact mechanics. The model takes into account the compliance of the polishing pad
as well as its roughness. It can be applied to metal damascene, shallow trench iso-
lation, and dielectric planarization. Contact mechanics and a statistical description of
pad roughness are used to calculate the pressure distribution between wafer and polish-
ing pad and to predict the evolution of the wafer surface pro4le during the polishing
process. The model successfully predicts experimentally observed trends reported in
the literature. According to the model, pad roughness enhances dishing of metal lines
signi4cantly, but has only a limited e2ect on dielectric erosion. As features on the
wafer become increasingly narrow, asperity shielding becomes important. A simple
non-Hertzian contact model is proposed to take asperity shielding into account. This
model ensures that no steps are formed on the wafer surface and can be readily inte-
grated with the pad roughness model.
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Appendix A. A cylindrical asperity on a step

Consider the contact of a two-dimensional asperity with a step pro4le as shown in
Fig. 17. Let ! be the distance from the center line of the asperity to the step, taken
negative when the asperity is to the left of the step and positive otherwise. Let &
represent the contact area between the asperity and the step pro4le and R the radius
of curvature of the asperity. The contact of an asperity with a step of height h at the
origin, can then be described mathematically as follows:

w(x)

{
='+ f(x) for x∈&;

¿'+ f(x) for x �∈ &;
p(x)

{
¿ 0 for x∈&;

=0 for x �∈ &;
(A.1)

where ' represents the far-4eld displacement, w(x) is the vertical displacement of
the surface of the asperity, and f(x) is the gap between the two surfaces before
deformation, given by

f(x) =




− (x − !)2

2R
for x6 0;

− (x − !)2

2R
− h for x¿ 0:

(A.2)

The solution of this contact problem can be described in terms of a complex potential
((z) such that (Gladwell, 1980):

(+(x) + (−(x) =
2E

1− �2
iw′(x) =

2E
1− �2

if′(x) for x∈&;

(−(x)− (+(x) = p(x) = 0 for x �∈ &;
(A.3)
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where z = x + iy. This set of two linear equations is satis4ed if

2(1− �2)
E

((z) =
)0(z)
2�

∫
&

f′(t) dt
)+0 (t)(t − z)

+ )0(z)(c1z + c0): (A.4)

If the asperity contacts the upper part of the step from point a to the origin, and the
lower part from b to c, the function )0(z) is de4ned as

)0(z) =
1√

(z − a)(z − b)(z − c)
: (A.5)

The constant c1 in Eq. (A.4) is determined from the total load per unit length, P,
applied to the asperity

c1 =−1− �2

�E
iP; (A.6)

while c0 follows from the step height

f(b)− f(0) =
∫ b

0
w′(x) dx =−h−

(
(b− !)2

2R
− !2

2R

)
: (A.7)

The points a; b, and c are determined from the requirement that the pressure should
vanish at the edges of the contact:

p(a) = p(b) = p(c) = 0: (A.8)

The integral in Eq. (A.4) can be calculated analytically for f(x) given by Eq. (A.2)
and one 4nds

2(1− �2)
E

((z) =
i
2R

[)0(z)S(z; !)− (z − !)] + )0(z)(c1z + c0); (A.9)

where S(z; !) is a simple cubic polynomial in z:

S(z; !) = z3 − 1
2 z

2(a+ b+ c + 2!)

+1
8 z(2ab+ 2ac + 2bc − a2 − b2 − c2 + 4a!+ 4b!+ 4c!)

− 1
16 (a

3 + b3 + c3 − a2b− ab2 − b2c − bc2 − a2c − ac2 + abc)

+1
8 !(a

2 + b2 + c2 − 2ab− 2ac − 2bc): (A.10)
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The pressure distribution in the contact area can be derived from Eqs. (A.9) and (A.3).
The conditions in Eq. (A.8) can then be expressed as a set of three cubic equations

S(a; !)− 2RP(1− �2)
�E

a− 2ic0R= 0;

S(b; !)− 2RP(1− �2)
�E

b− 2ic0R= 0;

S(c; !)− 2RP(1− �2)
�E

c − 2ic0R= 0: (A.11)

The solution of this set of equations is remarkably simple:

b
a
=

1
2

(
−1 + 2

!
a
+

√
8PN + 4

!
a
− 3

)
;

c
a
=

1
2

(
−1 + 2

!
a
−
√
8PN + 4

!
a
− 3

)
; (A.12)

PN + HN =
1
2
− !

a
+

1
2

(
!
a

)2
;

where

PN =
2R(1− �2)P

�a2E
;

HN =
2ic0R
a3

; (A.13)

are dimensionless constants related to the applied load and step height, respectively.
Eqs. (A.12), (A.13), and (A.7) represent a parametric solution to the contact problem.
For a given value of a and applied load P, the values of b and c can be calculated from
Eq. (A.12) and (A.13). The step height, h, corresponding to this particular solution then
follows directly from Eqs. (A.13) and (A.7). The only numerical step involved is the
evaluation of the integral in Eq. (A.7). Fig. 18 shows the normalized step height as a
function of HN for several values of !.

