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Model analysis and experimental investigation of the friction torque during the CMP
process�
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Abstract: A model for calculating friction torque during the chemical mechanical polishing (CMP) process is
presented, and the friction force and torque detection experiments during the CMP process are carried out to verify
the model. The results show that the model can well describe the feature of friction torque during CMP processing.
The research results provide a theoretical foundation for the CMP endpoint detection method based on the change
of the torque of the polishing head rotational spindle.
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1. Introduction

Chemical mechanical polishing (CMP) as a critical tech-
nology in the ULSI manufacturing process has been exten-
sively employed to achieve global planarization of the bare
or patterned wafer. However, during formation of the multi-
layer Cu interconnection structure, over-polishing (removing
too much) and under-polishing (removing too little) often oc-
cur when removing the excess materials using CMP. Over-
polishing results in excessive copper dishing and dielectric ero-
sion, causing the degradation of device performance or yield;
under-polishing means that the process needs to be repeated,
leading to an increase in IC fabrication cost. Therefore, the
fast, accurate and reliable endpoint detection (that is to deter-
mine when to stop CMP) is a key piece of technology to assure
the quality of CMP processing and improve the yield and ef-
ficiency. Among many CMP endpoint detection methods, the
frictional endpoint detection methods are representative for the
Cu CMP processŒ1�3�. The frictional endpoint detection meth-
ods judge the CMP endpoint by detecting the change in the
friction coefficient, torque or motor current during the CMP
process. Some research on the influence of the relative speed
between the wafer and the polishing pad on the friction co-
efficient during the CMP process has been doneŒ4�. However,
studies of the feature of friction torque during the CMP process
are still limited. Yi investigated the feature of friction torque
during the CMP process using a linear CMP systemŒ5; 6�. How-
ever, for the widely used rotary CMP process, there have been
few studies of the feature of friction torque during the CMP
process.

In this paper, a model for calculating the friction torque
during the CMP process is presented, and friction force and
torque detection experiments during the CMP process were
carried out to verify the model.

2. Modeling

The kinematic and relative speed relationship between the
wafer and the polishing pad during the CMP process are shown
in Fig. 1. In this paper, the factor of the oscillation of the polish-
ing head is ignored, because the oscillation speed of the polish-
ing head is very slowwith respect to the relative speed between
the wafer and the polishing pad, and it has little influence on
the friction force during the CMP processŒ7�. Figure 1(a) is a
schematic diagram of the kinematic relationship between the
wafer and the polishing pad. Op and Ow are, respectively, the
center of the polishing pad and the wafer; !p and !w are, re-
spectively, the value of the angular speed of the polishing pad
and the wafer; point A is a point on the wafer surface; ri and
rj are, respectively, the distance from point A to Ow and Op; e

is the distance between Op and Ow. Figure 1(b) is a schematic
diagram of the relative velocity of point A with respect to the
corresponding point on the polishing pad. vw and vp are, re-
spectively, the velocity of point A and the corresponding point
on the polishing pad; v is the relative velocity of point A with
respect to the corresponding point on the polishing pad, and v

is its value; vx, vy and vt are, respectively, v in the x, y and
tangential directions. The relative velocity v can be calculated
as follows,

v D vw � vp: (1)

Based on the geometrical relationship, vx, vy and vt can be
obtained as follows,

vx D .!p � !w/risin�; (2)

vy D .!w � !p/ri cos � C !pe; (3)

vt D .!w � !p/ri C !pe cos �: (4)
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Fig. 1. (a) Schematic diagram of the kinematic relationship between
the wafer and the polishing pad. (b) Relative speed of point A on the
wafer surface with respect to the corresponding point on the polishing
pad.

The value of relative velocity v can be calculated as fol-
lows,

v D

q
v2
x C v2

y

D

q
.!w � !p/2r2

i C !2
p e2 C 2.!w � !p/!peri cos �: (5)

The value of the friction force •F between dS and the pol-
ishing pad and the friction torque •M generated by dS with
respect to Ow during the CMP process can be calculated as
follows,

ıF D �P dS; (6)

ıM D r i � ıF ; (7)

where dS is an infinitesimal area on the wafer surface, and the
distance from dS to the center of the wafer surface is ri; P

is the average polishing pressure of every point on the wafer
surface; and � is the friction coefficient.

