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On the Wafer/Pad Friction of Chemical–Mechanical
Planarization (CMP) Processes—Part II: Experiments

and Applications
Jingang Yi, Member, IEEE

Abstract—This paper presents the experimental validation and
some application examples of the proposed wafer/pad friction
models for linear chemical–mechanical planarization (CMP) pro-
cesses in the companion paper. An experimental setup of a linear
CMP polisher is first presented and some polishing processes are
then designed for validation of the wafer/pad friction modeling
and analysis. The friction torques of both the polisher spindle
and roller systems are used to monitor variations of the friction
coefficient in situ. Verification of the friction model under various
process parameters is presented. Effects of pad conditioning and
the wafer film topography on wafer/pad friction are experimen-
tally demonstrated. Finally, several application examples are
presented showing the use of the roller motor current measure-
ment for real-time process monitoring and control.

Index Terms—Chemical–mechanical planarization (CMP), fric-
tion, process modeling and monitoring, shallow trench isolation
(STI).

I. INTRODUCTION

THE FRICTION characteristics between the wafer and
the polishing pad in chemical–mechanical planarization

(CMP) processes play an important role in the process perfor-
mance. Sikder et al. [2] discussed measuring the coefficient
of friction (COF) under various polishing parameters, such as
table rotating speed and polishing downforce. A prototype of
a rotary CMP polisher and blanket oxide wafers were used in
Sikder et al. [2] without pad conditioning. In Homma et al.
[3], a linear relationship between the CMP material removal
rate and the wafer/pad friction force has been demonstrated ex-
perimentally. However, no analytical relationship between the
wafer/pad friction characteristics and the polishing parameters
was investigated in Sikder et al. [2] or Homma et al. [3]. In the
first part of this study [1], a friction modeling and estimation
scheme was proposed for both blanket oxide and patterned
wafers. The friction model proposed by Yi [1] is based on a
distributed LuGre dynamic friction model for a linear CMP pol-
isher and the proposed methods can be extended and applied to
rotary CMP polishers. A quantitative relationship between the
spindle and roller friction torques and the polisher parameters,
such as wafer carrier speed, polishing pad speed, and wafer
carrier downforce was derived. Effects of pad conditioning and
the patterned wafer topography on friction modeling were also
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Fig. 1. Schematic of the Lam linear CMP systems.

investigated in [1]. In this paper, we discuss the experimental
validation of the wafer/pad friction model and analysis in [1].
The spindle and roller motor current measurements are used
to monitor in situ the friction variations during a polishing
process. Friction model parameters are first estimated and the
model is then used to predict the friction characteristic.

This paper is organized as follows. Section II reviews the
main results of the wafer/pad friction model in [1] for a linear
CMP polisher. In Section III, a relationship between the motor
current measurement and the friction and polishing process pa-
rameters is presented. The experimental design used for this
study is also discussed. In Section IV, estimations of the fric-
tion model parameters and mechanical system parameters are
first discussed. Experimental validations of the friction model
are then presented. Discussions of the dependency of various
process parameters on the friction model are also included in
this section. Several application examples of friction monitoring
are illustrated in Section V. Concluding remarks and future de-
velopment are presented in Section VI.

II. WAFER/PAD FRICTION MODEL

This study focuses on linear CMP processes. Fig. 1 shows a
schematic of the linear planarization technology (LPT) provided
by Lam Research Corporation. With the LPT design, a polishing
pad moves at an adjustable speed and a wafer is held by a wafer
carrier against the polishing pad. The spindle assembly holding
the wafer carrier provides the controllable downforce pressure
against the pad. Beneath the polishing pad, an air-bearing platen
with independently controlled concentric rings of air-pressure
channels pushes the polishing pad against the wafer surface.

0894-6507/$20.00 © 2005 IEEE



372 IEEE TRANSACTIONS ON SEMICONDUCTOR MANUFACTURING, VOL. 18, NO. 3, AUGUST 2005

Fig. 2. Kinematic diagram of the polishing set. (a) Spindle system. (b) Roller system.

Each of the pressure channels is adjusted to conform the pad
to the wafer surface and therefore achieve the planarization.

