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Abstract Chemical mechanical polishing (CMP) is a key
fabrication route for the modern semiconductor process.
The degradation of the polishing pad during the polishing
process can significantly influence the polishing perfor-
mance. Therefore, pads need to be conditioned frequently
and an efficient emulator for the dressing process optimi-
zation is required to guide the dressing process. In this
work, a pad condition simulation module is designed and
demonstrated. In addition, a new performance index, called
as recover—area ratio (RAR), is defined. Subsequently, a
series of parametric studies are performed to investigate the
influence of key geometric or processing parameters for a
pad conditioning process in terms of optimizing the
conditioning performance. Finally, results reveal that it is
possible to correlate the pad RAR and Preston’s constant
variation and to integrate the pad conditioning emulator
with the pre-developed CMP polishing simulation module
as a whole utility to further optimize the existing CMP
processes.
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1 Introduction

The chemical mechanical polishing (CMP) process is a key
fabrication route in state of the art integrated circuit (IC)
fabrication processes [1]. The global uniformity of the
material removal rate (MRR) is critical for short-
wavelength optical lithography and copper fabrication
processes, as well as for device yield considerations. The
CMP process, schematically shown in Fig. 1, consists of a
wafer carrier, a carrier film, and a pad attached to a rigid
platen. When planarizing the wafer surface, the pad is
placed on the platen with a uniform external applied load.
A chemical slurry is sprayed continuously on the pad. Both
the wafer and the pad rotate and their relative motion brings
the wafer in contact with aggregates in the slurry, which
generates multiple actions, including the mechanical shear-
ing and chemical reaction, to remove the material. The
detailed mechanism of the CMP process is quite compli-
cated and not yet fully described due to the complexity of
the interaction between the structural, chemical, fluid, and
material domains. Phenomonologically, the MRR of the
CMP process can be predicted by semi-empirical formulas
such as the Preston equation [2], i.e.,

MRR (um/min) = KPV, (1)

where P is the interfacial pressure, V' the relative velocity,
and K a proportional constant, which is related to material
prosperities, pad characteristics, slurry chemistry and
aggregates, and even fluid dynamics [3, 4].

Polishing pads play a critical role in the CMP process
and they are usually made of soft and porous polymeric
materials containing numerous micro voids and tiny
asperities for holding the aggregating particles and main-
taining the fluid pressure for microscopic material removals
[5-7]. Many previous researches focused on the effect of
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Fig. 1 Schematics of a CMP dresser system

contact stress distribution between wafer and pad on MRR.
For example, see [8—11]. However, from microscopic
viewpoint, during the polishing process, the debris gener-
ated continuously fills in the voids and this reduces the pad
capability in terms of holding aggregates and slurries. As a
result, the effective Preston’s constant, as well as the MRR,
both decrease. In order to recover the performance of pads,
dressers that contain diamond grit arrays are usually
employed. By periodically moving this dresser on a rotating
pad, a thin surface layer of the pad can be removed to form
a fresh interface and the performance of the pad can be
recovered. From practical point of view, there are two
major concerns for a dressing process: the dressing rate
(pad cutting depth per unit of time) and the dressing
uniformity. Most of the related studies on pad dressing are
experimental investigations. For example, Liao et al. [12]
investigated the effects of diamond spacing, diamond
leveling, and substrate flatness on the influence of pad
dressing rate. Zhou et al. [13] performed experiments to
evaluate the influences of the conditioner’s rotating speed,
the conditioning load, and the conditioning time for MRR
and the associated within-wafer nonuniformity for process
optimization. On the other hand, the work performed by
Sung et al. [14] indicated the strong correlation between the
pad dressing rate and the wafer removal rate. Finally, Tsao
et al. [15, 16] performed investigations to discuss the effect
of pad aging, soaking time, the pH level of slurries,
conditioning load, conditioning speed, and conditioning
time. In addition, based on their experimental results, an
empirical formula on the dressing rate was proposed as

Dressing rate = Kp Eldo <£) : (2)
RA H,) ~’

where Kp, is the dressing coefficient; V', the dressing speed;

R and A are the effective radius and the cutting area of the

dresser, dy and A the effective radius and the distributed

density of the diamond grits, and P the applied load.

