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Tribology Analysis of Chemical-Mechanical Polishing

Scott R. Runnels* and L. Michael Eyman
Sematech, Austin, Texas 78741-6499

ABSTRACT

To better understand the variation of material removal rate on a wafer during chemical-mechanical polishing (CMP),
knowledge of the stress distribution on the wafer surface is required. The difference in wafer-surface stress distributions
could be considerable depending on whether or not the wafer hydroplanes during polishing. This study analyzes the fluid
film between the wafer and pad and demonstrates that hydroplaning is possible for standard CMP processes. The impor-
tance of wafer curvature, slurry viscosity, and rotation speed on the thickness of the fluid film is also demonstrated.

Chemical-mechanical polishing (CMP) is receiving in-
creased attention as a method for silicon wafer planariza-
tion that can meet the more stringent lithographic require-
ments of planarity for future submicron device manu-
facturing. In the CMP process, a wafer is rotated about its
axis while being pressed face-down by a “carrier” against
a rotating polish pad covered with colloidal silica slurry.
The relative motion of the wafer and pad combined with
the applied pressure and chemical activity of the slurry
erodes features on the wafer.

Achieving highly uniform material removal is a primary
goal of CMP and has proven to be difficult. There are sev-
eral process variables that affect uniformity, such as polish
pad and wafer carrier rotational velocities, pad condition-
ing, and the type of slurry. Statistical methods can be used
to design experiments to distinguish the effects of these
variables on material removal rate and uniformity, but
none have been successfully used to characterize the pro-
cess in a robust way. Hence, although the effects of changes
in process variables can be quantified, there is little under-
standing of the nature of their effects. This lack of under-
standing will ultimately limit the ability of experimentally
based statistical methods to improve the process, therefore
statistical studies must eventually be augmented with a
deeper understanding of polishing physics and chemistry.

Because there is a variety of physical mechanisms that
are involved in CMP, there is a need for analyses from vari-~
ous science and engineering fields. From the field of glass
science, which has significant overlap with CMP of silicon
oxides, Cook' provides a good summary of microscopic-~
scale analytical models of polishing that lend insight into
possible erosion mechanisms. From the field of continuum
mechanics, elasticity modeling of polish pad deformation®
has indicated that removal nonuniformities within 1 mm of
the wafer edge may be attributable to pad stresses. Naka-
mura® demonstrated the use of standard tribology models
to develop a “bowl-feed” process for CMP. Other more em-
pirical modeling approaches are those of Warnock® and
Preston.’

Background

CMP enhances the natural etching caused by the slurry
through abrasion of the wafer surface. Thus, the basis of
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this study is the hypothesis that a material removal model
can be formed using the wafer surface stress distribution,
which is responsible for the abrasion that forces material
off the wafer. The most common model for material re-
moval is Preston’s equation’ where removal rate R is related
to pressure P and relative velocity V between the pad and
wafer as

R =kPIIVil (11

Although Preston’s equation has been used with some sue-
cess to model overall material removal, it fails to provide a
robust model over a wide range of process parameters. This
is because the wafer-surface stress distribution is only rep-
resented implicitly through the effects of applied pressure
and relative velocity when, in reality, the relationship be-
tween them and the wafer surface stresses could change
dramatically depending on the process parameters. In par-
ticular, the relative velocity’s effect on wafer-surface shear
stress when the wafer slides directly against the pad would
be quite different than when the wafer hydroplanes on a
thin film of slurry. For this reason, the present tribology
analysis is performed to improve the understanding of the
wafer-pad interface.

The field of tribology has delineated three scenarios thati
characterize any solid-solid interface involving a lubricat-
ing fluid and relative sliding motion.® The first scenario is
direct contact where the load between the two surfaces is
supported almost entirely through solid structures. The
second scenario is semidirect contact where there remains
some solid contact, but the fluid between the surfaces also
partially supports the load. The third scenario is hydrody-
namic lubrication where the load is supported only by a
fluid layer, and thus the nature of siress transferral is
markedly different than that of solid contact.

A more complete removal rate model, based on our hy-
pothesis, would be of the form R = f(o, 7) where o and 7 are
the magnitudes of the normal and shear stresses, respec-
tively, on the wafer surface. An analogy to Preston’s equa-
tion would be the model

R = 7%0‘1‘ [2]

The development and use of such models requires the deter-
mination of stress distributions, a task that involves repre-
senting several mechanisms including fluid flow and solid
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deformation. The focus of the present study is the contribu-
tion of the fluid mechanics to the stresses. Their contribu-
tion is investigated by simulating the flow of a thin layer
between the wafer and pad. The existence of the layer is an
initial assumption for the analysis and evaluating the
validity of this assumption is the primary focus.