In [1], an analytical model was proposed to estimate the
torques applied by the spindle and roller motors due to the
wafer/pad contact friction. The spindle torque and
roller torque for a patterned wafer (e.g., shallow trench
isolation (STI) devices) can be estimated as

(1)

(2)

where and are the spindle and roller friction torques that
arise when polishing blanket wafers without pad conditioning.

is the pattern effect factor, is the friction coefficient
amplification factor, and and are, respectively, the
pad conditioning factors of the spindle and roller systems.

For a CMP process with a high polishing pad speed and a
slow wafer carrier rotating speed, we can obtain the spindle and
roller friction torques as

(3)

(4)

where is the applied external polishing pressure, is the
wafer radius, is the polishing pad speed, is the wafer carrier
rotating speed, and and are wafer/pad friction model
parameters, respectively [1].

Pad conditioning factors (spindle) and (roller) are
determined by the settings of the pad conditioner systems such
as the conditioner downforce and sweep frequency, etc. is
determined by the contact characteristics of the polishing pad
and conditioner disk [4]. For patterned wafer polishing,
captures the effects of pattern density and device feature length

(e.g., pitch width for STI devices) on the friction torques. For
more details on the friction modeling and analysis, readers can
refer to [1].

III. EXPERIMENTAL SETUP

The friction model (1) and (2) provides a means to calculate
the magnitude of the friction moments during a CMP process.
However, we need to know the friction model parameters such
as and etc. In order to identify the friction model parame-
ters, in this section, we discuss the use of measurements of the
spindle and roller motor currents to estimate these parameters.
The hardware setup of the CMP polisher system is first intro-
duced and a set of CMP processes are then designed.

A. System Setup

Fig. 2 shows a schematic of the spindle and roller systems. For
the spindle system, a direct current (dc) motor is used to drive
the spindle rotation. A gearbox and belt transmission system
transfers the rotating motion and converts the fast motor speed
into a slower and more accurate spindle rotation. The spindle
speed is regulated by a proportional-integral-derivative (PID)
controller to the target wafer carrier speed set up by the users.
For the roller system, an alternating current motor is used to con-
trol the roller speed at a given value by a pulsewidth modulation
(PWM) servo controller. Both the spindle and roller motor cur-
rents can be monitored without adding any new hardware com-
ponents.

Consider the spindle system dynamics [see Fig. 2(a)]. De-
note to be the output torque of the spindle dc motor, the
torque transmitted to the spindle system (wafer carrier), the
load torque applied on the motor axis, and the fric-
tion torques from the mechanical components on the motor and
spindle systems, respectively. Let , , and be the angular
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speeds of the motor, gearbox and spindle systems, respectively.
For the motor subsystem, we can obtain the dynamics as

(5)

where is the mass inertia of the motor axis. Similarly, for the
spindle system, we can obtain

(6)

where is the magnitude of the spindle friction moment, i.e.,
, and is the mass inertia of the spindle system.

Assuming no energy loss for the gearbox and belt transmission,
we obtain

(7)

Denote the gearbox and belt transmission ratios as and ,
respectively. We can obtain

(8)

where is the combined gearbox and belt transmis-
sion ratio. Using (5)–(8), we obtain

(9)

Before the wafer carrier touches down on the polishing pad,
the spindle starts rotating at speed and then pushes the wafer
carrier down against the pad. We can consider the steady-state
rotation before and after the spindle touchdown. Before
the spindle system touches down, we have and using

, (9) becomes

(10)

where is the motor torque that overcomes the mechanical
friction moments. Once the spindle touches down, similarly we
have

(11)

where is the motor torque that overcomes both the
wafer/pad friction moment and the mechanical friction mo-
ments. Since the mechanical friction moments do not change
before and after the spindle touchdown, from (10) and (11), we
obtain

(12)

The dc motor electromechanical relationship is used
in the above equation, where is the torque/current constant
for the dc motor and and are the motor currents before
and after the spindle touches on the pad.

From (12) we know that by measuring the spindle motor cur-
rents, we can estimate the wafer/pad friction torque during the

Fig. 3. Flow chart of process sequences on one polishing module.