Finally, H}, is the pad hardness.
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Meanwhile, the removal uniformity is also a major
concern and it is a function of processing kinematic
parameters such as rotating speeds, swing angles, and
diamond patterns. Without careful planning, it may require
a significant amount of time to finish a dressing process or
one with a poor uniformity. In the worst scenario, the
cutting path would even be synchronous and certain
portions would never be dressed. As a result, how to
determine the necessary parameter values to yield an
efficient dressing is not a trivial issue. Hu [17] developed
a simulation tool for diamond dressers to investigate the
relationship between the cutting path and the surface topology
generated according to various processing parameters such as
dressing speed, size of dresser, and pattern and density of
diamond grits. Tyan [18] analyzed the kinematics associated
with the dresser-pad movement and proposed an index,
called as the pad conditioning density (CD), as the measure
of dressing performance, which is defined as the (time)
average of total segment length per unit area in the radial
direction (see Eq. (3.2) of ref [18]). It represents the ratio
between the dressed area and the total pad area. In addition,
he also performed studies to evaluate the effect of various
processing parameters on the CD. However, from a practical
perspective, a specific location of a pad which has been
dressed does not mean that this area can be fully functional.
That is, it may require several “cuttings” such that the glazed
layer can be fully removed. The cutting depth, as well as the
thickness of the glazed layer, is highly process-parameter-
related information. As a result, the above definition should
be modified to include the influence of other related
information. In general, previous works usually emphasize
the trajectory prediction. However, from a practical view
point, the most important issue is how to remove the
ineffective layer to recover the Preston’s constant as soon
as possible. As a result, one should use this issue to evaluate
the dressing performance. Practically, it may be reasonable to
assume that the local Preston constant recovery ratio is also a
function of dressing depth. Once the glazed layer is removed,
the Preston’s constant can be fully recovered. In this work,
we aim to propose a more generalized performance measure
and to develop a dresser emulator to evaluate the effect of
key dressing parameters on the dressing efficiency for CMP
applications.

A new performance index, called as recover—area ratio
(RAR), is defined as

RAR(%) — 2= 1009, (3)
Apad

where A,,q and Ag; are the pad and the final recovered

areas, respectively. Physically, RAR means the ratio

between the recovered and total pad areas, which directly

maps the engineering concern into the subsequent analysis.

On the contrary, as mentioned above, the previous
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performance index, CD, is merely the ratio between dressed
and the total pad areas, which cannot reflect the effective-
ness of the dressing performance. That is, it might require
multiple cuts for a specific portion before the glazed layer is
finally removed. Using RAR as the performance measure, a
dresser emulator is developed to predict the dressing
efficiency and the recovery of the effective Preston’s
constant. Subsequently, we like to integrate this dresser
module with our developed wafer level CMP CAD system.

The rest of this work presents the development and
simulation of the CMP dressing in detail and is organized
as follows. In Section 2, the kinematic analysis for
modeling the trajectory of a dresser on the associated pad
is explained. Based on the kinematic analysis, in Section 3,
the simulation module is constructed and the necessary
simulations and parametric analyses are performed in
Section 4. Section 5 provides a brief discussion to highlight
the important conclusions drawn from this work and
possible future perspectives. Finally, Section 6 concludes
this paper.

2 Kinematics analysis

The dressing model (i.e., Eq. 1) governs the instantaneous
pad removal rate after the dresser passes over a specific
portion of a pad. However, the global performance actually
depends on the trajectory planning, which is influenced by
the rotating speed of the dresser, the swing speed and range
of the dresser arm, as well as the pad speed. In order to
design a CMP dresser emulator, the relative speed between
the dresser and the pad must first be analyzed. Schemati-
cally, the interaction between the diamond dresser and a
pad is shown in Fig. 2. The parameters shown in Fig. 2 are
listed below.

0N Absolute angular velocity of the dresser

wp, Absolute angular velocity of the pad

04 Swing angle of the dresser

/ Length of the dresser arm

Yap Position vector of the dresser center Oy relative
to the center of pad O,

rq Position vector of contact point p relative to the
dresser rotational axis

e Radius of the dresser

Tpad Radius of the pad
(lex» Ioy)  Position of the rotational axis of the dresser

In this work, it is assumed that the dresser is moved back
and forth sinusoidally. As a result, the swing angle 64 can
be expressed as

64 = 6, X sin wqt, (4)

v

=

Fig. 2 The schematic of pad/dresser system and the definitions of
necessary parameters

where 6 is the maximum swing angle and ¢ the time for
conditioning. On the other hand, from geometry, the position
vector of the dresser center 7g, can be expressed as

— — —
Tdp = Vdpx€x + Tdpy€y, (5)
where

Fapr = lox + [sin(6 - sin wgr)

(6)

Fapy = loy + [sin(6s - sinwyt).
And the position angle ¢ shown in Fig. 2 is

¢ = tan”' (’”dpy/’”dPX)~ (7)

In addition to the swing motion, the rotation of the pad
must also be considered. By kinematics, the position of the
dresser center relative to the rotating pad is expressed as

Fpx = T'dp COS (¢ —wp - t)

Tpy = Fdp sin(q) — wp - t).

