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Abstract: The uniformity of the wafer in a chemical mechanical polishing (CMP) process is vital to
the ultra-fine and high integration of semiconductor structures. In particular, the uniformity of the
polishing pad corresponding to the tool directly affects the polishing uniformity and wafer shape.
In this study, the profile shape of a CMP pad was predicted through a kinematic simulation based
on the trajectory density of the diamond abrasives of the diamond conditioner disc. The kinematic
prediction was found to be in good agreement with the experimentally measured pad profile shape.
Based on this, the shape error of the pad could be maintained within 10 pum even after performing
the pad conditioning process for more than 2 h, through the overhang of the conditioner.

Keywords: chemical mechanical polishing; pad profile; conditioner; conditioning; diamond condi-
tioner; kinetic modeling; sliding distance

1. Introduction

Chemical mechanical polishing (CMP) is one of the representative semiconductor
processes, and is the only process closely related to mechanical motion in semiconductor
manufacturing processes [1]. The CMP process involves planarizing the surface of a
wafer through the relative motion between the pad corresponding to the tool and the
wafer corresponding to the workpiece. The roughness of the pad surface determines
the polishing rate of the wafer and the quality of the wafer surface [2,3]. Therefore,
a conditioning process using a diamond conditioner is applied to maintain a constant
roughness of the pad surface [4,5]. The diamond conditioner wears the pad by moving at a
constant pressure and by rotating on the pad surface. The conditioning process helps keep
the roughness of the pad constant; however, the shape of the pad varies as it wears out.
The change in the pad shape during the conditioning process significantly influences the
shape of the final polished wafer [6-10]. Therefore, to ensure the final quality of the wafer
surface, reproducibility of the polishing rate, and reproducibility of the wafer shape, it is
necessary to maintain the roughness of the pad and the pad shape constant throughout
the conditioning process [8]. The roughness of the pad is closely related to its physical
properties and the shape of the abrasive of the diamond disc, whereas it is unrelated to
kinematic movements such as disc rotation or pad rotation [11]. However, the pad shape is
dominantly influenced by disk rotation, pad rotation, and conditioning arm movement.
The trajectory of the diamond abrasives that wear the pad is determined by the relative
motion comprising the rotational motion of the pad and the conditioner and the sweep
motion of the conditioning arm. The trajectory density of the abrasives directly affects the
pad shape, and the amount of wear at locations with a high trajectory density is significant.
In addition, the conditioning process is divided into several zones in the radial direction of
the pad, and the conditioning in each zone is carried out with a difference in the occupancy
time of the concierge. The difference in occupancy times causes a difference in the wear
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amount of the pad. If the conditioning process is performed for a long time under unevenly
occupied conditions, the pad shape varies rapidly. In other words, depending on how the
occupancy time is set, the pad shape can be maintained as good as that at the beginning or
it may end up varying rapidly.

Although many researchers have investigated the pad cut rate, the pad temperature,
conditioning lifetime, and pad deformation during the CMP process due to condition-
ing and polishing, they did not compare the kinematic predictions with the actual phe-
nomenon [12-18]. Freeman et al. predicted the shape of a pad using simple mathematical
modeling [19]. Chang et al. attempted to predict a 1D pad shape based on mathematical cal-
culations. However, these previous studies did not compare the predicted and actual pad
wear phenomena and were limited to simple predictions [20]. Zhou et al. also predicted
the shape of the pad with respect to the diamond disc; however, the condition wherein the
pad shape remains constant was not considered [21].

In this study, we predicted the trajectory of diamond abrasives based on the relative
motion of three factors: pad rotation, conditioner rotation, and sweep speed. With this, the
relative wear amount of the pad was derived by calculating the trajectory density on the
pad, and the pad shape was predicted. In addition, we not only predicted the wear shape of
the pad, but also measured it using an in situ pad profiler. The predicted results and actual
measured results were found to be in good agreement. Finally, a condition in which the
pad could continuously maintain its initial shape was derived, and the maximum height
deviation was 10 um or less despite performing the conditioning process for more than 2 h.