During the CMP process, in an infinitesimal area, the con-
tact state of the wafer and the polishing pad might be direct
contact or non-contact. The Stribeck friction model is a widely
used friction model, and it can well describe the friction char-
acteristic in the different contact states. Therefore, the Stribeck
friction model is used to describe the friction coefficient be-
tween the wafer and the polishing pad. Based on the Stribeck
friction model, the friction coefficient � can be written as

� D �c C .�s � �c/e
�v=vs C �v; (8)

where �c is the Coulomb friction coefficient; �s is the maxi-
mum static friction coefficient; vs is the Stribeck velocity; and
� is the viscosity coefficient.

For the usual CMP processing parameters, the change
range of !w and !p is not big; that is, the change range of
the relative speed of every point on the wafer surface with re-
spect to the corresponding point on the polishing pad is not
big. Therefore, in order to simplify the calculation model, the
friction coefficient � is approximated as follows,

� � �c C .�s � �c/.B � Kv=vs/ C �v

D B�s C .1 � B/�c �
Kv.�s � �c/

vs
C �v; (9)

where K and B are the parameters.
Assume that the polishing pressure of every point on the

wafer surface is equal, based on Eqs. (6) and (7), noting that
the direction of the friction force is always opposite to that of
the relative speed during the CMP process, the total friction
force F and friction torque M during the CMP process can be
calculated as

F D �

RZ
0

2�Z
0

v

v
�P rid�dri; (10)

M D �

RZ
0

2�Z
0

vt

v
�P r2

i d�dri: (11)

Based on Eqs. (2)–(4), (9)–(11), the friction force F in the
x, y directionF x ,F y and the friction torqueM can be written
as

F x � �

RZ
0

2�Z
0

�
k C

b

v

�
.!p � !w/ri sin �P rid�dri; (12)

F y � �

RZ
0

2�Z
0

�
k C

b

v

�
Œ.!w � !p/ri cos � C !pe�P rid�dri;

(13)

M � �

RZ
0

2�Z
0

�
k C

b

v

�
Œ.!w � !p/ri C !pe cos ��P r2

i d�dri;

(14)

where k D � �
K.�s � �c/

vs
, b D B�s C .1 � B/�c.
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Fig. 2. (a) Schematic diagram of the CMP endpoint detection system. (b) Photo of the polishing head.

Because during the CMP process!p and!w are very close,
based on Eq. (5) the value of relative speed v can be approxi-
mated as

v � !pe: (15)
Using Eq. (15), the calculated results of F x , F y and M

can be obtained as
F x D 0; (16)

F y � �.k!pe C b/P �R2; (17)

M �
1

2
P �R4.!p � !w/.k C

b

!pe
/; (18)

where R is the radius of the wafer.
From Eq. (18), it can be seen that the friction torque will

be equal to zero when the angular speed of the wafer and the
polishing pad is equal. However, the calculation result is on the
assumption that the polishing pressure of every point on the
wafer surface is equal. During the practical CMP process, the
polishing pressure of every point on the wafer surface will not
be equal exactly because of the influence of all kinds of factors.
Therefore, assume that the average polishing pressure of every
point on the left half and right half of the wafer surface shown
in Fig. 1(a) is, respectively, P1 and P2, the corrected friction
torque Mm is as follows,

Mm � M C
2

3
�PR3.k!pe C b/; (19)

where �P D P1 � P2.
FromEqs. (12)–(14), it can be seen that the influence of the

non-uniformity of the polishing pressure on the friction force
is far less than its influence on the friction torque when !p and
!w are very close, so the influence of the non-uniformity of
the polishing pressure on the friction force is ignored. Based
on Eqs. (16) and (17), the value of the friction force F can be
obtained as

F � .k!pe C b/P �R2: (20)
Using Eqs. (19) and (20), the corrected friction torqueMm

can be written as

Mm �
1

2e
FR2.1 �

!w

!p
/ C

2

3�
FR

�P

P
: (21)

Assume that the relationship of
�P

P
and

!p

!w
is

�P

P
D �

�
!w

!p

�2

C �
!w

!p
C ; (22)

where �, � and  are the model parameters, and they can be de-
termined using the least squares estimation based on the mea-
sured friction torque and the friction force at different process-
ing parameters.

From Eq. (21), it can be seen that the relationship between
the friction torque and the angular speed of the polishing pad
is very complex. However, based on the calculation result of
Eq. (21), the following conclusions can be drawn: if �P is not
equal to zero, the friction torque during the CMP process will
not be zero even when the angular speed of the wafer and the
polishing pad is equal (the relative speed of every point on the
wafer surface with respect to the polishing pad is equal); the
direction of the friction torque will not change under the usual
CMP processing parameters (!p > !w/ if �P is positive.