(8)

By Eq. 8, it is possible to determine the path of the
dresser center on the associated pad and the possible
covering area by dresser radius, 7.. In addition, a dimen-
sionless rotating speed ratio wy is defined as

R = a)s/wp, 9)

for the purpose of subsequent parametric studies discussed
in subsequent sections.

3 Construction of the simulation module

By the results of kinematics modeling performed in
Section 2, it is possible to integrate the kinematic analysis,
material information, and necessary I/O under a CAD
environment. The idea is straightforward. That is, in order
to perform the analysis, the computational domain (i.e., the
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CMP pad) must be split into numerous cells. By using the
kinematic analysis, it is possible to find the overlapping
zone between the dresser and the pad at any time. For any
specific moment, the pad removal rate can be calculated
using Eq. 2. By utilizing the trajectory prediction and pad
removal rate equation (i.e., Eq. 2), it is possible to calculate
the pad removal of any cells and subsequently the dressing
contour or dressing uniformity over the entire pad.

The algorithm for performing the above computation is
shown in Fig. 3 and is briefly introduced below. At a given
time, the coordinate of the center of the pad rdp(i,j) can be

calculated. By individually checking the distance cellr(i,j)
of all pad cells rp(i,j) with the dresser center, those pad
cells to be dressed can be determined. By kinematics, both
the velocities of the pad and the dresser at the same location
can be determined simultaneously. The sliding velocity is
then determined by simply performing a vector subtraction
of those two quantities. Once the sliding velocity has been
determined, it is possible to find the dressing depth at this
time increment using Eq. 2. By continuing to the next time
increment, the whole process can be repeated until the
processing time is finished.

Algorithm: Pad dressing
for t=0:dt: T
Vdp= wp*rdp;
for i=1:n
for j=1:n
cellr(i,j)=rp(i.j)-rdp(i.j);
if cellr(i,j)<=rc
Vp(i.j)=wp*rp(i.j);
Vd(i,j)=ms*rd(i,));
Vds(i,j)=Vd(i.j)-Vp(i,j);

padZ(i.j)=padZ(i,j)-dz*Vds(ij)/Vdp:

end
end
end

end

The pad conditional module is written using MATLAB.
As mentioned above, the computational domain is the
entire polishing pad, which is mathematically separated into
numerous rectangular cells. The simulation flow is shown
in Fig. 3. By firstly specifying the necessary parameters
from both the geometric and processing settings (listed in
Table 1), as well as the computational setting, the module
then calculates the amount of dressing at a given time
increment by applying the algorithm shown in Fig. 3. The
process is repeated again until the time step is finished. The
results are then collected and visualized to reveal important
information such as RAR and cutting profiles. Notice that
the placement of the dresser also affects the conditioning
results. Two typical dressing placements are shown in
Fig. 4. Tt is convenient to distinguish between them using
the azimuth angle 0; (i.e., 6;=90° for situation (a) and ;=
180° for situation (b)). In addition, the effects of different
types of dresser swing angles are also investigated. As
shown in Fig. 5, one is from 0 to 6. The other one is from
+6, to —6,. In this study, 6,=40°, which is a typical setting
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(find initial velocity of dresser center on the pad)

(get cell position)

(find velocity of individual cell on the pad)
(find velocity of individual cell on the dresser)

(calculate relative velocity)

(find pad thickness of individual cell)

e Geometric setting

Parameters settlng}—. Process setting

4

Running
Step1: determine dresser position
Step2: determine dressing area
Step3: calculate relative velocity
Step4: determine dressing magnitude

t>T

Dressing trajectory
Relative velocity
Pad configuration
Pad recovered area

Visualization

Data output
RAR(%)

Fig. 3 Schematic of pad conditioning simulation module
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Table 1 Detail setting parameters of the pad conditioning simulation module

Geometric setting
Grooved pad parameters:
Process setting Pad:
Dresser:
Visualization

Pad size, cellular size, dresser arm length, dresser initial position, and dresser disk size

Grooved pitch, grooved depth, and grooved width
Angular velocity
Angular velocity, swing angle, swing routes, dressing time

Dressing trajectory, relative velocity, pad configuration, and pad recovered area

for state of the art dressing systems. Notice that in the study
presented by Tyan [18], the patterns of diamond grits have
no significant influence on the final dressing results. As a
result, in this work, we assume that the diamond grits are
uniformly distributed on the dresser.

