












larger at structure edges than it would be on the featureless surface
in between structures. This results in a local CoF that is larger than
the global average CoF. The global average CoF for polishing a
glass wafer in this experimental setup with a similar pad, slurry,
downforce, and velocity is on the order of 0.5.4

The Sommerfeld numbers for the cases examined here are very
small, less than 5� 10�3. This suggests that polishing operates in the
solid-contact lubrication regime. The rising CoF with So is mildly sur-
prising, therefore, as in the solid-contact regime, CoF is expected to be
constant with So. It seems likely that in fact we are in a solid-contact
lubrication regime where most of the normal contact force is transmit-
ted via solid-solid contact. However, the complex nature of the inter-

actions between the pad and the PDMS post structure may produce a
rising CoF which does not follow a typical Stribeck curve. A second
possibility is that the fluid film thickness changes with downforce. In
these computations, the fluid film thickness has been held fixed.

Dynamic model of contact

In order to explain the dynamic behavior of the structure in
response to asperity contact forces, a dynamic model has been
developed, shown in Fig. 15. We assume that only quasistatic
motion and the first eigenmode of vibration are significant, which is
justified due to the relatively high (25 kHz predicted) fluid loaded
resonant frequency of the PDMS post, and the expectation that the
forcing from asperity contacts will be primarily at 10 kHz and
below. Under these assumptions, the dynamic model of the post is a
second order system, driven by a time series of asperity contacts

€xþ 2fxn _xþ x2
nx ¼ x2

n

k
FðtÞ [4]

Figure 13. (Color online) Raw time domain data and power spectra for the three polishing cases. In the power spectra, the (1/f)1 line is shown. In the first and
last case this is a good fit to the data, but in the middle case, the data is best fit by (1/f)0.56.

Figure 14. Stribeck curve comparing the local Coefficient of Friction to the
Sommerfeld number.

Figure 15. Dynamic model of post/asperity interaction. The post is modeled
as a second order mass-spring-damper system, and the asperities are modeled
as moving springs.
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where x is the deflection of the post top, f is the nondimensional
damping ratio, xn is the undamped natural frequency of the structure,
and k is the static tip stiffness of the structure. The static stiffness is
taken to be k¼ 8.3 N/m, based on the static FEA analysis shown
above and static calibration results presented later in the paper. The
natural frequency of the post structure is taken to be xn¼ 2p(25 kHz)
based on the fluid loaded natural frequency predicted by Kirstein.
The damping ratio for the structure is unknown; damping phenomena
include viscous losses in the fluid, structural damping within the
PDMS post, and structural damping in the asperities and contact
regions. In the absence of any information in this regard, the damping
ratio is selected to be f¼ 1, a critically damped structure. Neither xn

nor f have a significant impact on simulation results, as the majority
of the forcing is occurring at frequencies below resonance.

F(t) is the forcing function from asperity contacts, which can be
written as the sum of contact forces from all N asperities which may
at some time come into contact with the post

FðtÞ ¼
XN

n¼1

FnðtÞ [5]

The asperities are modeled as springs. The base of the asperity
spring is attached to the rotating pad. Hence the force applied to the
post is the relative position of the asperity base and the post top mul-
tiplied by the asperity spring constant. Before the asperity reaches
the post, the force is zero. Once the force reaches some threshold
value, the asperity is expected to slip off of the post and no longer
contribute force. This can be expressed as

FnðtÞ ¼
0 ynðtÞ < xðtÞ

kn ynðtÞ � xðtÞð Þ ynðtÞ � xðtÞ and FnðtÞ < Fslip

0 kn ynðtÞ � xðtÞð Þ � Fslip

8<
: [6]

The positions of the asperities relative to the post top are equal to
some randomly assigned initial position plus the motion due to the
fixed pad velocity

ynðtÞ ¼ ynðt ¼ 0Þ þ vt [7]

The statistics of the asperity initial position are determined based on
the average number of asperity contacts per unit area, Na. It is
assumed that the asperities are uniformly distributed over the pad. If
a time domain simulation of duration T is conducted, N asperities
will be required. The post sweeps out an area of pad equal to the
post diameter, D, times the pad displacement which occurs over the
duration of the simulation, vT. Hence, N¼NaDvT. In the simulation,
therefore, N asperities are used with initial positions uniformly dis-
tributed over the range [-vT, 0].

