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Abstract Fixed abrasive chemical–mechanical polishing
(CMP) is an efficient surface finishing method. The non-
uniformity of substrates after polishing is one of the most
interesting things in current trends in research. One of the
reasons for the non-uniformity is pad wear. The pad in this
polishing process has abrasive grains embedded on the sur-
face. Researching on the pad wear will help improve the pad
conditioning process to get a better pad surface. Some studies
have used kinematic motion to show the correlation between
the cutting path density and the pad wear. However, the effect
of contact time between the conditioner’s grains and the pad
surface on the pad wear non-uniformity has not been integrat-
ed yet. In this research, an analytical model was established by
combining of the kinematic motions and the contact time to
investigate the pad wear non-uniformity. The results indicated
that the cutting path density and the contact time near the pad
center are more than that near the pad edge. They could be the
main reasons of the non-uniformity of the pad wear. The
model results showed a good agreement with experiments.
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1 Introduction

Chemical–mechanical polishing is the only process that can
provide both local and global planarization of a wafer [1].
However, environment problems when slurry is disposed and
cost are reasons for using a fixed abrasive chemical–mechan-
ical polishing (CMP) [2]. Fixed abrasive CMP has been used
in manufacturing of optical components. It can produce sur-
faces with a high material removal rate with acceptable sur-
face roughness [3]. Zhong et al. [4] indicate that it shortens the
CMP time. Tian et al. [5] have shown better results of glass
polishing by using the method instead of traditional surface
finishing, which includes a loose abrasive lapping, a mechan-
ical polishing, and the conventional chemical–mechanical
polishing [5]. They also do research on various kinds of
abrasive free slurry, with different operation parameters and
in situ/ex situ conditioning and found out the optimum values
for material removal rate and surface roughness [5–8].

In the CMP process, pad wear has an important effect on
the uniformity of wafer substrates [9–11]. If the pad wear is
not uniform, the cutting effect of the pad on the wafer surface
is also not uniform [10, 12]. The better uniformity of the wafer
surface could be also achieved by changing the thickness and
stiffness of the subpad layers [3] combined with using a
conditioner [13]. There are usually three main layers of the
pad: the soft foam layer at the bottom for global planarization,
the hard layer in the middle for pattern selectivity, and the
abrasive layer on the top [3, 14]. The combination of thick
sublayers of both the foam layer and the hard layer showed the
best result in the uniformity of the wafer surface [3].

There are two main reasons that cause the pad wear: first,
the contact behavior of the wafer and the pad, and second, the
cutting grains of the conditioner. Some researchers have
shown that the concavity of the polishing pad increased with
conditioning time [15, 16]. Hooper et al. [17] have found out
that the glazing is the highest at the center of the pad. Some
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other researchers have investigated the CMP process based on
the kinematic of the cutting motion [10, 15, 18–26]. Lee et al.
[10] studied a kinematical model of motions of the conditioner
in the CMP process; however, the conditioner in their research
is handled by a swing arm, not an oscillation motion in the
radial direction. Chang et al. [15] also proposed a mathemat-
ical model based on a kinematic motion, but they assumed that
“the oscillation velocity is neglected.” Feng [19] established a
model based on kinematical motion to research the pad wear
caused by the conditioner in the CMP process with a soft pad.
A function of conditioning density was developed based on
trajectories generated by the conditioner’s grains. However,
the difference in speeds of the sweeping motion of the condi-
tioner has not been investigated yet. Li et al. [20] developed a
model for predicting the pad wear shape after conditioning.
Their model was based on kinematic motion, but it used a
surface element method to predict the pad shape. Yeh and
Chen [21] also developed a model for predicting pad wear
based on kinematic motion, but the conditioner in their model
was a swing motion, not the oscillation motion. Baisie et al.
[22] built up a model also based on kinematic motion of the
conditioner to predict the pad wear, but the conditioner in the
model did not oscillate. It moved from the pad center to the
pad periphery. As it touched the pad periphery, it lifted up and
moved back to its initial position to complete a whole cycle.

Researching the motion of the conditioner and the con-
tact time between the grains and the pad surface plays an
important role in predicting the pad wear [17, 16]. To our
best knowledge, no study has yet reported the effects of
combination of cutting path density and contact time be-
tween grains of the conditioner and the pad surface on the
pad wear non-uniformity, especially in the fixed abrasive
CMP process.

In this research, an analytical model for predicting the
pad wear non-uniformity was developed. This model was
based on a combination of kinematic motions of the con-
ditioner’s grains and the contact time between the grains
and the pad surface. A program was written by using
Fortran95 language. By using this program, the effects of
both factors, the cutting path density and the contact time,
on the pad wear non-uniformity can be investigated at the
same time.

2 Motion of one abrasive grain of the conditioner

This study considered the motion of one grain of the condi-
tioner on the pad surface. Figure 1 presents the schematic of
motions of the pad and the conditioner in the CMP process.