4 Simulation and parametric studies

This section presents the essential demonstration and
parametric studies using the constructed process emulator.

Yp

Fig. 4 Definitions of the dresser initial position, a #;=90°, b 6;=180°

4.1 Trajectory demonstration

Figure 6 shows the trajectory of the dresser center on the
pad for different dresser rotating speeds ranging from 10 to
60 rpm while the pad speed w, is fixed at 70 rpm with an
arm length /=610 mm. The dressing period is 6 s with a 6;
of 90° and a swing angle of between 0 and 40°. The radius
of the CMP pad is 390 mm. From Fig. 6, it can be seen
that the trajectories generated are different, and this

(a) Yyl

Route1

Xp
Pad
(b) yp‘
[OF Route2 \
o, Xp

Fig. 5 Definitions of the dresser swing routes, a Routel=0~0;,
b Route2=—0,~0,
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Fig. 6 Trajectories on the pad a
generated by one grain on the

dresser center with different
rotating speed w;. a @;=10 rpm,
b ©;=20 rpm, ¢ w,=40 rpm,

d 0;=60 rpm (horizontal axis:
Tpx/Tpad> Vertical axis: 1,y/rpaq)

d

PY pa

implies the recovered areas and eventually the RARs are
also different. Actually, at certain frequency ratios, the
movements between the dresser and its associated pad
become synchronous. As a result, the dresser can only cut
pads at specific locations and the resulting RAR becomes
extremely poor. A case study to demonstrate such an
argument can be seen in Fig. 7. In both of these studies,
most of the dressing parameters are the same (i.e., @,=
70 rpm, 8;=90°, swing angle is between 0 and 40°, and the
conditioning time is =60 s). The only difference is the
dressing speed w; (i.e., 50 versus 51 rpm). As one can see,
the dresser with a 50 rpm rotating speed shows synchro-
nization while the one with a 51 rpm results in a less
synchronous motion; subsequently, a much higher RAR is
obtained.

Next, the dressing capability of individual diamond grits
is investigated since the trajectory on a pad for individual
grits is different. Three different grit locations (r4=560,
610, and 660 mm) are used in this study and their

Fig. 7 Trajectories on the pad a

corresponding trajectories are shown in Fig. 8. In this
study, the wy is fixed as 0.572, 6;=180°, and =6 s. It can
be seen that these trajectories are different. As a result, in
order to accurately determine the RAR, the trajectory of the
dresser center may not be sufficient. Unfortunately, to the
best of our knowledge, almost all related studies have
focused on the trajectory of the dresser center only.

4.2 RAR demonstration

In order to perform parametric studies effectively, dimen-
sionless parameters should be used instead of physical
parameters. In this work, the dressing time and the rotating
speed of the pad can be combined to form a normalized
dressing time, ¢*, which is defined as

=1t X o, (10)

Next, the RARs of flat and grooved (concentrated circled
shape) pads at different ¢* are studied and visualized. The

b

1.5

with different rotation ratio

a 0,=50 rpm, b ;=51 rpm
(horizontal axis: 7px/7paq, vertical
axis: 7py/Ipad)

@ Springer

o =51rpm

Sung Exhibit 2005
IPR2024-00534

Samsung Electronics Co. Ltd. et al v. Chien-Min Sung



Int J Adv Manuf Technol (2010) 50:1-12 7
Fig. 8 Trajectories on the pad a
generated by one grain on the 15
dresser with different ry, 1
a rg=560 mm, b 74=610 mm, I
¢ rg=660 mm (horizontal 0.5
axis: Fpx/rpag, vertical E
axis: #py/Fpad) -'73,_ 0
-0.5
-1
-1,._? 2
Cc
1.5
1 L
05
|_§' U
&
-0.5
-1
1.5
2 -1 0 1 2