2. Materials and Methods
2.1. Conditioning Process and Pad Profile Measurement

Pad conditioning and profiling equipment (G&P Technology, Poli-762, Busan, Korea)
was used to measure the pad wear with a contact dial gauge (1 pm resolution, Keyence,
GT2, Osaka, Japan). Figure 1a,b shows the CMP equipment with the conditioner and the
profiling system respectively. The moving speed of the dial gauge of the profiler in the
radial direction of the pad was 5 mm/s, and the sampling frequency was 25 Hz. An IC1000
series pad of k groove with a diameter of 760 mm was used in the wear experiment. A
diamond conditioner disc (Saesol Diamond Co., Ansan, Korea) was used in the experiment.
The profiler measuring the pad shape is shown in Videos S1 and S2 (Supplementary files).
The wear shape was profiled by measuring the pad shape before and after abrasion and
then calculating the difference. Figure 2 is a typical pad profile (center fast change before
and after abrasion, and the wear profile. Figure 3a shows a schematic of dividing the sweep
zone into equal parts in the radial direction. Figure 3b shows a schematic of the relative
occupancy time (ROT) between eight types of occupancy times. The developed simulation
and equipment used in the experiments include the function of dividing the zone.

In the simulation, the distance between the center of the disc and the center of the
pad was 480 mm, the length of the conditioning arm was set to 480 mm, the radius of the
pad was 381 mm, and the radius of the conditioner was 50 mm. The rotation speed of the
conditioner disc was 103 rotations per minute (rpm), the pad rotation speed was 97 rpm,
and the sweep speed was 7 cycles/min. The sweep zone was divided into 11 zones in even,
linear center fast, linear edge fast, and controlled ROT as listed in Table 1. In the parabolic,
inverse parabolic, step edge fast, and step center fast, the sweep zone was divided into
15 zones, and the ROT is listed in Table 2. The number of grit of the diamond disc was
72. The conditioning process was also carried out with the same device configuration and
conditions as above, and the pad was conditioned for 10 min with a conditioning load of
40 N, and the pad shape before and after was measured. The starting point of conditioning
was 25 mm from the center of the pad, and the return point of the conditioner was 350 mm
from the center.
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Table 1. Relative occupancy time (ROT, %) of the profile cases; even, linear center fast, linear edge fast, and controlled.

Figure 1. (a) Chemical mechanical polishing (CMP) conditioning equipment (b) profiling system.
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Figure 2. A typical pad profile (center fast) before and after abrasion, and a wear profile.
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Case Zone 1 2 3 4 5 6 7 8 9 10 11
Even 9.1 9.1 9.1 9.1 9.1 9.1 9.1 9.1 9.1 9.1 9.1
Linear Center Fast ~ 13.6 127 118 109 10 9.1 8.2 7.3 6.4 55 45
Linear Edge Fast 45 55 6.4 7.3 8.2 9.1 10 109 118 127 136
Controlled 3.1 6.0 8.1 9.2 9.6 9.2 9.2 9.2 9.2 9.5 1
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Figure 3. (a) Schematic of conditioning zone and Relative occupancy time (ROT), (b) Schematic of the eight conditions used
in experiments and predictions.

Table 2. Relative occupancy time (ROT, %) of profile cases; parabolic, inverse parabolic, step center fast, and step edge fast.