The pad rotates with an angular velocity ωp around the
pad center Op. The conditioner rotates with an angular
velocity ωc around the conditioner center Oc. The condi-
tioner also oscillates in the X direction with a frequency
no. The motion of one point M of the conditioner is
investigated.

If the origin of the coordinate system is the conditioner
center, the position of one grain is shown as:

x
0
tð Þ ¼ rMcos ωct þ θMð Þ

y
0
tð Þ ¼ rM sin ωct þ θMð Þ

z
0
tð Þ ¼ ft

8<
: ð1Þ

where x′(t),y′(t), and z′(t) are the position of M in the coordi-
nate system which has the origin at the conditioner center, rM
is the distance from M to the conditioner center, and θM is the
initial location angle of M on the conditioner.

Actually, the origin is the pad center. Therefore, the posi-
tion of M in the coordinate system is:
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Fig. 1 Model of motions of the pad and the conditioner
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where x(t),y(t), and z(t) are the position of point M with time t
in the coordinate systemwhich has the origin at the pad center,
Lt is the distance between the conditioner center and the pad
center, and f is the feed rate.

The equation of motion of point M can be described as
[27]:

x tð Þ
y tð Þ
z tð Þ

8<
:

9=
; ¼ A⋅D⋅

rM
Lt
f

2
4

3
5 ð3Þ

A is the matrix expressing the rotation around the origin. D
is the matrix expressing the rotation around the conditioner
center and the translation from the conditioner center to the
pad center.
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where ωp,ωc are the angle velocity of conditioner and pad,
respectively, and θp is the angle of the first contact point on the
pad. The parameters are summarized in Table 1.

The conditioner oscillates in the X direction. Assume Lt is a
harmonic oscillation: Lt=Bcosωot+C, where ωo is the oscil-
lating velocity, and B and C are constants which are deter-
mined by the distance and the center position of the oscillation
conditioner. If the center position is in the middle between the
pad center and the pad edge, and the oscillation width is
70 mm, then Lt=35cosωot−150.

Figure 2 presents the cutting path patterns which are creat-
ed using different oscillation speeds: no. When the conditioner
is stable, one grain of the conditioner only draws a simple
trajectory path on the pad surface. The trajectory with the
small value of the oscillation frequency (2 strokes/min) is
smoother than that with a high frequency (15 strokes/min). It
means that the pad surface may be conditioned better with a
low oscillation frequency of the conditioner.

The trajectories of the grains also change when the pad
and conditioner rotation speeds change, as shown in Fig. 3.
The shape of the trajectory depends on the ratio of the
speeds of the conditioner/pad, nc/np. If the ratio nc/np is the
same, for example, 20/40 and 40/80, the shapes of trajec-
tories are the same, but the consistence of those paths is
different. Certainly, the consistence of the paths caused by
the faster speeds (40/80) is more than that by the slower
speeds.

3 Model development

To consider the effect of cutting path on the wearing rate of the
pad, the pad surface is divided into small species (Fig. 4). The
values of dx and dywere chosen based on the distance that the
grain moved in one time step. For the time step of 0.001 s, the
distance that the grain moved is plotted in Fig. 5. The fre-
quency of the oscillation and the rotation speeds of the con-
ditioner and the pad were no=10 strokes/min, nc=40 rpm, and
np=40 rpm, respectively. In each 0.001 s, the grain moved a
small distance in both the X and Y directions. To consider the
whole process, 12,000 steps of time were considered. As
shown in Fig. 5, the distance that the grain moved in one time
step is always smaller than 2 mm. Therefore, dx=2 mm and
dy=2 mm were chosen. Also from Fig. 5, the cycle of the
process with no=10 strokes/min, nc=40 rpm, and np=40 rpm
is 6 s.

There are many grains on the conditioner. Therefore, many
cutting paths appear on the pad surface. Those grains used in
calculating must represent the whole conditioner. The

Table 1 Parameter list

Rp Pad radius, 300 mm

Rc Conditioner radius, 100 mm

(rM,θM) Grain initial location on the conditioner: (0≤θM≤2π), and (70≤
rM≤100)

θp Angle of the first contact point on the pad

np Pad rotation speed (+, CCW; −, CW) (rpm)

nc Conditioner rotation speed (+, CCW; −, CW) (rpm)

no Conditioner oscillation frequency (stroke/min)

ωp Pad angular speed (=2π⋅np/60)
ωc Wafer angular speed (=2π⋅nc/60)
ωo Conditioner oscillation speed (=2π⋅no/60)
f Feed rate
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conditioner is divided into 180 parts (Fig. 4). The first and last
grains on each part are chosen. The position of the first grain
on each part is calculated based on the grain configuration
of the conditioner. The distance between the first and last
grains is about 10 mm. There are 21 grains on each part,
used to draw their trajectories including the first grain, the
last grain, and those grains between the first and last
grains.