necessary parameter settings are listed in Table 2 and the
dressing history between *=10 and 70 is shown in Fig. 9.
Figure 9a shows the trajectory of the dresser center up to #*
equaling 70. The dressing depth contour of different #* are
then shown in Fig. 9b, d, and f. Finally, the dressing
contours are then reduced to two colors (i.e., dark color,
fully recovered areas; light color, not fully recovered
portion). The effective cutting depth is 2 pm in this case
[19], and the RARs are calculated and shown in Fig. 9c, e,
and g. It can be seen that the portion of the fully recovered
area increases with dressing time as one would expect.
However, there are some specific pad locations that the
dresser cannot meet and these locations remain undressed
(or, strictly speaking, it takes much longer to finish the
dressing) and the dressing parameters should be further
optimized to reduce these undressed zones. Similar studies
are then performed for a grooved pad using the same
processing parameters and the results are shown in Fig. 10.
The results are similar except that the grooves are shown in
light color, since these areas are not used for polishing
during a CMP process. Therefore, the only difference

between these two cases concerns the effective contact
area, and these results in a slightly higher contact pressure
for the groove pads. As a result, the cutting depth for
grooved pads is slightly higher than that for flat pads.
Figure 11 shows a typical cutting profile for a typical cross
section of pads. One can see that after * exceeds 70, the
cutting depths for grooved pads are generally deeper than
that of flat pads.

By changing the dressing parameters, the resulting RAR
is also altered. One should be able to reach a reasonable
RAR within a reasonable amount of dressing time. On the
other hand, without careful consideration, it is also
expected that the synchronization between the pad and
dresser could result in a very poor RAR.

It is important to observe that the Preston’s equation, as
well as other CMP models, focuses on the influence of
kinematics and stress and lumps all other effects into the
Preston’s constant. Physically, the decreased MRR during a
CMP process due to the accumulation of debris and the
recovery of the MRR by dressing suggest that there is a
strong correlation between the Preston’s constant and RAR.

Table 2 The parameter settings
of flat and grooved pads

Dresser speed, @, (rpm) 40 Dresser radius, 7, (mm) 50
Pad speed, o, (rpm) 70 Pad radius, rpaq (mm) 390
Speed ratio, wg 0.572 Arm length, / (mm) 610
Dresser initial position, 6; 90° Grooved pitch (mm) 12
Dressing route 0-40° Grooved depth (mm) 0.2
Dressing time, ¥ 70 Grooved width (mm) 4
@ Springer
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Fig. 9 The dressing contour
and the resulted RARs of an
ungrooved pad with different ¥,
where wg=0.572, 6;=90°,
route=0—40°, a dressing
trajectory, b the contour of pad
at r*=10, ¢ RAR at r*=10, d the
contour of pad at r*=20, e the
RAR at *=20, f the contour of
pad at r*=70, g the RAR at
#=70 (horizontal axis: rpy/rpad,
vertical axis 7,y/¥pad)

RAR=91.85%
05

As a result, it is possible to postulate that the recovery 4.3 Parametric studies
extent of Preston’s constant can be represented by the RAR.
For example, a RAR of 90% implies that the Preston’s  After performing preliminary demonstrations, the effects of

constant is recovered by the same extent.
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Fig. 10 The dressing contour
and the resulted RARs of the
grooved pad with different

t*, a the contour of pad

at t*=10, b RAR at r*=10, ¢ the
contour of pad at *=70, d RAR
at t*=70 (horizontal

axis: 7py/Fpad, vertical

axis: 7py/Tpad)

systematically investigated in this sub-section to understand
their influences and to quantize their effects in terms of
providing useful information for optimizing a dressing
process. In this study, the operating parameters rather than
the geometric parameters are chosen since there are no
degrees of freedoms for process engineers to change in
terms of the geometric settings for a commercialized
dresser. Key operating parameters to be investigated in this
section are speed ratio wg, dresser initial positions, and
dressing routes.

4.3.1 The effect of dressing speed

In order to explore the effect of dressing speed, a pad
rotating speed wp is fixed at 70 rpm, and changes to the
dressing speed wg are limited such that the speed ratio wg
varies between 0.143 and 1.144. In this study, the other
parameters are fixed as: 6;=90; sweep angles 0—40°; r.=
50 mm, 75,q=390 mm. The relationships between #* and the
achieved RAR for different wg are shown in Fig. 12a. It is
found that as #* increases, the RARs are also increase as
one would expect. Furthermore, when ¢* is small, the RARs
increase with wg since a larger wr implies a larger cutting
area experienced within a given time. It is also interesting
to point out that as wg approaches unity, its associated RAR
initially rises quickly since the synchronization makes the
cutting is so efficient during the first few rotations.