3. Experiments

To verify the model, the friction force and torque detection
experiments were carried out using a developed CMP endpoint
detection system, as shown in Fig. 2. The wafer is fixed on
a stainless steel platen, and the platen is connected to a spe-
cially designed three-axis force and z-axis torque sensor by a
ball joint. The friction force, downforce and torque during the
CMP process can be measured by the sensor connected to the
polishing head rotational spindle. Because both the polishing
platen and the polishing head are rotational during the CMP
process, the sensor power supply and the measured electrical
signals are transmitted by a precision slip ring mounted con-
centrically on the polishing head rotational spindle. Then the
measured signals are sent to the computer by a 16 bit simulta-
neous data acquisition instrument.

The sensor can measure the force in its x; y, z direction
and z-axis torque. The measured z direction force is the down-
force; the measured z-axis torque is the torque of the polish-
ing head rotational spindle, that is the friction torque during
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Fig. 3. Torque during the CMP process. (a) Cu wafer. (b) Silicon wafer.

Fig. 4. Torque during Cu CMP process. (a) !p = 85 r/min. (b) !p = 105 r/min.

the CMP process. The value of the friction force between the
wafer and the pad during the CMP process can be calculated
with the following formula,

F D

q
F 2

x C F 2
y ; (23)

where Fx and Fy are the measured force in the sensor’s x and
y direction.

4. Results and discussion

Figure 3 shows the friction torque during the Cu and sil-
icon wafer CMP process. The experimental conditions were
as follows. The flow of polishing slurry was 150 ml/min; the
rotational speed of the polishing head was 85 r/min; the di-
ameter of both the Cu and the silicon wafers was 150 mm;
the polishing pad was not conditioned because the used time
was only about 20 min; the polishing head was not swing. Fig-
ure 3(a) shows the friction torque during the Cu wafer CMP
process. The surface roughness of the Cu wafer was 57 nm;
Cabot iCue 5001 polishing slurry and polyurethane polishing
pad were used. Figure 3(b) shows the friction torque during
the silicon wafer CMP process. The surface roughness of the
silicon wafer was 5 nm; the Cabot SS 12 polishing slurry and
velvet polishing pad were used. The data of the friction torque
was the average of all measured data in a period of time, and
the data in the same processing parameters was measured three
times. It can be seen that the value of the calculation is in close
accordance with the value of measurement. Just like the calcu-

lation results of Eq. (21), because the relationship of the friction
torque and the angular speed of polishing pad is very complex,
the change trend of the friction torque is uncertain. However,
neither the friction torque during the Cu wafer CMP process
nor the friction torque during the silicon wafer CMP process is
equal to zero when the rotational speed of the polishing head
and the polishing platen is equal, and the direction of the fric-
tion torque does not change under the usual CMP processing
parameters (!p > !w/.

Figure 4 shows the change in the friction torque during
the Cu CMP process. The experimental conditions were as fol-
lows. Cabot iCue 5001 polishing slurry and polyurethane pol-
ishing pad were used; the polished workpiece was a tantalum
(Ta) wafer on whose surface a Cu layer was electroplated; the
rotational speed of the polishing head was 85 r/min; the down-
force was 2 Psi. It can be seen that the change in the friction
torque is clear when the polished material transits from Cu to
Ta. Just as the feature of the friction torque during the Cu wafer
and the silicon wafer CMP process, the friction torque is not
equal to zero even when the rotational speed of the polishing
head and the polishing platen is equal, and the direction of the
friction torque does not change under the usual CMP process-
ing parameters (!p > !w/.

From Figs. 3 and 4, it can be seen that the friction torque
is not equal to zero even when the rotational speed of the pol-
ishing head and the polishing platen is equal, and the direction
of the friction torque does not change under the usual CMP
processing parameters (!p > !w/. The results indicate that the
CMP endpoint detection method based on the change in the
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torque of polishing head rotational spindle is feasible for the
Cu CMP process.

5. Conclusion

Amodel for calculating the friction torque during the CMP
process was presented. The friction force and torque detection
experiments during the CMP process were carried out to verify
the model. The results show that the friction torque calculation
model can well describe the feature of the friction torque dur-
ing the CMP process, and the value of the calculation is well
in accordance with the value of measurement. The research re-
sults can provide a theoretical foundation for the CMP endpoint
detection method based on the change of the torque of the pol-
ishing head rotational spindle.
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