Little is known about the statistics of the effective spring con-
stants of the asperities. As a starting point, we assume that the spring
stiffnesses of the N asperities are normally distributed with a mean
of �kn, and a standard deviation equal to one third of the mean,
r ¼ �kn=3. The standard deviation is chosen so that 99.9% of the as-
perity stiffnesses will fall between zero and twice the mean. The dis-
tribution is truncated at kn¼ 0 so that no asperities have a negative
stiffness.

The average force, RMS force, and the frequency spectrum of
the force are all influenced by the number of asperity contacts, their
average stiffness, and the slipping force. The power spectral density
of the force in �N2/Hz is fit with a power law of the form (1/f)N.
Four parameters are varied in the model: Fslip, �kn, Na, and v. We
consider three outputs from the model: average inferred force, the
RMS deviation of the inferred force about the mean, and the expo-
nent for the slope of the spectral density with frequency.

Simulations were run for a variety of cases, as detailed in Table
II. In all cases the post structure properties were kept constant, equal
to those for the actual structure under investigation. The parameters
related to pad contact were varied over the ranges as shown. Every
permutation of these parameters was run in a parallel computing
environment, always using a total simulation time of 0.1 s and a
simulation time step of 10 �s. An adaptive 4th/5th order Runge
Kutta solver was used in Matlab. This resulted in 1008 simulation
runs, from which the average post deflection, RMS post deflection,
and power spectrum exponent were extracted. The results are plot-
ted in a nondimensional form in Fig. 16. The average quasistatic lat-
eral force normalized to the slipping force can be evaluated analyti-
cally, and is used as the abscissa for all three plots.

From the simulation results, we see that the majority of the simu-
lation results lie along the curves, as determined using a least
squares fit in log-log coordinates

Favg

Fslip
¼ NaDFslip

2keff

Frms

Fslip
¼ 4

5

NaDFslip

2keff

� �1=2

for
NaDFslip

2keff
< 10

[8]

where keff is the effective series combination of the average asperity
stiffness and the post stiffness

keff ¼ k�kn=ðk þ �knÞ [9]

The last plot in Fig. 16 gives the exponent, N, for a best fit to the
power spectra slope verses frequency, (1/f)N, where the spectrum is
in �N/Hz2 units. These results show a maximum of N¼ 2 for most
large values of the controlling parameter, but do not collapse onto a
single curve at lower values.

Table I. Time averaged results for the three polishing cases.

Mean pad/wafer
normal load(kPa)

Mean pad/wafer
relative velocity(m/s)

Mean lateral
force(�N)

RMS deviation of force
about mean(�N)

Power spectrum slope
above 100 Hz(1/f)N

5.0 0.3 230 58 N¼ 0.95

5.0 0.6 210 47 N¼ 0.56

9.1 0.3 240 64 N¼ 1.0

Table II. Parameters used for dynamic simulation runs.

Na

(1/mm2)
v

(m/s)

�kn

(N/m)
Fslip

(�N)
k

(N/m)
fn

(kHz) f
D

(�m)

10, 70, 100, 500,

1000, 5000, 10000

0.3,

0.6

0.001, 0.0032, 0.01,

0.032, 0.1, 0.32, 1, 3.2,

10

1, 2.7, 7.2, 19.3,

51.8, 139, 373,

1000

8.3 25 1 80
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If we can measure the resultant parameters Favg, Frms, and N, and
if we know the test structure and process conditions, k, v, and D,
then we can infer the microscale contact properties for the pad. That
is, we can infer the number of asperity contacts per unit area, Na, the
slipping force, Fslip, the average asperity stiffness, �kn.

The reader may note that the applied downforce during polishing
does not enter explicitly into the simulation. However, downforce is
implicitly involved because it changes the number of asperity con-
tacts per unit area, Na, the slipping force, Fslip and the effective
asperity stiffness, �kn.