RAR=27.49%
05

RAR=92.4%

However, as ¢* increases further, the synchronization effect
also causes a major portion of the pad to become useless for
dressing, and the final RAR can only reach 25%. For a
process engineer, one major concern is to achieve the best
RAR within a reasonable time and to avoid the situation of
synchronization. This issue can be seen in Fig. 12b. For
example, if one only allows #*=30, certainly, an wg=1.144 is
the best choice. However, if the target dressing time equals

1] — ~ T y r = —
002 |
-0.04 | H
£ 008} :
=
2 -008H H
B
o
§ 0 |
k=3
@ 012
@
S 014
-0.16
0.18 FlatPad
Grooved Pad
02708 06 04 02 0 02 04 06 08 1
"ox/Tpsd
Fig. 11 The profile of ungrooved and grooved pads after #* exceeds 70
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t*=70, although wr=1.144 can still yield the best result, the
difference with the other situations become less critical.

4.3.2 The effect of dresser initial position

The effect of the dresser’s initial position is then investi-
gated. Physically, as shown in Fig. 4, the difference in
initial position can cause differences in both cutting speed
and cover areas. In this parametric study, wgr is fixed as
0.858 and the swept angle range is between 0 and 40°. 7,4
and the distance between the pad and dresser centers are
390 and 38 mm, respectively. The initial positions chosen
are 6;=90° and 180°. Two dresser sizes with radii (r.) equal
to 30 and 50 mm are selected in this work. The achieved
RARSs with respect to #* are shown in Fig. 13. It can be seen
that the larger 7, (i.e., 50 mm) and 6; of 180° yield a slightly
larger RAR. On the other hand, the smaller r, (i.e., 30 mm),
the one with 6;=90°, actually achieves a better RAR. This
is because a small 7. with a route of 6;=180° may not be

()
100 B e S eSS APl
6=90°, route=0~40° Ssssss FONEES RS 24
4 T L
80 e
01144
o wR=1
_eol ©,=0.858
R O ©=0715
E v 070572
i ® -0429
40t ¥ ©,20.286
* ©=0.143
20 |-
O = 1 " 1
0 50 60 70
t
(b)
100
920
80
70
< 60
o
< 50
T 40
30
20
10 ——t*=30 - t*=40 ——t"=50
e =60 —x-t*=70
0
0 0.143 0.286 0.429 0.572 0.715 0.858 1.001 1.144

g

Fig. 12 The influence of wr on the resulted RAR, a the time histories
with different wg, b the resulted RAR of various wg at different 7*
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able to cover the entire pad surface. However, as shown in
Fig. 13, the differences are not significant.

4.3.3 The effect of dressing routes

The next parameter to be discussed is the influence of the
dressing route. Two common routes, i.e., 0—40° and +40°
sinusoidal motions, are used. For a given dresser rotating
speed, the +40° can cover more pad area but requires a
longer dressing time to finish one cycle. Such a trade off
may need to be justified for a process design. Other fixed
parameters in this study are wg=0.858, r.=50 mm, rpq=
390 mm, and 6;=180°. The results are shown in Fig. 14.
Both of the resulting RARs are saturated for #* greater than
50. It can be seen that the RAR for the route of 0—40° is
slightly greater than that of the route of +40° since the
former achieves a 95% RAR while the latter only achieves
a 90% RAR.

4.3.4 The effect of dresser disk size

The size of the dresser disk is certainly an important
parameter in terms of the dressing efficiency. Two
situations are considered in this study. First, the back
pressure is fixed and this implies the cutting depth for each
time step is independent of the disk size. Second, if the total
back load is fixed, the back pressure is reduced as r,
increases. In this situation, the cutting depth for each time
step drops as 7, increases.

For the first situation, the simulation results are shown in
Fig. 15a, where the fixed parameters are wr=0.143, rpq=
390 mm, and 6;=180°, while the dressing route is 0—40°. It
can be found that for a given #*, RAR increases with 7, as
expected. However, if the applied load is fixed, the contact
pressure decreases as the size of the dresser increases. Thus,
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pad
r =38mm
—~ 60 o .
&2 route=0°"~40° = 7%
& b
<
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0 Al L " " " " 1 n
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Fig. 13 The influence of the dresser initial position on the achieved
RAR
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Fig. 14 The influence dressing routes on the resulted RAR

by Eq. 2, the dressing rate is reduced and more cutting is
required to fully recover the pad. As a result, as shown in
Fig. 15b, the increase in dresser size does not exhibit the
obvious advantages of the first simulation situation.
However, as shown in Fig. 15b, it is found that as ¢*
become longer, a dresser with a larger 7. generally yields a
larger steady state RAR because that certain portion on the
pad is possibly never dressed for use on a smaller dresser. A
larger dresser can potentially eliminate these parts. On the
other hand, it is also interesting to point out that during the
initial cutting period (e.g., #* less than 30 in Fig. 15b),
the scenario is totally different for the steady state situation
because a smaller dresser can perform at a higher dress rate
and it may not need many revolutions to effectively recover
the dressed area.