Zone

C 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
ase

Parabolic 11 9.1 7.6 6.3 53 4.6 41 4.0 4.1 4.6 53 6.3 7.6 9.1 11
Inverse Parabolic 3.2 4.7 59 7.0 7.8 8.3 8.7 8.8 8.7 8.3 7.8 7.0 59 47 3.2
Step Center Fast 8.0 8.0 8.0 8.0 8.0 8.0 8.0 6.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0

Step Edge Fast 4.0 4.0 4.0 4.0 4.0 4.0 4.0 6.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0

2.2. Pad Wear Shape Simulation

Figure 4a shows a schematic of the kinematic model related to the rotation of the
conditioner disc, the sweep of the conditioning arm, and the rotation of the pad, where
the distance between the rotational centers of the pad and the swing arm hinge is defined
as L. The conditioner disc rotates in the same direction at an angular velocity w,, sweep
velocity of the swing arm ws, and pad at angular velocity w). A conditioning arm of length
I sweeps back and forth between the center of the pad and the edge of the pad.

The kinematics of an abrasive at point C on a conditioner disc can be described by the
following equations:

R=L+ 1 +7 = {Lo(t) L L(t) 4 (0} T+ {Ly() ()t (D) ], ()
Ly(t) = Lcos(61 + wpt), )

Ly(t) = Lsin(6; + wpt), @)

Le(t) = Lcos(01 + 02 + (wp + ws)t), @)

ly(t) = Isin(61 4 6, + (wp + ws)t), (5)

re(t) = rcos(61 4 62 + 03 + (wp + ws + we)t), (6)
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ry(t) = Isin(6y 4 62 + 03 + (wp + ws + we)t) ?)

where 601, 07, and 63 denote the initial angular position of the center of the swing arm with
respect to the center of the pad, the initial angular position of the center of the conditioner
disc, and the initial angular position of an abrasive on the conditioner disc, respectively.
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Figure 4. (a) Conceptual diagram of a motion model comprising a rotating disc, a pad, and a swing arm, (b) Schematic of
the integration of the trajectory length within a specific area for predicting the wear amount.

In this study,  and L are set the same. Figure 4b shows a schematic of the concept of
integrating the trajectory made in a certain area where the working diamond abrasives
are defined. We calculated the relative wear amount for the areas of dx and dy, and then
integrated the length of the trajectory in the area of dx and dy. The total length trajectory is
proportional to the amount of pad wear, which can represent the wear profile.

3. Results

We developed a prediction simulation to visualize the center of the conditioning disc,
the trajectory of the working diamond abrasives, and the wear amount color contour
using LabVIEW (National Instruments, Austin, TX, USA). Figure 5a shows an example of
visualizing the trajectory made by the center of the conditioner disc on the pad. Figure 5b
shows the visualization results of the trajectory of the entire working diamond abrasives.
Figure 5c¢ shows the wear amount color contour on a 2D plane. All the subsequent inter-
pretations were performed on the basis of the aforementioned theory. Subsequently, the
results of the prediction of the pad wear amount were compared with the profile in the
pad radial direction considering the symmetrical motion characteristics of the CMP.

Pad Boundary ["\] [Condmioner Center ] | [Pas Soundany LTAI[ Abrasve 1 [~ [ Abrasve2 [ ]

Figure 5. (a) Disc-centered motion trajectory predicted by the developed simulation; (b) Trajectory of all working diamond
abrasives; (c) Color contour through integration of the trajectory length.
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Based on the developed simulation shown in the example of Figure 5, the change in
the pad shape was predicted for the rotational speed of the disc, the rotational speed of the
pad, and the sweep speed of the swing arm. First, the rotation speed of the conditioner disc
was fixed at 103 rpm, and the effects of the rotation speed of the pad and the sweep speed
on the relative motion were analyzed. Figure 6 shows the results of the center trajectory of
the conditioner disc under 12 conditions in which the pad speed was varied from 96 rpm to
99 rpm at a rate of 1 rpm, and the sweep speed was increased in steps of 1 sweep/min from
8 to 10 sweeps/min. When the sweep speed was 8 sweeps/min and the rotation speed
of the pad was 96 rpm, the trajectory of the center did not spread evenly over the pad; it
moved repeatedly in a certain trajectory. The same phenomenon was observed at 99 rpm
and 9 sweeps/min. If the sweep speed is a divisor of the rotational speed of the pad, the
center trajectory of the conditioner is not evenly distributed across the pad, and only the
same path moves.