Modeling Procedures

Figure 1 is a schematic of the CMP configuration. Fig-
ure 2 illustrates the scope of the present investigation. A
wafer of radius 10 cm and spherical curvature R, rotates
about its axis of symmetry, which is approximately 30 cm
from the pad’s rotational axis. The wafer glides at an angle
of attack 8 upon a slurry film whose minimum thickness is
denoted by h. The wafer’s angle of attack and curvature
together with the motion of the pad form a converging flow
of slurry under the wafer that enables the flow to support
the load of the wafer in a way similar to that of a bearing.
The wafer carrier is mounted on a gimbal mechanism
which allows the carrier to adjust during polishing to pre-
vent the wafer snagging on the pad. The vector R, identifies
the position of any point on the wafer’s surface measured
from the gimbal point.

The modeling procedure focuses on the flow in the gap.
The flow simulation is embedded in an iterative scheme for
determining the correct # and 6 values that will cause the
film to correctly support the carrier and applied load. The
fluid flow simulation is discussed below after which the
iterative scheme for determining A and 6 is described.

Simplifications for flow modeling.—A fundamental as-
sumption of the fluid film model is that the wafer and pad
are rigid and smooth. Hence the pad is flat, and the wafer
curvature radius R, is constant for a given study. This
means that additional frictional effects from pad rough-
ness, which are known to result in significant variations in
material removal rates and uniformity, are not incorpo-
rated directly. However, as described later, the effects of
pad roughness are used in the evaluation of the tribology
results. As will be described in the next section, the pad and
wafer are simply represented as boundaries to the flow re-
gion on which no-slip velocity boundary conditions are im-
posed. A pad deformation analysis® lends support to model-
ing the pad as rigid, indicating that the pad deflects less
than 3 pm under standard CMP loads. However, the as-
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sumption that the wafer is rigid may be less valid, and so
the effect of curvature on the fluid layer is also investi-
gated. One other simplification for the flow modeling is
that the colloidal silica slurry (which contains particles on
the order of 1 um) is represented as a Newtonian fluid with
constant viscosity even though it is known to exhibit non-
Newtonian behavior. In addition to these simplifications,
there are others made in the iterative process for determin-
ing the film that will be discussed later.

Governing equations and boundary conditions.—The
fluid flow in the pad-wafer interface is represented by the
steady-state three-dimensional Navier-Stokes equations
for incompressible Newtonian flow with constant viscosity
given below

u-Vu:—le+&V2u
P p

V-u=0

where p is the density, p is the dynamic viscosity, p is the
pressure, and u is the vector-valued velocity at any point in
the flow. The solution domain for the equations is shown
with boundary conditions in Fig. 3. The domain consists of
a very thin disk of fluid (representing the fluid in the pad-
wafer interface) surrounded by a ring (representing flow
around the outside of the carrier). On the bottom of the thin
disk, no-slip velocity boundary conditions are applied that
represent the velocity of the pad and is equal to R, X w, (see
Fig. 1). On the top of the thin disk and on the interior side
walls, no-slip velocity boundary conditions are applied
that represent the velocity of the wafer and carrier. The
velocity field at any point on these surfaces is equal to R, X
o, where R, points from the gimbal point to any point on the
rotating wafer or carrier (see Fig. 1 and 2). On the remain-
ing surfaces, zero-stress boundary conditions are applied
that allow fluid to enter and leave the domain freely. In
principle this ring could be extended to encompass all the
slurry above the pad, but this is unnecessary and would
greatly increase the computation time.

The governing equations together with the boundary
conditions form a well-posed boundary value problem. The
solution is approximated using the Galerkin finite element
method. The aspect ratios in the wafer-pad interface (cen-
timeters radially and microns vertically) require very flat
elements and thus present a challenge for the finite element
mesh generation and solutions steps. A three-dimensional
mesh consisting of over 5000 linear elements was developed
and used to obtain satisfactory solutions.

Procedure for determining the fluid layer—There are
two conditions that the fluid layer in the model must sat-
isfy. First, it must support the wafer carrier and applied
load during polishing. Figure 2 illustrates the resultant
vector due to the carrier weight and the applied load. The
force on the wafer surface from the fluid flow is given by

-

Wafer rotation boundary condition

Streas-free boundary conditon

@ ———

Fij. 3. Schematic representation of solution domain and boundary
conditions.
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F, = j o ndA (3]
wafer surface
where the stress tensor o is related to the flow field by
- 9 9_%1)
Oy=—pd;+ 1 <ij + Az, [4]

d;, is the Kronecker delta, and # is the surface normal. F,
the vertical component of Fy, is required to equal that of
F in the iterative procedure described at the end of this
section.