A program was written using Fortran95. The flowchart of
the program is presented in Fig. 6. The position of one grain is
calculated using Eq. 3. The Z coordinate of the pad surface is
zero at the beginning. For each time the grain appears in one
area, the Z coordinate of the area decreases by one unit. For
example, at nth time step, if the position of the grain is at area
A (i, j), the Z coordinate of area A (i, j) decreases by one unit.
At (n+1)th time step, if the position of the grain is at area A (i
+1, j), the Z coordinate of area A (i +1, j) decreases by one
unit. However, if the position of the grain is still at area A (i, j)
at (n+1)th time step, the Z coordinate of area A (i, j) decreases
by onemore unit. To ensure the symmetric of the pattern of the
cutting paths of grains, at the beginning of each process, the
pad and the conditioner contact at various positions. The
program was run at 16 various positions. The program col-
lected all the Z coordinates of all the areas of the pad surface
after the process.

The Z coordinates of all the areas on the pad surface are
actually the numbers of passes of the cutting paths of the
conditioner grains. In this research, it can be called the Z
coordinates of the pad surface. Consequently, the pad surface
after the conditioning process can be estimated. However,
they are not exactly the values of the pad surface after the
conditioning process. Those values can be used to investigate
the effects of the cutting path density and the contact time on
pad wear at the same time.

4 Model verification and discussion

The pad wear was measured after polishing many times in
experiments. The oscillationwidth and strokewere changed in
each experiment. However, the final shape of the pad surface
was always concave. The CMP machine used in this research
was an Okamoto SPP-600S. The diameters of the pad and the
conditioner are 600 and 200 mm, respectively. Figure 7 pre-
sents the positions for measuring the pad height. The pad was
divided by six lines, and each line had 30 points. The pad
height at each point was measured. The distribution of the
values of the pad height at those points was standardized using
Excel software.

Pad diameter in X direction (mm) 

Pad diameter in X direction (mm) 

Pad diameter in X direction (mm) 

Pad diameter in X direction (mm) 

Fig. 2 Trajectories of four points
of grains of the conditioner on the
pad surface when the oscillation
frequency changes
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The equation for the standardized value is:

Z
0 ¼ Z−μ

σ
ð6Þ

Where Z’ is the standardized value, Z is the value that needs
to be standardized, μ is the mean value of the distribution, and
σ is the standard deviation of the distribution.

Similarly, the values of the Z coordinates of the pad surface
from the model were also standardized. Both of

standardizations were plotted as shown in Fig. 8a. There is a
good agreement in the results from the model and the exper-
iments (Fig. 8a). That means that the model is suitable for
explaining the pad wear.

Moreover, the model investigated the effects of both the
cutting path density and the contact time between the grains
of the conditioner and the pad surface. The model in this
study integrates the contact time, and it is called the contact
time model. The model was compared with a non-contact
time model. The non-contact time model was established
when only the cutting path density was considered. For

Pad diameter in X direction (mm) 

Pad diameter in X direction (mm) 

Pad diameter in X direction (mm) 

Pad diameter in X direction (mm) 

Pad diameter in X direction (mm) 

Pad diameter in X direction (mm) 

Fig. 3 Trajectories of four points
of grains with different speeds of
the conditioner and the pad
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example, at nth time step, if the position of the grain is at
area A (i, j), the Z coordinate of area A (i, j) decreases by one
unit, and at (n+1)th time step, if the position of the grain is
still at area A (i, j) the Z coordinate of area A (i, j) is
unchanged. The difference of the standardization values of
the Z coordinates of the pad surfaces between the two
models is shown in Fig. 8b. The non-contact time model is
symmetric, and the lowest value is in the middle between the
pad center and the pad edge where the cutting path density is
the largest. The pad wear that the non-contact time model
predicted is different from the experiment results. Therefore,
the contact time model is better than the non-contact time

model in explaining the pad wear. From the contact time
model, one conclusion can be suggested that the pad wear is
the results of both the cutting path density and the contact
time between the grains of the conditioner and the pad
surface.

5 Conclusion

The research showed the two main reasons that caused
the non-uniformity pad wear in the CMP process. They
are the distribution of cutting path density and the

Fig. 5 Distances that the grain
moves in one time step in the X
and Y directions

10 (mm) 

dx

dy

Fig. 4 The conditioner geometry
and the divided pad

902 Int J Adv Manuf Technol (2015) 77:897–905



contact time between the conditioner and the pad sur-
face. The motion of the conditioner in this research was
a combination of two motions: rotation and oscillation.
When the cutting path density and the contact time
increase, the pad wear rate increases. The cutting path
density and the contact time near the pad center are
more than that near the pad edge. An analytical model
based on the two factors was proposed for the fixed
abrasive pad. The results from the analytical model
showed a good agreement with the experiment results.
From the effects of the cutting path density and the
contact time on the pad wear, a mathematical model
could be developed to calculate and improve the uni-
formity of the pad wear.
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Fig. 6 Flowchart of the program
for calculating the Z coordinate of
the pad surface
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Fig. 7 Measured positions for the pad height on the pad in experiments
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