TABLE I
SOME CONSTANTS FOR THE SPINDLE SYSTEM

polishing process. Combining (12) and (3), we can estimate the
friction model parameters such as and .

Following a similar derivation, we can obtain the torque-cur-
rent relationship for the roller system.

(13)

where is the ratio of the roller speed and roller motor speed,
is the motor torque/current constant, and and are

the roller motor currents under idle and polishing states, respec-
tively.

B. Process Description

Each CMP process is running under a set of user-defined
process sequences, called recipes. A recipe includes a set
of complex process and polisher system configurations. The
cluster tool computer (CTC) system loads the recipes and then
executes the process sequences. Fig. 3 shows a flow of a typical
process sequence on one polishing module. Normally the
system checks the recipe first to make sure the recipe setting is
correct and feasible under the current system configuration. If
the recipe setting is correct, then the system makes preparations
for the process such as pumping the slurry into the system and
indexing the wafer carriers etc. The polishing process starts
with the ex situ pad conditioning recipe and then the process
recipe. Ex situ pad conditioning is executed before the wafer
carrier touches down on the pad and ex situ pad conditioning
can be set independently with in situ pad conditioning and
the polishing recipes. This is important for wafer/pad friction
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Fig. 4. Estimation of mechanical friction torque for the spindle system. (a) Measured torque at various wafer carrier speeds. (b) Estimated friction torque.

TABLE II
PROCESS PARAMETERS OF CMP PROCESSES

coefficient estimation since pad conditioning has a significant
impact on the wafer/pad friction characteristic.

IV. FRICTION MODEL IDENTIFICATION AND VALIDATION

A. Parameter Identification

In order to use the proposed friction model, we have to obtain
the information of the mechanical friction torques of the spindle
and roller systems (i.e., and ) and the model parameters,
such as and , etc.

The friction torque among moving mechanical components
can be modeled as having two parts: Coulomb and linear viscous
friction torques. For the spindle system, (10) can be rewritten as

(14)

where and are the Coulomb and viscous friction coeffi-
cients, respectively. Therefore, (14) can be used to estimate
by measuring the mechanical friction torque at various spindle
speeds. Table I lists the spindle motor constants and the mechan-
ical transmission ratios of the spindle system. Fig. 4(a) shows
an experiment that we ran on a Lam Teres CMP polisher with
various spindle speeds. Note that the mechanical friction torque
is more stable at a low wafer carrier rotating speed than that at
a high speed. A least-square (LS) estimation of friction coeffi-
cients is

(15)

Fig. 4(b) shows the estimated mechanical friction torque and
experimental measurements. It can clearly see that the estima-
tion given by (14) predicts the mechanical friction torque accu-
rately for the operating range of spindle speed.

With the estimation of , the spindle moment can be
calculated and is then used to estimate the model parameters

and . Equation (3) can be rewritten into the following
form:

(16)

where

An LS estimation of the model parameters can be obtained as

To obtain a fairly large spindle torque, by (3), a set of polishing
processes with pad speed variations at a relatively low-speed
range are designed. The CMP process parameters used in the
experiments are listed in Table II. No pad conditioning is used
in the experiments. Fig. 5(a) shows the measured spindle torque
at various pad speeds and the mechanical friction torque at a
wafer carrier rotating speed .

From the measured spindle torque at 50, 75, 100,
and 125 ft/min, an estimation of model parameters can be ob-
tained

Note that steady-state spindle torques are used for the parameter
estimation since the friction coefficient is decaying during
the CMP processes without pad conditioning. Fig. 5(b) shows
the estimated and measured spindle torques as a function of
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Fig. 5. Estimation of friction model parameters using the spindle system. (a) Measured torque at various pad speeds. (b) Estimated spindle torques.

TABLE III
EX SITU PAD CONDITIONING PARAMETERS OF THE TESTING PROCESSES

pad speed . The estimated spindle torque matches the mea-
surements very well. In the following sections, these estimated
parameters are used to compute the spindle and roller system
torques.

B. Model Validation

In this section, we present a set of comprehensive experi-
ments to validate the friction models proposed in [1]. A baseline
CMP process is used to study the pad conditioning effect. Some
other processes are compared with the baseline process by only
changing one process parameter at a time. The baseline process
setting is listed in Table II with a pad speed
and ex situ pad conditioning is used with a list of settings in
Table III. 200-mm thermal oxide blanket wafers, Cabot SS12
slurry and a Rodel IC 1000 pad are used on a Lam Teres CMP
polisher.