5 Discussion

This work develops a novel pad dressing emulator to
evaluate the pad conditioning efficiency under different
parameter settings. By proposing the new performance
index, RAR, it is possible to quantify the influence of each
key process or geometry parameter and to design efficient
dressing schemes to reduce costs. In summary, the
contributions of this work are addressed below.

First, unlike the previously proposed performance index
CD, which only considers the cutting area, in this work, the
proposed RAR can fully reflect the practical needs with
better physical insights. Using RAR as the performance
index, it is possible to perform more realistic parametric
studies to quantify the influence of each dressing parameter.

Second, the emulator presented in this work should also
be very useful for process engineers in terms of selecting
appropriated processing parameters to optimize the pad
conditioning process. Without using an emulator, the

optimization of a dressing process relies entirely on a basis
of experimental trial and error, which is costly. We believe
that the presented pad conditioning emulator can effectively
reduce the costs and shorten the time necessary to design
the required processing parameters.

Finally, it is also important to re-state that the correlation
between the performance index RAR and the overall
recovery percentage of Preston’s constant. That is, the
dressing contour maps shown in Figs. 9 and 10 actually
represent the distribution of Preston’s constant, and the
study links directly to the wafer level CMP simulation and
emulation. To the best of our knowledge, this work is the
first to address such a correlation.

In addition, from the parametric analyses addressed in
Section 4, it is found that the most critical factor to
influence the final resulting RAR 1is the rotating speed ratio
. Usually, a larger wg results in a better RAR. However,
if the rotating speeds of a pad and its associated dresser are
synchronous, i.e., =1, 2, 3, and so on, the final RAR is
poor. This situation should be avoided at every stage of the
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(®) 100
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Fig. 15 The influence of dresser disk size on the resulted RAR, a the
back pressure is fixed, b the total back load is fixed
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pad conditioning process. On the other hand, there are also
some operational parameters such the initial positions and
the dressing routes whose effects may not be important, and
these effects may possibly be excluded from consideration
during the process optimization.

Finally, as mentioned above, the dressing contour and
RARs can be directly linked to the distribution and the
averaged recovered Preston’s constants. Through the effort
of the pad conditioning emulator, the distribution informa-
tion and the averaged recovered Preston’s constant can be
obtained. As a result, it is possible to integrate this pad
conditioning module with our pre-developed wafer level
CMP CAD emulator [20, 21], which is used to predict the
contact stress and material removal rate, as well as the wafer
profile during/after a CMP process, where Preston’s constant
plays a critical role in terms of obtaining accurate results. By
such efforts, it is expected that the accuracy and reliability of
wafer level CMP emulation can be further improved—we
plan to devote ourselves to this research in the future.

6 Summary and conclusion

The chemical mechanical polishing process is a key
fabrication route for the modern semiconductor process.
The degradation of polishing pads during the polishing
process can significantly influence the polishing perfor-
mance. Therefore, pads need to be conditioned frequently.
In this work, a pad condition simulation module is designed
and demonstrated. In addition, a new performance index,
the recover—area ratio, is defined. A series of parametric
studies (such as speed ratio, sweeping angle range, initial
position, and dresser size) are performed to investigate the
influence of key geometric or processing parameters for a
pad conditioning process to optimize the conditioning
performance. It is found that the speed ratio wr plays the
most critical role in terms of influencing dressing perfor-
mance. Finally, it is possible to correlate the pad RAR and
Preston’s constant variation and to integrate the pad
conditioning emulator with the pre-developed CMP polish-
ing simulation module as a whole utility to further optimize
the existing CMP process.

Acknowledgments This work is supported by National Science
Council (NSC) of Taiwan under the contract number NSC-95-2221-E-
006-399-MY2 and Taiwan Semiconductor Manufacturing Company
(TSMC) under contract numbers 955003 and 96S073 with Drs. S-M
Cheng and Y-W Chou as the technical monitors. The invaluable
discussion and comments from Prof. T-S Yang at NCKU and Dr. T-C
Tseng formerly at TSMC are greatly appreciated.