Pad Rotating Speed (RPM)

Sweep Speed (Sweeps/min)

Iioner

Cond

Figure 6. Conditioner disc center trajectory on the pad with respect to pad rotation speed and conditioning arm swing speed.

In Figure 7, the trajectory of all the working diamond abrasives on the pad is confirmed,
and the trajectory is unevenly distributed over the entire surface of the pad under the two
conditions mentioned in Figure 6. Figure 8 shows the result of integrating this within a
1 cm square meter and expressing it as a color contour. In Figure 6, under a pad rotation
speed of 96 rpm and a sweep speed of 8 sweep/min, the shape of the pad worn by the
entire working diamond abrasives is uneven. Under the other conditions, except for the
two conditions, the pad is expected to wear evenly over its entire surface. When the above
conditions are applied to the actual process, wafer polishing may be adversely affected by
the nonuniform wear and shape of the pad. This suggests that the pad shape may change
into an undesired shape in some cases, despite a slight change of 1 rpm. Based on these
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results, it is necessary to set the sweep speed such that it is not a divisor of the rotational
speed of the pad.

Pad Rotating Speed (RPM)

97 98 99

(e TR A T T A s TAT ] (Emserman T aoe T T A s TAT] (Eserminy TR Ao VT Awe s TAT] (Eemsn TR e T T A s TAT

Conditioner Sweep Speed (Sweeps/min)

Figure 7. Trajectory of working diamond abrasives on the pad with respect to the pad rotation speed and conditioning arm

swing speed.

To confirm that the developed pad wear prediction simulation is in good agreement
with the actual experimental results, a comparison of the predicted shape and the actual
shape was made under the eight conditions explained in the Materials and Methods section.
In addition to the even condition with the same ROT in all the zones, seven conditions were
verified: linear center fast, linear edge fast, controlled, parabolic, inverse parabolic, step
edge fast, and step center fast. For various types of ROT, we confirmed whether the actual
pad wear shape and the shape predicted by the developed simulation match. Figure 9a-h
show the wear profile after the conditioning processes and the wear shape predicted by
the developed simulation. Under all the conditions, the position of the inflection point and
the overall shape are similar, except for the center region. In the case of a linear edge fast,
a pad profile with an inflection point where the inclination of the pad shape changes at
a distance of 300 mm from the center was obtained, and the prediction result also shows
that the inflection point occurs at the same location. In addition, even in the case of a
parabolic shape, as shown in Figure 9e, the shape is similar to the simulation result despite
the complex shape in which the slope of the pad shape changes several times. The pad
shape predicted by the developed simulation coincided well with the actual shape.
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Figure 9. Results of comparing actual shape and predicted shape under eight ROT conditions: (a) Even, (b) Linear center
fast, (c) Linear edge fast, (d) Controlled, (e) Parabolic, (f) Inverse parabolic, (g) Step edge fast, and (h) Step center fast.