1) Pad Conditioning Effects: Fig. 6 shows the wafer car-
rier external pressure , pad speed , spindle motor torque

and roller motor current measurements 1 for a baseline
process without pad conditioning. The polishing process time is
168 s. From Fig. 6(a), we can see a small periodic oscillation
with an approximate period equal to that of the wafer carrier
rotation ( for 20 r/min). This is due to the gimballing
mechanism design of the polishing wafer carrier and the fact that
the axis of the spindle system is not perfectly perpendicular to
the polishing pad surface. It can clearly see that the friction coef-
ficient is decaying without pad conditioning [Fig. 6(d)]. This
has been observed and reported by some other researchers [2].
The spindle torque during the polishing process is larger than the

1The motor current reading (in voltage) provided by the motor circuits is used
as the indicator of the roller motor torque in this paper.

mechanical friction torque by only a small amount [Fig. 6(c)].
Namely, the spindle torque that overcomes the wafer/pad fric-
tion is relatively small. This is consistent with (3) under
the case of a high pad speed . For this reason, it is not accu-
rate to use the spindle torque information to estimate the decay
of the wafer/pad friction coefficient. Fortunately, we find that
the roller torque instead has a significant change during the pol-
ishing process [Fig. 6(d)].

A curve-fitting algorithm is used to estimate the decay of fric-
tion coefficient between wafer and pad during the polishing
process. The same curve is then used to predict the spindle
torque [dot-line curve shown in Fig. 6(c)]. The estimated spindle
curve fits very well with measured spindle torque (solid-line
curve in the same figure). This is because the ratio of spindle
and roller torques is approximately constant at a high pad speed.
This observation can be calculated by (3) and (4) and from the
fact that is much smaller than microseconds, we obtain

which is a constant for a fixed pad speed and a fixed wafer
carrier speed .

The pad conditioning effect can be seen from the spindle and
roller motor torques. Fig. 7 shows the spindle and roller motor
torques using the same baseline process recipe and a 100%2 pad
conditioning with conditioner disk sweep time and
conditioner downforce .

From Fig. 7(a), we find that the spindle torque just overcomes
the mechanical friction torque. The oscillation period for the

2The percentage of conditioning is defined as the ratio of the total condi-
tioning process time over the entire process time.
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Fig. 6. Example of a baseline process without pad conditioning. (a) Wafer carrier pressure. (b) Pad speed. (c) Spindle motor torque. (d) Roller motor current.

measured spindle torque is around 15 s, which is very close to
the two-sweep pad conditioning time set in the recipe (14 s). The
estimations of both spindle and roller torques are very close to
the measured values. In the estimation, , , and

are used. The estimated torques fit the measurements
very well. Compared with Fig. 6, another important observation
in Fig. 7 is that under pad conditioning both spindle and roller
motor torques are maintained at constant levels instead of de-
caying as they do without pad conditioning (Fig. 6).

Figs. 8 and 9 show the measured and estimated spindle and
roller motor torques for a baseline process with 50% 7 lbf and
100% 3 lbf pad conditioning, respectively. It can clearly see that
the proposed models give accurate estimations of both spindle
and roller motor torques.

Combining all the pad conditioner tests, Fig. 10 compares
spindle and roller torques under various process settings. The
impact of pad conditioning on the motor torques is clearly
demonstrated. Fig. 10(b) shows that the roller torque is much
more sensitive to the process parameters and the pad condi-
tioning variations. With pad conditioning, the motor torques are
maintained at a constant level. Without pad conditioning, on
the other hand, the motor torques keep dropping. Conditioner

downforce also plays an important role for the motor torques.
The roller motor torque with 3 lbf conditioner downforce is
much smaller than that with 7 lbf downforce. The higher
conditioner downforce increases the polishing pad roughness
level and, therefore, yields a higher friction coefficient factor

.
2) Pad Speed Variations: In order to understand how the

polishing pad speed affects the wafer/pad friction, a four-step
process is run. Pad conditioning is not used in the process. The
same baseline recipe as for the previous tests is used. Pad speed
is varying from 100 to 400 ft/min with an 100 ft/min increase
for each step. Each process step lasts 30 s. Fig. 11 shows the
spindle and roller motor torques, pad speed, and wafer carrier
external pressure.