Discussion

Using the results of Fig. 16 and the measured force data
described in Table I, it is possible to estimate the unknown model
parameters Fslip, �kn, and Na for the experimental cases. The results
are given in Table III. In order to systematically evaluate the good-
ness of fit between the experimental data and the simulation, the fol-
lowing fitness function is minimized

gðFrms;Favg;NÞ ¼
Fsim

rms

Fexp
rms
� 1

� �2

þ
Fsim

avg

Fexp
avg
� 1

 !2

þ Nsim

Nexp
� 1

� �2

[10]

For all three experimental results, the best fit amongst all 1008 sim-
ulation runs is for the parameter set Na¼ 5000 contacts/mm2,
�kn¼ 0.32 N/m, Fslip¼ 19.3 �N. It is important to note that this set of
conditions is the optimal set of conditions, in the sense of minimiz-
ing equation (10), for both the v¼ 0.3 m/s and v¼ 0.6 m/s simula-
tions. In the two simulation cases, as in the two experimental cases,
the primary effect of doubling the velocity is a reduction in the slope
of the PSD from approximately (1/f)1 to (1/f)0.6. In simulation,
increasing the velocity also leads to a rise in average force and a
slight reduction in RMS force, in agreement with experiment. The
effects are somewhat more pronounced in the experimental data,
however. Table III shows a comparison between the experimentally
measured and simulated results for the two cases. Fig. 17 shows the
time domain results and the power spectra.

The average asperity stiffness of �kn¼ 0.32 N/m determined using
this method is approximately 25 times more compliant than the PDMS
post. Both structures are made of soft polymers and have similar
dimensions, so it is plausible that they have a similar compliance, but
no independent verification of pad asperity stiffness is available. The
slipping force coupled with the average asperity stiffness suggests that
the contact slips off when the post has deflected by 60 �m. This deflec-
tion is approximately equal to the open region around the post, so it
may be that the asperity slips off when the post touches the sidewall.

Figure 16. (Color online) Results of the 1008 simulation runs presented in log-log format. The average inferred force, RMS inferred force, and power spectra
slope vs. frequency are all given in nondimensional form, as a function of the controlling parameter NaDFslip/(2keff).

Table III. Simulated conditions compared to experimentally measured values.

Process conditions Experimental measurements Simulated conditions

Normal load(kPa) m(m/s) Favg(�N) Frms(�N) N Favg(�N) Frms(�N) N

5.0 0.3 230 58 0.95 297 60.6 1.01

5.0 0.6 310 47 0.56 311 60.0 0.60

9.1 0.3 240 64 1.0 297 60.6 1.01
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The most interesting result is the number of contacts per unit
area. Based on estimates from confocal microscopy for a static
case,13 only approximately 70 contacts per mm2 were expected. Yet
the dynamic model applied here suggests approximately 5000 con-
tacts per mm2. It may be that the confocal microscopy technique is
missing many small contacts. Alternatively, it may be that in the
dynamic case there truly are a larger number of contacts than in the
static case. There are other significant differences between the two
situations as well, including the type of wafer and pad, which play
an important role in the nature of the contact. At present, we can
conclude that large numbers (on the order of 5000 per mm2) of con-
tact points are present, and that the number of contacts does not
vary strongly with downforce or velocity for the conditions
described here. We also suspect that the nature of contact will be
strongly influenced by pad and substrate type, although more evi-
dence is needed to verify this conjecture.

Conclusions

A method for measuring the microscale contact forces between a
polishing pad and a surface during CMP has been demonstrated.
During polishing, for the experimental conditions described above,
the averaged lateral contact force on an 80 micrometer diameter
post top was between 230 and 310 �N. The RMS deviation of the
force about the mean falls between 47 and 64 �N. Faster polishing
cases show a 30% higher mean force, and a 20% reduction in the
RMS variation of force about the mean. Little change is seen in the
lateral force characteristics when increasing downforce. The power
spectral density of the lateral force exhibits a (1/f)N character. The
exponent N is found to vary strongly with the pad-wafer velocity,
changing from 1.0 at 3 m/s to 0.6 at 0.6 m/s in both experiment
and simulation. The measurement method has been coupled to a

simple dynamic model of asperity contact which can be used to
extract approximate pad properties from the data. The method
has been applied to the experimental case above and suggests an
average asperity lateral stiffness of 0.32 N/m, on the order of
5000 asperity contacts per square millimeter, and a slipping force of
19.3 �N.
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