The conditions for 4rst contact with the recessed portion of the step are

a=
2
3

(
!−

√
!2 +

12PR(1− �2)
�E

)
; b= c = !− 1

2
a; (A.14)

hR
a2

=−1
8

[
2
!
a

√
3 + 4

(
!
a
− 2
)

!
a
+
(
4
!
a
− 3
)

× ln

(
2− 2

!
a
+

√
3 + 4

(
!
a
− 2
)

!
a

)]
: (A.15)
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As before, it is much easier to calculate the step height as a function of applied load
than to solve these equations for the applied load given the step height. Note that b
and c coincide at the point of 4rst contact with the recessed part of the step. Hence, no
load is transferred between the asperity and the recessed area. The expression for a in
Eq. (A.14) therefore also holds even when the asperity does not contact the recessed
area and in e2ect represents the solution for an asperity on an in4nite step.
Taking into account Eqs. (A.11), (A.3), and (A.9), the pressure distribution under

the asperity can be written as

p(x) =
E

2R(1− �2)

√
(a− x)(b− x)(c − x)

x

for a¡x¡ 0 or b¡x¡c; (A.16)

if there are two contact areas. If the asperity contacts only the raised part of the step,
the pressure distribution is found to be

p(x) =
E

2R(1− �2)

√
a− x
x

(
!− 1

2
a− x

)
for a¡x¡ 0: (A.17)

Appendix B. Numerical solution of the asperity shielding problem

The equations describing the asperity shielding model need to be solved numerically.
The main diJculty lies in solving the integral equation in Eq. (15) for an arbitrary
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Fig. 19. Schematic representation of the traction element used at the origin where there is a discontinuity in
wear coeJcient.

pro4le S(x; t). The approach taken here consists of replacing the pressure distribution
in Eq. (15), p(s; !; t), with a piecewise-linear distribution of tractions built up by the
superposition of overlapping triangular traction elements (Johnson, 1985). The traction
distribution is then speci4ed completely by the discrete values pj of the traction ele-
ments, which are determined using the collocation method. Eq. (15) is then replaced
by a set of linear equations in pj that can be easily solved. The coeJcients of the
unknown pj in this set of equations are called the inEuence coeJcients and they are
given by Johnson (1985) for a triangular pressure distribution. Since the pressure dis-
tribution is discontinuous at the origin where the wear coeJcient changes abruptly, a
special traction element needs to be used there. Fig. 19 illustrates the pressure element
used at the origin. The corresponding inEuence coeJcient is easily derived from the
following expression for the deEection u due to the pressure distribution depicted in
Fig. 19

u(x) =− (1− �2)
d�E

[(
−dx + (d+ x)2 ln

∣∣∣∣d+ x
x

∣∣∣∣+ d2 ln|x|
)
p−

+
(
dx + (d− x)2 ln

∣∣∣∣d− x
x

∣∣∣∣+ d2 ln|x|
)
p+
]
; (B.1)

where d; p− and p+ are de4ned in Fig. 19. In case p− = p+, Eq. (B.1) reduces to
the result for an element with a continuous triangular pressure distribution. Since the
element at the origin involves two discreet values for pressure, an additional equation
linking both values is needed. The relationship between p− and p+ follows from
Eq. (17):

k1p− = p+k2: (B.2)

The unknown integration constant C in Eq. (15) can be eliminated from the equations
by considering displacements relative to a given point, e.g., the point of 4rst contact.
The pressure at the point of 4rst contact then cannot be determined from the set of
linear equations derived from Eq. (15), but Eq. (16) for the total load provides the
missing equation.
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An additional diJculty arises from the fact that the contact area between wafer and
asperity is not known a priori and an iterative scheme needs to be adopted to solve
the contact problem. Initially the contact area is assumed to be slightly larger than the
Hertzian contact area. If the values of pj near the edge of the contact are negative,
the contact area is too large and a tensile traction is required to maintain contact over
the entire assumed area. Elements that yield a negative pressure are excluded from the
next iteration and the pressure for these elements is taken to be zero. This procedure
converges quickly to a set of non-negative values of pj, which represent the pressure
distribution for the contact problem. The size of the contact area then determines a1
and a2.

This procedure is used to calculate the pressure distribution between an asperity and
the wafer as the asperity is swept across the wafer. The average pressure at a point x is
then calculated from Eq. (14) by integrating the pressure distribution as ! varies from
x−a2 to x+a1. Once the average pressure distribution is known, Eq. (18) is integrated
to determine the evolution of the pro4le S(x; t). This integration is performed using the
backward Euler technique to ensure stability of the procedure. The results presented in
Figs. 12–16 were obtained by discretizing a 40 �m section of the wafer surface using
400 elements. The time step for integrating Eq. (18) was 0:2 s.
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