Fig. 11(a) illustrates how the spindle torque changes with the
pad speed increasing from 100 to 400 ft/min. When the pad
speed changes from 100 to 200 ft/min, it can clearly see that
the spindle torque decreases about 5 Nm. However, we cannot
distinguish the spindle torque change for steps afterward. This
observation verifies the friction model in [1]: spindle torque is
relatively small even though it is proportional to the reciprocal
of the pad speed [(3)]. Another interesting fact is that at the high
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Fig. 7. Example of a baseline process with 100% pad conditioning with conditioner downforce 7 lbf. (a) Spindle motor torque. (b) Roller motor current.

Fig. 8.Example of a baseline process with 50% pad conditioning with a 7 lbf conditioner downforce, (a) Spindle motor torque. (b) Roller motor current.

pad speed (400 ft/min), the spindle torque is close to the me-
chanical friction torque. The wafer/pad friction moment about
the spindle axis is almost zero because the pad speed dominates
the relative velocity and the spindle friction torques generated
on the front and rear semicircular wafer disks compensate for
one another.

The roller motor torque under pad speed variations is quite
different from the spindle motor torque. Fig. 11(b) shows the
roller motor current change. Considering the decreasing trend
due to no pad conditioning, we cannot see any other roller motor
torque change during the process except the pad speed transient
period. This is consistent with what has been found in [1]: roller
motor torque is almost independent of the pad speed [(4)].

3) Wafer Carrier Pressure Variations: A baseline process
(pad speed ) with varying external wafer car-

rier pressure is carried out. Ex situ pad conditioning and no in
situ pad conditioning are used in the polishing processes. The
process consists of five steps with an 1 psi increase of wafer
carrier pressure for each step. Fig. 12 shows the change of the
spindle and roller motor torques.

The friction model in [1] implies that both spindle and roller
motor torques are proportional to the wafer carrier pressures.
From Fig. 12(a), the spindle torque seemingly does not change
significantly even though the wafer carrier pressure changes dra-
matically from 3 to 7 psi (see Fig. 12(c) for a step increase be-
tween 30–180 s). This is because the spindle friction moment
is small and almost unnoticeable (solid-line minus dot-line in
Fig. 12(a) and for most of the time the torque is less than 2 Nm).
In contrast, the roller motor torque changes under various wafer
carrier pressures are significant [Fig. 12(b)]. Fig. 12(d) shows
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Fig. 9. Example of a baseline process with 100% pad conditioning with a 3 lbf conditioner downforce. (a) Spindle motor torque. (b) Roller motor current.

Fig. 10. Comparison of results for various pad conditioning tests. (a) Spindle motor torque. (b) Roller motor current.

the relationship between the roller motor torque value and wafer
carrier pressures. There exists a clearly linear relationship (with
square of correlation ) between the roller motor
torque and the wafer carrier pressure .

4) Wafer Carrier Speed Variations: According to the
wafer/pad friction model, changing the wafer carrier rotating
speed will vary the spindle torque proportionally but has no
effect on the roller motor torque. The experimental results in
Fig. 13 validate such a fact. There is no direct measurement
of carrier rotating speed from the data acquisition system. But
we can clearly see the wafer carrier rotating changes from
the wafer carrier pressure measurement [Fig. 13(c)]. Since no
pad conditioning has been used in the process, roller motor
torque does not change but just follows the no pad conditioning
decreasing curve [Fig. 13(b)]. For the spindle motor torque

[Fig. 13(a)], we can see clearly that it increases when the wafer
carrier speed increases. Fig. 13(d) illustrates the relationship
between the spindle torque and the wafer carrier rotating
speed . Clearly a linear relationship (with square of correlation

) can be observed from the curve.

V. APPLICATIONS

In this section, several other examples are described to illus-
trate the use of spindle and roller motor current measurements
to monitor the process performance.