@ Springer

Reference

1. Zantye PB, Kumar A, Sikder AK (2004) Chemical mechanical
planarization for microelectronics applications. Mater Sci Eng R
45:89-220

2. Preston F (1927) Optimization of computer controlled polishing.
Glass Tech 11:214-219

3. Zhou C, Shan L, Hight JR, Ng SH, Danyluk S (2002) Fluid
pressure and its effects on chemical mechanical polishing. Wear
253(3-4):430-437

4. Wang YC, Yang TS (2007) Effects of pad grooves on chemical
mechanical planarization. J Electrochem Soc 154(6):H486-H494

5. Hooper BJ, Byrne G, Galligan S (2002) Pad conditioning in chemical
mechanical polishing. J Mater Process Technol 123:107-113

6. McGrath J, Davis C (2004) Polishing pad surface characterisation
in chemical mechanical planarization. J Mater Process Technol
153-154:666—673

7. Park KH, Kim HJ, Chang OM, Jeong HD (2007) Effects of pad
properties on material removal in chemical mechanical polishing.
J Mater Process Technol 187-188:73-76

8. Lin YY, Lo SP (2003) A study on the stress and nonuniformity of
the wafer surface for the chemical-mechanical polishing process.
Int J Adv Manuf Technol 22:401-409

9. Lin YY, Lo SP (2004) A study of a finite element model for the
chemical mechanical polishing process. Int ] Adv Manuf Technol
23:644-650

10. Chiu JT, Lin YY (2008) Modal analysis of multi-layer structure
for chemical mechanical polishing process. Int J Adv Manuf
Technol 37:83-91

11. Lo SP, Lin YY, Huang JC (2007) Analysis of retaining ring using
finite element simulation in chemical mechanical polishing
process. Int ] Adv Manuf Technol 34:547-555

12. Liao YS, Hong PW, Yang CT (2004) A study of the characteristics
of the diamond dresser in the CMP process. Key Engineering
Materials 257-258:371-376

13. Zhou ZZ, Yuan JL, Lv BH, Zheng JJ (2008) Study on pad
conditioning parameters in silicon wafer CMP process. Key
Engineering Materials 359-360:309-313

14. Sung J, Pai YL (2000) CMP pad dresser: A diamond grid
solution. In Advances in Abrasive Technology III 189—196, Soc.
Grinding Engineers

15. Tso PL, Ho SY (2007) Factors influencing the dressing rate of
chemical mechanical polishing pad conditioning. Int J Adv Manuf
Technol 33:720-724

16. Tso PL, Hsu R (2007) Estimating chemical mechanical polishing pad
wear with compressibility. Int J Adv Manuf Technol 32:682—-689

17. Hu CC (2004) Modeling of chemical mechanical polishing. M.S.
thesis, Dept. Mech. Eng., DEKALB ILLINOIS, USA

18. Tyan F (2007) Pad conditioning density distribution in CMP process
with diamond dresser. IEEE Trans Semicond Manuf 20(4):464—475

19. Liao YM, Yan HY, Wang FJ, Chen KS (2006) Mechanical
properties characterization for CMP pads. 23rd National Conference
of the Chinese Society of Mechanical Engineers, Tainan, Taiwan

20. Chen KS, Yeh HM, Yan JL, Chen YT (2009) Finite-element
analysis on wafer-level CMP contact stress: reinvestigated issues
and the effects of selected process parameters. Int J Adv Manuf
Technol 42:1118-1130

21. Yeh HM (2009) Development and applications of process
emulators for MEMS and semiconductor fabrication processing.
Ph.D. dissertation, Dept. Mech. Eng., National Cheng-Kung
University, Tainan, Taiwan

Sung Exhibit 2005
IPR2024-00534

Samsung Electronics Co. Ltd. et al v. Chien-Min Sung



	Development of a pad conditioning simulation module with a diamond dresser for CMP applications
	Abstract
	Introduction
	Kinematics analysis
	Construction of the simulation module
	Simulation and parametric studies
	Trajectory demonstration
	RAR demonstration
	Parametric studies
	The effect of dressing speed
	The effect of dresser initial position
	The effect of dressing routes
	The effect of dresser disk size


	Discussion
	Summary and conclusion
	Reference



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