The second condition is that the fluid film be stable. This
requires the moment of the force from the fluid film to have
components which are zero in the plane perpendicular to
the carrier’s axis of rotation since the gimbal mechanism
cannot support moments in these directions. To reduce the
amount of iteration performed for determining the fluid
layer, this requirement is relaxed in that only the compo-
nent perpendicular to the page (i.e., that associated with
the angle of attack, 0) in Fig. 2 is required to be zero. This
is the component that could cause the wafer carrier to snag
on the pad and is thus considered to be the most important
in terms of stability. The other component of the moment
could also be considered, in principle, with another rota-
tion angle on the corresponding axis introduced as a
parameter to be varied. The moment about the gimbal
point from the fluid flow is computed as

Mf=f R; X o -ndA 5]
wafer surface

M;, the component of M, associated with 6, is required to be
zero in the iterative process described below.

There are three parameters that describe the shape of the
fluid film: the minimum thickness of the film (h), the wafer
angle of attack (0), and the wafer’s radius of curvature (R,,).
Since the wafer is assumed rigid, R,, is constant for a par-
ticular case. Then, given the two variable parameters h and
6, the procedure for determining the film is as follows: (i)
assume a particular fluid layer exists which is defined by
the wafer’s radius of curvature R,, minimum thickness h,
and wafer angle of attack 6, (i1) compute the fluid flow in
that layer during polishing, (iii) compute F: and M;, and (iv)
i 1F; — Fl =Ml = 0, then stop. If not, adjust the fluid layer
by varying h and 6 and go to step 2.

The fluid layer that emerges from the iterative procedure
must be evaluated in the context of the assumptions made
in determining it. Specifically, since the wafer and pad
were both represented as smooth, the thickness of the re-
sulting fluid layer must be appreciably larger than the av-
erage feature height on real wafers and pads. For example,
if the above procedure predicts a relatively thick fluid film,
the smoothness assumption is justified, but if it predicts a
relatively thin one, the smoothness assumption is question-
able. Therefore, the fluid thickness and the pad condition
must be considered together when evaluating the predic-
tions of the model.

Results

Base-line case.—A base-line case is considered first
where the rotation speeds are 20 rpm, and the slurry viscos-
ity is 0.0214 kg m/s. The “dome-height” is the distance the
center of the wafer protrudes past its perimeter and is a
more convenient measure of wafer curvature than its ra-
dius of curvature since the radius of curvature is quite large
(500 m). For the base-line case, the dome height was 10 pm.
The loading conditions for all the studies is 352 Ib, which
corresponds to an average pressure of 7 psi. The plots in
Fig. 4 and 5 show how the vertical force and moment varies
with 0 for various h values. The loading data shown in
Fig. 4 may be extrapolated/interpolated to define a set of
(h, 0) pairs that satisfies the load condition of 352 1b. The
same procedure may be applied to the moment data shown
in Fig. 5 to define a set of (h, 0) pairs that satisfies the zero
moment condition. The functions defined by these two sets
of (h, 0) pairs are plotted in Fig. 6. Their intersection point
indicates that 2 ~ 63 pm and 6 = 0.01 degrees simulta-
neously satisfies the load and moment conditions. More-
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over, in Fig. 5 it is observed that this (h, ) pair is stable in
that a perturbation in 8 causes a moment which is self-cor-
recting. It is also noted that the minimum gap thickness of
65 pm is significantly larger than standard pad and wafer
features indicating the likelihood of a fluid layer at the
interface.

Parametric studies.—Because of the approximations in
the model, it is difficult to extract quantitative values from
the results. The most useful information that can be ob-
tained from the model is the sensitivity of the film to cer-

Dome Height = 10 microns
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Fij;. 6. Plot of (h, 0] pairs which safisfy either the loading or moment
conditions for the base-line case.

100
95
90
85
30
75
70t
65
60 -

20 25 30 35 40 45 50
Rotation Speed (RPM)

Minimum Film Thickness (microns)

Fig. 7. Dependence of film thickness on speed.
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tain process parameters such as wafer curvature, slurry
viscosity, and rotation speed.