In semiconductor manufacturing production, several dummy
wafers (usually 4–8) are used to “warm-up” CMP polishers
when the tool is in an idle and “cold” state for a long time.
Monitoring the friction level can be used to determine when the
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Fig. 11. Torque measurements under different pad speeds. (a) Spindle motor torque. (b) Roller motor current. (c) Pad speed. (d) Wafer carrier pressure.

process is stable. Fig. 14 shows a six-wafer CMP process run
when the polisher is coming out of the idle state. The process
recipe settings are the same as listed in Table II with a 50% in
situ pad conditioning (7 lbf conditioner downforce and 7 s per
sweep). The process polishing time is 56 s. When the polisher
is coming out of the idle state, the polishing pad is cold and
there is no slurry distributed on the pad surface. The wafer/pad
friction characteristic should be significantly different from the
steady-state level. From the spindle motor torque measurements
[Fig. 14(a)], we cannot distinguish the differences among the
six wafers since the spindle motor torque is relatively small
and not sensitive to this difference. The roller motor current
measurements, on the other hand, can clearly show the dif-
ference between the first and the remaining five wafers. From
Fig. 14(b), we can see that roller motor torques for Wafers 2–5
are almost identical and that Wafer 1 is significantly different
from the others. The wafer/pad friction coefficient for the first
wafer is much higher than the steady-state value since the
deformation of the pad asperities is not the same after a long
time in the idle state and with rinsing by water. This example
demonstrates the use of wafer/pad friction measurements to
monitor the run-to-run process variations.

In [1], a pattern factor was defined and used to capture
the effect of variations of wafer topography on the wafer/pad
friction moments. As an application, we demonstrate one ex-
ample of friction torque prediction and monitoring when pol-
ishing a shallow trench isolation (STI) wafer.3 Fig. 15 shows
the die layout mask of the STI devices that is used for the CMP
process testing. Within one die (20 mm 20 mm), a set of 25
4 mm 4 mm squares are fabricated with various densities and
pitches. An SK3 patterned (MIT 961) wafer provided by SKW
Associates Inc. is used in the test. The oxide film was deposited
by high-density plasma chemical vapor deposition (HDCVD).
The average thickness of active oxide across the wafer is 7053

and the average trench depth is 7090 . The average thick-
ness of the layer is around 1503 . The step height
is around 5000 .

Since the density and pitch sizes of each sub-die structure are
different, in order to approximately estimate the pattern topog-
raphy factor for each die, we separate these 25 sub-die
structures into two groups: in Group I, the initial step heights
are smaller than the contact height, i.e., and Group II

3For the structure of STI wafers and relevant definitions such as pattern den-
sity and pitch width, readers can refer to [1] and [5].
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Fig. 12. Torque measurements under various wafer carrier pressures. (a) Spindle motor torque. (b) Roller motor current. (c) Wafer carrier pressure. (d) Roller
motor torque versus wafer carrier pressure.

structures have . The analytical results in [1] can be
applied to estimate . For Group I structures that have pitch
width m and pattern density , from [5] an
estimate is obtained. For Group II, an estimate

is used. From Fig. 15(b), we can calculate the
average density for Group I (12 STI structures) and
for group II (13 STI structures) . Then the pattern
factors and can be estimated for Groups I and II, re-
spectively. An average factor can be finally calculated as

(17)

where and are the numbers of the STI structures in Groups
I and II, respectively. For the mask layout shown in Fig. 15,

and and from experimental results in [5] an
estimate of is used in the calculation.

Fig. 16 shows the spindle and roller motor torques during
the polishing of STI test wafers. The polishing process recipe
is the same as the baseline recipe with a longer polishing time
(224 s). Torque measurements from polishing an oxide blanket

wafer using the same recipe are also plotted in the same figure.
Although there is no significant difference in spindle motor
torques between the oxide blanket and the STI patterned wafers
[Fig. 16(a)], we can clearly notice the difference in the roller
motor current measurements [Fig. 16(b)]. When STI patterned
wafers are polished, the roller motor current is high for the first
few seconds compared with polishing the oxide blanket wafer.
This high friction torque is due to the film topography. When
the process continues, the wafer surface becomes smooth and
the roller motor current follows the blanket oxide polishing
trace. After 60 s, the wafer surface becomes planarized. Fi-
nally, when the layer has been polished, the wafer/pad
friction increases. The increased wafer/pad friction during the
over-polish period could result from two sources: 1) the change
of the friction coefficient between the pad and different film
layer materials and 2) the dish and erosion effects of the oxide
trench areas make the wafer/pad contact pressure increase at
the active nitride area.4 The roller motor current measurement

4The estimation of the wafer/pad friction variations during the over-polish
period in Fig. 16(b) was calculated by the same approach as shown in [1] and
[5].