The controlled condition shown in Figure 9d is the condition where the pad is kept
as flat as possible. The flat shape is maintained except for approximately 100 mm of the
edge of the pad; however, the amount of wear of the pad decreases toward the edge
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of the pad in the area of 100 mm of the edge, and the pad becomes relatively thick. If
the edge of the disc does not go over the edge of the pad sharply, the pad will have a
kinematically W shape [18]. This value corresponds to the length of the diameter of the
conditioner. As shown in Figure 9, approximately 100 mm of the edge zone has a shape
with a slope under all conditions. To reduce the non-flat zone of the edge, we can use a
conditioner disc with a small diameter or move the center of the conditioner disc closer to
the edge of the pad. The graph in Figure 10a shows the result obtained when a conditioner
with a diameter of 100 mm is applied under a controlled condition, and the graph below
is the result obtained using a conditioner with a diameter of 60 mm. If the conditioner
disc size is reduced from 100 mm to 60 mm by simulation, the slope zone decreases, as
shown in Figure 10a. If the disc diameter is 100 mm, the inclined zone starts at 300 mm
from the center of the pad. On the other hand, when the disc diameter is 60 mm, the
start of the inclined zone changes to 340 mm, which is the difference in the size of the
disc. Second, if the center of the conditioner disc is returned at 375 mm from the center
of the pad, the slope zone is reduced compared with the return condition of 350 mm, as
shown in Figure 10b and the graph below. The starting zone of the slope moves to the
edge by 25 mm, which is the amount of change in the return position. However, because
the developed simulation predicts the shape as a function of only the trajectory density;,
it is quite different from the actual pad shape. The left schematic shown in Figure 11
corresponds to when the return point is set to 350 mm. Compared with the case where the
return point is set to 375 mm, the effect of increasing the pressure is insignificant owing
to the large contact area and is largely consistent with the predicted results. On the other
hand, if the amount of overhang is increased, as shown in the schematic on the right of
Figure 11, the contact area rapidly narrows, and the pressure increases dramatically. The
wear amount proportionally increases with the increase in the pressure [1]. Therefore,
unlike the result of the trajectory density, in the real process, the pad edge area of the wear
profile is flat, as shown in Figure 12a. As mentioned in the introduction, it is important
to make the flat zone larger in terms of maintaining the pad shape, which is one of the
main purposes of conditioning. The conditioning process was carried out for 2 h under
the even condition and the 375 mm return point condition in which the overhang was
applied under the controlled condition. Figure 12b shows the maximum and minimum
pad thickness values measured over time, excluding the 40 mm radius of the center. As
shown in the results, under the condition where the ROT control for the conditioning zone
and the edge slope zone through the overhang are removed, the maximum and minimum
deviations are 10 pm or less, despite performing the conditioning process for 2 h. On the
other hand, under the even condition, the deviation becomes greater than 20 um after
2 h of conditioning. As the conditioning time increases, the magnitude of the deviation
between the two conditions increases. Although the developed simulation does not reflect
the pressure, the limitations are clearly visible; nevertheless, it is still possible to quickly
predict the wear shape of the pad.
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thickness variation over time under even and controlled conditions with an overhang of 375 mm.

4. Summary

In this paper, we presented the kinematic modeling of three-motion disc rotation,
pad rotation, and sweep of the conditioning arm in CMP conditioning. Based on this,
a simulation was developed to visualize the center trajectory of the disc and the entire
trajectory of the working diamond abrasives. In addition, the trajectory density was
quantified by integrating the trajectory of the working diamond abrasives within a certain
area, and based on this, a simulation to predict the wear shape of the pad was developed.
Based on the developed simulator, the trajectory with respect to the pad rotation speed
and the sweep speed was visualized, and when the sweep speed became a divisor of the
pad rotation speed, the center trajectory did not move evenly across the pad and only
moved in a specific trajectory. Furthermore, the predicted results and the actual shape of
the pad profile were compared and analyzed in the simulation developed for eight pad
wear patterns through ROT control using an in situ pad profile device. The predicted
results and the actual shape of the pad profile were found to have similar overall shapes,
and in particular, the positions of the inflection points where the inclination changes were
largely identical. The shape of the pad could be maintained, which is the purpose of CMP
conditioning, by changing the size of the disc and the returning point. In addition, as
the overhang length increased, the pressure effect increased, and it was experimentally
proven that a flat area can be ensured over the entire pad. The final results showed that
the maximum pad thickness deviation was less than 10 um even after 2 h of conditioning.
The developed simulation is expected to not only be able to quickly verify the various
conditions of conditioning, but also ultimately help in deriving conditions that can maintain
a constant shape of the pad. Maintaining the pad shape can help maintain the shape of the
wafer in the CMP process.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/app11104358/s1, Videos S1 and S2: Pad profile measuring system.
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