The above process for determining the stable (h, 0) pairs
was repeated for various sets of process parameters. The
results are presented in terms of minimum film thickness as
a function of a varied parameter. The minimum film thick-
ness is an important measure of the film since it, compared
to the feature sizes on the pad and wafer, will determine if
there is a film present. The following parametric studies
will demonstrate that the process parameters of speed, vis-
cosity, and wafer curvature each may be a determining fac-
tor for the existence of the fluid layer.

Figure 7 shows that the minimum film thickness exhibits
a sublinear variation with respect to speed. The figure also
indicates the importance of rotational speed in relation to
the existence of a fluid film since it shows a 40% variation
in film thickness over common CMP speeds.

Next, the effect of wafer curvature on the minimum film
thickness is shown in Fig. 8. As the curvature of the wafer
is increased, larger angles of attack are required to satisfy
the zero-moment condition. And, since larger angles of at-
tack require thicker films to match the load, increasing
wafer curvature increases the film thickness. For large
enough curvatures, however, the flow is not able to sustain
high enough pressures to offset the increased protrusion of
the wafer thus leading to a decrease in minimum film
thickness. Although the magnitude of the variation in film
thickness with dome height is small (less than 10%) for the
range studied, the trend in film thickness at smaller dome
heights indicates that changes in curvature from 5 to 10 um
may lead to dramatic changes in the film. This is an impor-
tant result because methods for establishing and maintain-
ing highly accurate and stable wafer curvature are not yet
a standard part of CMP processes and may, in fact, be diffi-
cult to achieve. Also, wafer warp and bow have been meas-

ured to be approximately 10 um in some cases,” and could
thus be additional factors affecting the film.

Finally, the effect of viscosity on the change in minimum
film thickness is plotted in Fig. 9. The magnitude of the
variation in this result is important when one considers
that changes in viscosity due to ordinary temperature
ranges experienced by the slurry during polishing may be
as much as 30%. This result indicates that such a variation
could cause a change in film thickness of around 20%. Of
more importance, however, this result implies that the de-
pendence of the film on viscosity is especially pertinent
when evaluating new slurries. Specifically, as different
slurries are developed to enhance their chemical proper-
ties, the variation in polishing characteristics which they
produce must also be attributed to their effect on the film
thickness.

Conclusion

The tribology analysis presented here demonstrates that
the effects of some process parameters on the existence of
the fluid layer at the pad-wafer interface are profound.
Because of the approximations in the model, it is inappro-
priate to use the numerical results as quantitative predic-
tions of the film thickness. Nevertheless, the trends indi-
cated by the parametric studies are compelling. The effect
of these parameters on the nature and possibly the very
existence of the fluid layer may partly explain why the
CMP process is so difficult to characterize. The trends indi-
cate that the wafer-pad interface is a very delicate balance
between hydrodynamic lubrication, mixed solid-liquid
contact, and possibly even some direct solid-solid contact.

One may speculate that hydrodynamic lubrication is re-
sponsible for distributing the slurry, and solid-solid con-
tact is responsible for the majority of the material removal,
and then conclude that this balance is crucial to the pro-
cess. However, even if this hypothesis is correct, maintain-
ing such a delicate balance in the interface will continue to
be a difficult challenge for CMP. Thus it may be wise to
consider alternative designs that allow even and pre-
dictable distribution of slurry along with the required
solid-solid abrasive contact. If the process could be modi-
fied to produce a more stable interface, then it could be
more clearly characterized and thus controlled and opti-
mized for better CMP performance.

Acknowledgments

The authors would like to thank Anthony Toprac for
proofreading the manuscript, along with Mukesh Desai
and Rahul Jairath for their comments.

Manusecript submitted Aug. 11, 1993; revised manuscript
received Feb. 7, 1994,

SEMATECH, Incorporated, assisted in meeting the pub-
lication costs of this article.

REFERENCES

. L. Cook, J. Non-Crystalline Solids, 120, 152 (1990).

. S. R. Runnels and P. Renteln, Dielectric Sci. Technol.
(1993).

. K. Akamatsu, T. Nakamura, and N. Arakawa, Bull. Jpn.
Soc. Prec. Engg., 19, 120 (1985).

. J. Warnock, This Journal, 138, 2398 (1991).

. F. Preston, J. Soc. Glass Technol.,, 11 (1927).

. G. M. Bartenev and V. V. Lavrentev, Friction and Wear of
Polymers, Elsevier Scientific Publishing Co., New
York (1981).

. G. H. Popham, H. R. Huff, and R. W. Potter, This Journal,
140, 229 (1993).

U [2M] DN =

-3