YI: ON THE WAFER/PAD FRICTION OF CHEMICAL–MECHANICAL PLANARIZATION (CMP) PROCESSES—PART II 381

Fig. 13. Torque measurements under various wafer carrier rotating speeds. (a) Spindle motor torque. (b) Roller motor current. (c) Wafer carrier pressure (indicating
wafer carrier rotating speed). (d) Spindle motor torque versus the wafer carrier rotating speed.

Fig. 14. Friction monitoring for a six-wafer CMP process run coming from the polisher idle state. (a) Spindle motor torque. (b) Roller motor current.

clearly demonstrates the change of the wafer/pad contact and
wafer surface planarization.

The estimated roller torque shown in Fig. 16(b) is based on
the oxide friction measurement under the same polishing con-
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Fig. 15. STI patterned wafer die structure. (a) Layout image. (b) Floor plan and layout mask.

Fig. 16. Measurement comparisons of polishing an STI patterned wafer and an oxide wafer. (a) Spindle motor torque. (b) Roller motor current.

ditions and the pattern effect factor . Clearly, it can see a
very good fit between the estimated and measured roller torques.
Using the estimation of the roller torque, we can monitor the
process in situ. It is especially useful for CMP processes be-
cause of the lack of availability of in situ sensors.

Another application example is for the Cu CMP process.
Fig. 17 shows the relationship between the dishing average of
patterned wafers and the corresponding average roller motor
current measurements during a 700-wafer Cu CMP process
run. The dishing average is calculated as an average dishing
value of a total of 14 dies across the diameter of the 300 mm
SEMATECH 754 patterned wafers. Dishing is a critical process
specification for a Cu CMP process and it is difficult to obtain
such information in real time. The highly linear relationship
(with square of correlation ) between the dishing
average and roller motor current measurements in Fig. 17 gives
the possibility to monitor the dishing performance in situ. Using
this linear relationship, we can also prepare the consumables
and tune the process in real-time to maintain a target dishing
level by monitoring the roller motor current measurements.

Fig. 17. Relationship of the calculated dishing average and roller motor
current measurements for SEMATECH patterned wafers (dash line is the linear
fitting curve) during a 700-wafer Cu CMP process run.
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VI. CONCLUSION AND FUTURE WORK

This paper validated the wafer/pad friction model for a linear
CMP process proposed in [1] using a set of comprehensive
experiments. Since it is difficult to measure and monitor the
wafer/pad friction directly, the polisher’s spindle and roller
motor current measurements are proposed as the alternative
wafer/pad friction indicators. No extra hardware component
needs to add to the polisher systems. It has been shown that
roller motor torque measurements could be a good candidate to
monitor the wafer/pad friction and the polisher systems. The
estimations of the spindle and roller motor torques fit the ex-
perimental measurements very well. The experimental results
have confirmed the theoretical findings and analyzes. Several
application examples have been demonstrated to apply the
proposed friction modeling and analysis to monitor the CMP
processes in situ. Although the results in this study are based on
linear CMP systems, it is, however, straightforward to extend
and apply these methods to other types of CMP platforms, such
as orbit and rotary polishers.

The proposed friction modeling and estimation schemes can
be further investigated and applied to monitor CMP processes
in the future. For example, the proposed schemes can be used
as a diagnostic tool for CMP process and polisher systems.
Wafer/pad friction produces an energy transformation and the
physical temperature will increase on the wafer/pad contact sur-
face. Another future research direction is to use the wafer/pad
friction model to investigate how this temperature rise affects
the material removal and uniformity mechanisms.
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